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VI 

 

The primary objective of this thesis is the extraction of crystalline cellulose derivative i.e., 

microcrystalline cellulose (MCC) from lignocellulosic waste biomass elephant grass and tea 

factory waste and exploration of its potential application in the food packaging sector. MCC 

was extracted from elephant grass (Pennisetum purpureum) through successive bleaching 

method. The elephant grass derived microcrystalline cellulose (E-MCC) was used as a 

reinforcing agent in bioplastic corn starch film to improve its packaging properties. MCC was 

also synthesized from tea factory waste by a novel superfast technique using microwave 

heating. The synthesized tea waste microcrystalline cellulose (TWMCC) was employed as 

reinforcing filler in polyvinyl alcohol (PVA) film and studied for its potential application in 

food packaging. The abstract of this work is shown below. 

Nowadays, the development of biodegradable packaging materials from natural renewable 

sources has attained great attraction in the research field to mitigate environmental problems 

and the depletion of resources. In this regard, starch-based films are effective for food 

packaging due to their low cost and eco-friendliness. In the present study, microcrystalline 

cellulose (MCC) was synthesized from elephant grass biomass and characterized using X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Field emission scanning 

electron microscopy (FESEM), and Thermogravimetric analysis (TGA). The prepared E-

MCC was then employed as reinforcement in corn starch films to improve their properties, 

and the fabricated films were characterized using FTIR, FESEM, TGA, water contact angle, 

moisture content, and tensile strength testing. The addition of 1% E-MCC significantly 

enhanced the thermal stability of the films by increasing the peak degradation temperature 

from 312.3 (neat starch film) to 321 °C. The water contact angle value of the pure starch film 
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was 19.52°, which increased to 98.83° with the incorporation of 5% E-MCC. The mechanical 

strength of the film increased from 6.03 MPa (neat film) to 22.33 MPa (5% E-MCC). The 

findings in the study reveal that MCC synthesized from elephant grass is a promising 

reinforcing agent that can considerably enhance the various properties of corn starch films for 

food packaging applications.    

The potential of the wastes generated in the industries during tea production processes for the 

extraction of MCC was also explored in this study. MCC was isolated from industrial black 

tea waste using microwave heating instead of conventional heating and avoiding the 

traditional acid hydrolysis method. Microwave increased the reaction speed significantly and 

resulted in very quick delignification and bleaching of black tea waste to isolate MCC in 

white powdered form. FTIR, XRD, FESEM, and TGA analysis were then carried out to 

investigate the chemical functionality, crystallinity, morphology, and thermal properties, 

respectively, of the synthesized tea waste MCC. The characterization results demonstrated 

that cellulose with a short rough fibrous structure having an average particle size of around 

23 µm was extracted. The results of FTIR and XRD demonstrated unequivocally that all 

amorphous non-cellulosic compounds had been eliminated. The microwave-extracted black 

tea waste MCC showed 89.77% crystallinity and good thermal properties, indicating that it 

could be a promising filler material for preparing polymer composites. Therefore, 

microwave-assisted delignification and bleaching can be used as a suitable, energy-efficient, 

time-saving and low-cost method for extracting MCC from the black tea waste produced in 

tea factories which can serve as a renewable, abundant, and cheap source of valuable 

crystalline cellulose derivatives. 
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The tea waste derived microcrystalline cellulose was then incorporated in PVA polymer 

matrix to improve its properties for food packaging applications. The properties of the 

prepared composite films were investigated using FTIR, FESEM, TGA, water contact angle 

meter, moisture content and solubility determination, water vapour permeability testing, 

UTM and UV-vis spectroscopy analysis. Strong hydrogen bonding between the hydroxyl 

groups of PVA and TWMCC forms a dense network structure, which prevents water 

molecules from entering the polymer matrix. As a result, both water resistance and water 

vapour barrier properties of the TWMCC reinforced PVA films improved significantly. 

TWMCC content of 5 wt% increased the water contact angle of PVA film to 81.54°, while 

pure PVA film had a much lower contact angle of 29.31°. Incorporation of 3 wt% TWMCC 

increased the tensile strength of the PVA composite film by about 2 folds (from 9.11±1.15 to 

18.5±1.93 MPa). TWMCC also improved the thermal stability and UV-blocking capability of 

the composite films. When used for fruit packaging, the PVA composite film containing 5 

wt% TWMCC showed excellent performance in extending fruit shelf life by preserving 

grapes up to 18days, while unpacked grapes lost marketability within one week. Findings 

from the current study show that lignocellulosic biomass are renewable, cheap and eco– 

friendly sources of valuable crystalline derivatives of cellulose that have promising potential 

to be used as filler materials in bio-based packaging materials for food preservation, which 

can substitute the traditional petroleum-based food packaging and minimize the global plastic 

pollution issue.  
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Chapter 1 

Introduction, Literature Review, Objectives and 

Organization of the Thesis 

 

1 

 

This chapter discusses a brief summary of the fundamentals of crystalline derivatives of 

cellulose. The state-of-the art literature on extraction of microcrystalline cellulose from 

lignocellulosic biomass using conventional as well as advanced methods is summarized. 

The potential utilization of the biomass derived crystalline cellulosic derivatives as 

reinforcing agents in polymer composites are explored here. Furthermore, the potential 

application of crystalline cellulose in the food packaging sector is elaborated. Finally, 

the objectives of the present work and the outline of the thesis work is highlighted. 

1.1. Background 

The rapid growth of human population along with industrial development is increasing 

the worldwide demand of energy which is presently maintained by the traditional fossil 

sources. Excessive use of energy and the consequent depletion of natural resources are 

the major issues in the recent era and hence, the environment friendly sustainable 

development is of more interest in the research field. One significant way to mitigate the 

environmental concern is to utilize the naturally available renewable materials and eco-

friendly biomass-based products. The valorization of biomass is an encouraging strategy 

to achieve such objectives (C. Wang et al., 2021). Biomass is generally characterized as 

the biodegradable organic fraction of various waste materials such as agricultural 

wastes, forest residues, and industrial wastes. Agricultural waste usually includes plant-

based waste materials such as leaves, shoots, cereal straw, grass, vine pruning, roots, 
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and fruit peels. Forest residues include trunks of old tree, sawdust, bark, pruning and 

roots (Moustakas et al., 2020). Generally, agricultural wastes are generated at a rapid 

rate with an average annual increase rate of 5-10% which attributes towards negative 

environmental impacts because of the random disposal or burning of such wastes lead to 

pollution of the aquatic environment, soil, and air. So, proper utilization of waste 

biomass residues through conversion and valorization is of high demand to control its 

harmful effects on the environment (B. Wang et al., 2016).  

1.2. Lignocellulosic biomass 

Lignocellulosic biomass represents an abundant and underutilized resource with 

potential applications across various scientific and industrial domains. Global annual 

production of lignocellulosic biomass is estimated to be over 181.5 billion tonnes, 

underscoring the vast potential for its utilization, but only around 8.2 billion tonnes of 

lignocellulose biomass is utilized by different application areas (Mujtaba et al., 2023). 

Lignocellulosic biomass, derived primarily from agricultural crops and forest residues, 

is a significant natural carbon reservoir composed of plant-derived materials. The main 

constituents of lignocellulosic biomass are carbohydrate polymers (cellulose, 

hemicellulose, pectin) and non-carbohydrate polymers (lignin, proteins). Cellulose 

consists of glucose units forming linear microfibrils with regions of high crystallinity 

and amorphous structures, interconnected by hydrogen bonds into cellulose fibers. 

Hemicellulose is a highly branched low molecular weight biopolymer comprising of 5-

C pentose monomers (xylose, arabinose), 6-C hexose monomers (galactose, mannose, 

glucose) and sugar acids (glucuronic, galacturonic, cinnamic and methyl galacturonic 

acid). Hemicellulose is of amorphous structure with less degree of polymerization, 
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which makes it more susceptible towards disintegration into its monomeric units. Lignin 

is the 2nd most amply available biopolymer on the earth after cellulose, consisting 

of aromatic rings of phenylpropane units linked together by different chemical bonds 

such as β-O-4 ether linkages, some carbon–oxygen and carbon–carbon bonds (Debnath 

et al., 2021a). The increasing focus on sustainable development and environmental 

stewardship has prompted significant interest in the valorization of lignocellulosic 

waste, a prominent byproduct of agricultural and industrial activities. Lignocellulosic 

waste includes agricultural wastes, woody forest residues, pulp and paper industry 

wastes, municipal solid wastes, energy crops residues and so on. These waste materials 

contain cellulose (35–50%), hemicellulose (20–35%), and lignin (10–25%) as their 

major components. Such lignocellulosic wastes exhibit numerous environmental 

benefits due to their natural abundance, renewability, low cost, and minimum energy 

requirement for conversion. 

1.3. Crystalline cellulose derivatives 

Cellulose is the most abundant natural biopolymer available on this planet which is 

generally utilized as a renewable, biodegradable, and environment-friendly resource of 

value-added products. It is a semi-crystalline polysaccharide having high molecular 

weight and composed of D-glucose monomers connected by β-(1,4)-glycosidic bonds. 

The structural configuration of cellulose is composed of crystalline and amorphous 

regions. The presence of O–H group in cellulose facilitates its modification into various 

derivative products (Haldar & Purkait, 2021; Halder et al., 2019; Salama, 2020). 

Microcrystalline (MCC) is one of the most common and widely used crystalline 
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derivatives of cellulose. It is a white, odorless, crystalline, fine powder having diameter 

of 50 μm and length in the range of 100-1000 μm. Partial hydrolysis of the amorphous 

regions present in cellulose results in the formation of MCC. So, both crystalline and 

amorphous regions may be present in MCC. In the last few decades, MCC has gained 

immense attention in the research field for its specific properties such as 

biodegradability, bio-compatibility, non-toxicity, large surface area and high 

mechanical strength which make them promising candidates for applications in various 

fields (Haldar & Purkait, 2020b; Mishra et al., 2019). Various lignocellulosic biomass 

wastes such as left-over portions of food crops (straws of rice, wheat, maize, sunflower, 

corn stover), perennial plants and forest residues like woody biomass are frequently 

used as the abundant sources of crystalline cellulosic derivatives. Utilization of these 

resources is considered as a sustainable approach as they do not compete with food 

production (Debnath et al., 2021a). 

Various industries around the world have started the bulk scale production of MCC over 

the past decade. At present, most of the industries are using forest residues such as 

wood chips or wood pulp for the manufacturing of crystalline cellulose, whereas some 

of them utilize agricultural residues also (Haldar & Purkait, 2020b). The global demand 

of MCC is increasing rapidly which may be attributed to its potential application in food 

and beverages preservation, biomedical and pharmaceutical fields, cosmetics, and 

personal care products manufacturing. The worldwide MCC market based on woody 

and non-wood (agricultural) biomass is expected to grow from 938 million USD in the 

year 2019 to 1315 million USD by 2024 (CAGR being 7%). The major companies 

fulfilling the growing demand of MCC are DowDuPont and Avantor Performance 
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Materials Inc. in the US, Asahi Kasei Chemicals Corporation in Japan, DFE Pharma 

GmbH & Co.KG and JRS Pharma GmbH & Co.KG in Germany, Huzhou City Linghu 

Xinwang Chemical Co., Ltd. in China, Roquette in France, Rayonier Advanced 

Materials in Finland, Gujarat Microwax Limited and Sigachi Industrial Pvt. Ltd. in 

India. Another report shows that the rise in the global MCC market was 5.5% in the 

year 2020 and it will reach to 1.6 billion USD by 2027 at a projected CAGR of 8% over 

the forecasted period of 2020-2027. Biomass availability and cost are considered as the 

crucial factors for the bulk scale industrial production of biomass-based MCC. 

Therefore, with respect to economical and commercial aspects, agricultural wastes and 

forest residues with ample availability, rich cellulose content and less lignin fraction 

should be selected for the synthesis of crystalline cellulose derivatives (Debnath et al., 

2021a).  

1.4. Application of microcrystalline cellulose in polymer 

composites  

Over the past decades, the crystalline cellulose derivatives attracted great attention as 

reinforcing agents or filler in the matrices of polymer composites. They possess huge 

potential to replace the traditional petroleum-derived reinforcing materials in the 

production of polymer composites for applications in different fields like packaging 

materials, building materials, automotive and household products (Trache et al., 2016). 

Green composites were prepared through sonication followed by solution casting of 

polyvinyl alcohol (PVA) reinforced with MCC extracted from sago seed shells. The 

synthesized PVA-MCC films showed improved thermal stability, good transparency 
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and their tensile strength also increased slightly after incorporating 1 wt% of MCC into 

the polymer matrix (Naduparambath et al., 2018). MCC isolated from pepper (Piper 

nigrum L.) bio-waste was successfully utilized for the formation of sustainable bio-

composites. MCC was synthesized via hydrothermal assisted alkaline treatment and 

acid hydrolysis method (using HCl) and about 86% yield of MCC was obtained. The 

doping of the prepared MCC into the polymer matrices of seaweed and chitosan 

enhanced the tensile strength of the composite films significantly, indicating the 

applicability of the MCC as reinforcing material in bio-composites replacing the 

conventional plastic filler (Holilah et al., 2021). Many literatures also reported the 

usefulness of surface modified MCC for polymer composite production. Bessa et al. 

isolated MCC from giant reed (Arundo donax L.) through acid hydrolysis and 

functionalized them with amine groups. The modified MCC was then used as 

reinforcing agent in bisphenol A-based benzoxazine composites and their kinetic curing 

behaviour was tested. The modified MCC reinforced composites exhibited a single 

curing stage as compared to the intricate polymerization of the neat composites and the 

average activation energy of the curing process also reduced from 89 kJ/mol to 

80 kJ/mol (Bessa et al., 2021). 

1.5 Elephant grass biomass 

Elephant grass (Pennisetum purpureum) is a renewable and sustainable resource that 

generally grows in tropical regions. This grass is popular for its easy cultivation, high 

yield, and nutrient availability. It is lignocellulosic biomass with high cellulose and 

hemicellulose contents, typically in the range of 31–41 wt% and 15–47 wt%, 
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respectively (Kongkeitkajorn et al., 2020; Phitsuwan et al., 2016).  Elephant grass grows 

abundantly in the North-Eastern states of India, particularly in Assam, because of the 

heavy rainfall in this region. But it grows so rapidly and extensively that it is usually 

considered a waste material, and people cut or burn this grass to control its growth 

which in turn causes negative environmental impacts  (Haldar & Purkait, 2020c). 

Hence, employing elephant grass for the synthesis of valuable MCC can be a 

sustainable way of managing this waste biomass. Moreover, the production of elephant 

grass is water efficient as compared to other conventional lignocellulosic biomass like 

rice, sugarcane. The requirement of water for the production of 1 kg of rice and 

sugarcane is 3000-5000 and 1500-3000 L, respectively, whereas only 800-1000 L of 

water is required for the producing 1kg of elephant grass. Therefore, elephant grass 

biomass can preferably be used in place of rice husk or sugarcane bagasse for large-

scale production of MCC, even in countries with water shortages (Debnath, Duarah, et 

al., 2022). 

1.6. Tea industry waste: a potential source of microcrystalline 

cellulose 

Tea is a non-alcoholic beverage that ranks second in popularity worldwide, right after 

water. According to estimates, tea is consumed every day throughout the globe in 

amounts between 18 and 20 billion cups. Around 6.3 million tonnes of tea were 

consumed globally in 2020, and by 2025, that number is projected to increase to up to 

7.4 million tonnes. Because of its immense popularity and growing demand, tea 

production around the world has experienced remarkable growth over the past few 
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decades (Debnath et al., 2021b; Debnath, Haldar, et al., 2022). The International Tea 

Committee (ITC) reports that worldwide tea output will grow from its 2017 level of 

around 5.72 million tonnes to a maximum of 6.46 million tonnes in 2021 ("Tea Board of 

India, Global Tea website," 2022). China is the world's largest tea producer, and is often 

regarded as tea's origin. India, second only to China, is a major tea producer and also a 

leading tea consumer of the world. As per the reports of the International Tea 

Organization, India, having nearly 579,000 acres of land dedicated to tea cultivation, 

contributes around 27.4% of the global annual tea production (Duarah et al., 2023). 

As reported by the Tea Board of India, more than 1.34 million tonnes of tea was 

produced in India in the financial year 2021-2022, mainly driven by the states of Assam 

and West Bengal. The North-Eastern state of Assam is the largest tea-growing state in 

India, contributing over 50% of the country’s tea production (Basumatary et al., 2018; 

Kumar et al., 2021). Enormous amounts of waste are produced during the various tea 

processing procedures employed in the tea industry in the form of wasted tea stems, 

leaves, and buds. Such wastes, if not disposed of properly, may lead to severe 

environmental pollution problems. In India, the estimated production of tea waste in the 

2020-2021 financial year was near about 25 million kilograms (Debnath et al., 2023). 

The tea factories are facing many challenges in handling these huge quantities of waste 

since there is no proper tea waste management system available in the country. As a 

result, a significant amount of waste produced by tea manufacturers ends up in landfills 

or is composted, burned, or incinerated, which contributes to a variety of environmental 

problems such as soil, water, and air pollution (Chowdhury et al., 2016; Debnath et al., 
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2021b). Therefore, valorization and utilization of tea factory wastes for their sustainable 

management are of high importance in the research field nowadays.  

1.7. Bio-based sustainable food packaging materials 

The packaging materials commonly used for food preservation are raising the 

environmental concern as they are mostly of non-biodegradable nature and only a small 

percentage of plastics are recycled. The traditional plastic materials are difficult to break 

down, and hence they generate huge quantities of waste that accumulate on the 

terrestrial and marine environment, resulting in severe environmental issues. Moreover, 

the excessive usage of plastic for packaging is causing depletion of the natural resources 

(crude oil, natural gas, and coal) (Debnath, Duarah, et al., 2022). Therefore, research 

efforts are constantly being directed toward the utilization of various biopolymers for 

the development of green, sustainable, and eco-friendly food packaging to mitigate the 

environmental problems associated with plastic packaging. Starch films are 

biodegradable, environment-friendly, and safe to be used as packaging materials 

(Malherbi et al., 2019; Yuan & Chen, 2021). Starch can be extracted from various 

plants, among which corn starch (CS) is the most predominant one. The high amylose 

content of corn starch facilitates the formation of strong, stiff films that are suitable for 

food packaging (Othman et al., 2021). However, starch films generally possess poor 

thermal, mechanical, and moisture barrier properties. The introduction of reinforcing 

agents into the polymer matrix of starch can substantially improve the properties of 

starch films for packaging purposes (Merci et al., 2019). Cellulosic materials are found 

to be effective as reinforcement in corn starch films (Collazo-Bigliardi et al., 2019a; 
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Shih & Zhao, 2021).  Crystalline cellulose derivatives are successfully incorporated into 

starch films to improve their thermal resistance, mechanical strength, and gas and water 

barrier properties. The O‒H groups present in cellulose favour the reinforcement by 

interacting with the polymer matrix (Collazo-Bigliardi et al., 2019b).   

Polyvinyl alcohol (PVA) is another eco-friendly and biocompatible polymer with 

various advantages such as excellent film-forming capability, chemical resistance, high 

oxygen barrier capacity, outstanding biodegradability, and non-toxicity (Baite et al., 

2022; Souza et al., 2024). However, PVA is highly hydrophilic in nature due to the 

presence of abundant hydroxyl groups. The inherent low mechanical strength, poor 

thermal, UV-blocking, and water barrier properties restrict the applications of PVA in 

food packaging (Aloui et al., 2016). Therefore, PVA is generally blended with fillers or 

other biopolymers to improve its properties for packaging applications.  

One of the main requirements for a good food packaging material is that it should be 

resistant to water and have good barrier properties against oxygen and moisture to keep 

the food products safe. Therefore, it is essential to investigate environmentally friendly 

methods for improving the hydrophobic properties of biopolymers-based packaging 

materials.  

1.8. State of the art literature review 

With a brief overview of the contemporary research, this section outlines the outcome of 

various literatures so as to identify few promising areas of research that needs to be 

addressed in this thesis. The state-of-the-art literature has been presented for synthesis 

and utilization of microcrystalline cellulose from lignocellulosic biomass. 
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1.8.1. Synthesis of microcrystalline cellulose from lignocellulosic 

biomass  

MCC shows excellent potential for industrial applications such as food, cosmetics, 

pharmaceutical, and reinforcement in polymer composites. Biomass-based extraction of 

cellulose derivatives is observed to be environmentally friendly and suitable for 

industrial applications (Trache et al., 2016). MCC can be synthesized from different 

lignocellulosic biomass such as rose stems (Ventura-Cruz et al., 2020),  sweet sorghum 

(Ren et al., 2019), sugarcane bagasse (Thiangtham et al., 2020), tea waste (Zhao et al., 

2018) and so on. Ventura-Cruz et al. successfully utilized rose stem wastes for the 

synthesis of MCC possessing high crystallinity and good thermal properties (Ventura-

Cruz et al., 2020). MCC isolated from roselle fibers exhibited higher crystallinity (78%) 

than that of commercial-microcrystalline cellulose (C-MCC, crystallinity 74%) and 

improved thermal stability as compared to the roselle pulp (Kian et al., 2017). Shao et 

al. used corncob for the production of MCC with higher economic feasibility as 

compared to C-MCC (Shao et al., 2020). The various methods adopted for the synthesis 

of MCC from lignocellulosic biomass are described in Table 1.1. 

Table 1.1 Preparation of MCC from lignocellulosic biomass 

Biomass and 

structural 

composition 

Techniques used Characterization 

techniques used 

References 

Waste cotton 

fabrics (WCFs) 

[Cellulose 95–99 

wt%]  

Chemical method: 

Phosphotungstic acid (0.69-

6.25 mmol/L), 130–170 °C, 4–8 h. 

FTIR, XRD, 

TGA, SEM, 

particle size and 

contact angle  

(Hou et al., 

2019) 
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Sweet sorghum 

[Cellulose 33.8 

wt%, 

Hemicellulose 19.7 

wt%, Lignin 23.4 

wt%] 

Alkaline treatment:  0.03 g/mL 

NaOH, 50 °C, 70 min. 

Bleaching: 0.03 g/mL Na2SO3 and 

0.06 g/mL NaClO, 80 °C, 120 min.  

Acid hydrolysis: HCl.  

SEM, XRD, 

FTIR, TGA  

(Ren et al., 

2019) 

Rice husk 

 

Alkali treatment: 4 M NaOH, 80 

°C, 24 h.  

Bleaching: NaClO (12.5% pure), 

40 °C, 1 h.  

Acid hydrolysis: 4 M H2SO4 (98% 

pure), 60 °C, 1 h. 

HR-SEM, FTIR, 

TGA and laser 

particle size 

analyser  

(Sim, Bae, 

Choi, Choi, 

et al., 2016) 

Cotton wool 

 

 

Bleaching: 30% (v/v) H2O2, room 

temperature, 1 h.  

Acid hydrolysis: H2SO4, 50 °C, 4 

h.  

SEM, FTIR, 

XRD, TGA, XPS, 

VSM  

(Rashid et 

al., 2017) 

Date seeds Dewaxing: Chloroform and ethanol 

(2:1). 

Delignification: 17.5% (w/v) 

NaOH, 90 °C, 3 h.  

Bleaching: NaClO, 80 °C, 45 min.  

Acid hydrolysis: 2.5 N HCl, 

(105 ± 2) °C, 45 min.  

FTIR, Raman, 

XRD, SEM, TGA 

(Abu-Thabit 

et al., 2020) 
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Waste cotton fibres 

[Cellulose ∼95-

99% (w/w)] 

0.0-1.0 mol/L HCl, 110–170 °C.  SEM, TGA, 

XRD, FTIR, 

contact angle 

testing 

(Shi et al., 

2018) 

Soybean hulls 

 

Reactive extrusion: NaOH and 

H2SO4 subsequently, 110 °C. 

FTIR, SEM, 

TGA, XRD, 13C 

CP MAS NMR, 

water sorption 

isotherm 

(Merci et 

al., 2015) 

Oil palm empty 

fruit bunch  

 

Bleaching: 15% (v/v) acidified 

NaClO, 80 °C, 2 h.  

Alkaline treatment: 17.5% (w/v) 

NaOH, room temperature, 2 h.  

Acid hydrolysis: H2SO4 [45%, 

55% and 65%(v/v)], 45 °C, 45 min. 

XRD, FTIR, 

TEM 

(Pujiasih et 

al., 2018) 

Pomelo peel 

 

Alkaline treatment and 

bleaching: 4 wt% NaOH and 0.9% 

(v/v) H2O2, 80 °C, 4 h. 80% acetic 

acid and 68% HNO3, 100 °C, 15 

min. 

Acid hydrolysis: 6 wt% HCl, 90 

°C, 100 min.  

FTIR, XRD, 

SEM, TGA,  

 

(Liu et al., 

2018) 

Corn husk fibres 

[Cellulose 50–55 

wt%, 

Hemicellulose 39.4 

wt%, Lignin 7.5 

wt%] 

Pre-treatment: 10 wt% NaOH, 

120 °C, 60 min.  0.1% (w/v) acetic 

acid and anaerobic consortium (30 

days old).  

Bleaching: 0.3% (w/v) H2O2, 0.1% 

(w/v) NaOH and 0.15% (w/v) 

sodium silicate, 80 °C, 60 min.  

Acid hydrolysis: 2.5 N HCl.  

SEM, FTIR, 

XRD, Differential 

Scanning 

Calorimetry  

(Kambli et 

al., 2017) 

Sugarcane bagasse 

[Cellulose 45–50 

wt%] 

Alkaline treatment: 10% (w/v) 

NaOH, 80 °C, 4 h. 

Bleaching: 10% (v/v) H2O2 and 

0.5 M NaOH, 60 °C, 2 h. 

Hydrolysis: 4 M HCl, 80 °C, 1 h. 

FTIR, XRD, FE-

SEM 

(Thiangtha

m et al., 

2020) 
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Sago seed shells  

[α-Cellulose 

36.5 ± 1 wt%, 

Hemicellulose 

22.5 ± 1 wt%] 

Dewaxing: Ethanol and toluene 

(2:1), 5 h. 

Bleaching: 0.7% (w/v) 

NaClO2, 80 °C, 5 h, pH 5 and 

17.5% (w/v) NaOH, 1 h.  

Acid hydrolysis: 2.5 N HCl, 

boiling temperature, 15 min.  

FTIR, TGA, 

XRD, SEM, 

TEM, AFM 

(Naduparam

bath & 

Purushotha

man, 2016) 

Rice straw Alkali treatment: 4% (w/v) KOH, 

microwave irradiation, 60 °C, 30 

min, and 2.5% (v/v) H2O2, 45 °C, 

10 min.  

Acid treatment: Acetic acid, 

microwave irradiation, 60°C, 30 

min.  

Preparation of MCC: 12% (v/v) 

HCL, 50 °C, 30 min, microwave 

irradiation. 4% (w/v) NaOH, 

microwave irradiation, 60 °C, 10 

min.  

FTIR, XRD, SEM (Fan et al., 

2017) 

Wheat Straw Dewaxing: Methanol and hexane, 

6 h.  

Delignification: 2 wt% NaOH, 2 h. 

Bleaching: 0.7 wt% NaClO2, 1 h.  

Acid hydrolysis: i) 64% (v/v) 

H2SO4 at 40 °C. 

ii) 2.5 N HCL, 1 h and 64% (v/v) 

H2SO4.  

SEM, particle 

size, true density 

by a gas 

displacement 

pycnometer. 

(Krivokapić 

et al., 2020) 

Corncob 

[Cellulose 44.1 

wt%] 

 

Chemical treatment: 1 mol/L HCl, 

90 °C, 1 h and acetic acid, NaClO2, 

75 °C, 1 h.  

SEM, laser 

particle size 

analyser, XRD, 

FTIR, N2-sorption  

(Shao et al., 

2020) 
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From Table 1.1, it was observed that MCC is mostly prepared using the conventional 

acid-base methods. Various advanced techniques like reactive extrusion, microwave 

irradiation, hydrothermal method, ultrasound assisted method and steam explosion are 

also being employed nowadays. Most of the methods involve an efficient pretreatment 

of the biomass for the removal of the outermost lignin barrier for the exposure of 

cellulose and hemicellulose towards further treatments and the reaction conditions of 

different methods are varied depending on the biomass type (Haldar & Purkait, 2020a). 

To modify the properties of the natural fibres present in waste biomass, both physical 

and chemical treatments are frequently used. Chemical treatment improves the strength 

and surface geometry of the fibres (Arsyad et al., 2015), whereas physical treatment 

mainly leads to reduction of size and increase in surface area of the biomass manifesting 

decrease in the degree of polymerization. Physical pretreatment is anticipated by non-

thermal plasma, ultrasound, microwave, and mechanical comminution such as milling, 

chipping, and grinding  (Haldar & Purkait, 2020a; Halder et al., 2019). 

The various steps involved with the conventional preparation of MCC are illustrated in 

Fig. 1.1. From the figure, it is seen that initially the raw biomass is subjected to 

preliminary treatment such as washing/boiling with distilled water, drying, grinding, 

and screening to remove the surface contaminants or soluble impurities for the 

formation of powdered biomass with uniform particle size. In the next step, the biomass 

is treated with alkali which effectively removes lignin, hydrolyses hemicellulose, and 

subsequently reduces the polymerization of cellulose. Delignification is followed by 

bleaching for further purification of the biomass. The final step i.e. acid hydrolysis is 

performed to depolymerize the waste biomass to produce MCC. The most commonly 
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used chemical reagents for alkaline delignification are NaOH (Abu-Thabit et al., 2020; 

Zhao et al., 2018) and KOH (Fan et al., 2017). Bleaching is usually carried out 

employing NaClO2, NaClO, H2O2 and acetic acid. For acid hydrolysis, H2SO4 (Rashid et 

al., 2017; Zhao et al., 2018) and HCl (Abdul Khalil et al., 2018; Baruah et al., 2020) are 

mostly employed. 

 

Figure 1.1 Flowchart of conventional MCC synthesis from lignocellulosic biomass 
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The mechanism involved in acid hydrolysis process is illustrated in Fig. 1.2. During 

acid hydrolysis of the bleached biomass, H+ ions from acid moves towards the 

amorphous regions present in cellulose, easily attacks them to break the 1,4-β-glycoside 

linkages and forms multiple hydronium ions (H3O
+). As the glycosidic bonds 

disintegrate, the amorphous structure of cellulose starts to decay, while the crystalline 

areas of cellulose remain intact as they exhibit higher resistance towards acid attack, 

thus leading to the formation of microcrystalline cellulose (MCC) (Trache et al., 2016; 

Xie et al., 2018).  

 

Figure 1.2. Mechanism involved in acid hydrolysis of cellulose.  

Recently many studies are reported on the modification of the conventional methods. In 

this view, Ventura-Cruz et al. (Ventura-Cruz et al., 2020) demonstrated the synthesis of 

MCC from rose stems through successive delignification by using alkaline hydrogen 

peroxide (H2O2) and obtained MCC with enhanced thermal stability and higher degree 

of crystallinity (DC). This method is advantageous over the conventional techniques as 

TH-3556_196152101



Chapter 1 

 

18 

 

it doesn’t involve acid hydrolysis, high temperature or high pressure. The increase in 

DC of the synthesized MCC indicates that, alkaline peroxide efficiently removed the 

non-cellulosic fraction, particularly lignin from the biomass. Alkaline hydrogen 

peroxide treatment without using concentrated acids can produce MCC with properties 

comparable to those synthesized by acid hydrolysis (Kuznetsov et al., 2018; Ventura-

Cruz et al., 2020). 

1.8.2. Potential applications of microcrystalline cellulose in packaging 

materials 

Microcrystalline cellulose reinforced polymer composites are found very useful for 

packaging applications. Polypropylene composite embedded with MCC can be used 

effectively as packaging material for microwave application. MCC was isolated from 

cotton and incorporated into polypropylene matrix by using a brabender internal mixer 

while employing maleic anhydride as coupling agent. The addition of 20 wt% MCC 

into the polymer matrix remarkably improved the thermal and mechanical properties of 

the composites and provided the features of microwavable packaging (Ummartyotin & 

Pechyen, 2016). Wang et al. produced multilayer polyethylene terephthalate (PET) 

bottles with edible films for packaging of rosebud beverages. The edible films with 

superior mechanical proprieties were prepared by blending chitosan, MCC, whey 

protein isolate and PET together. The produced PET bottles showed significantly 

enhanced barrier performance by preventing the loss of polyphenols, improved the 

soluble solids content, color indices, pH and browning degree of the beverages and 

extended the beverage shelf life by 38 days when stored at 4 °C (Z.-C. Wang et al., 
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2021). Chen et al. prepared MCC filled thermoplastic starch composites for packaging 

material. MCC was introduced into the starch matrix through extrusion and hot 

pressing-technique and the composite films with 6 wt% MCC possessed better tensile 

strength and water vapor permeation with lower water contact angle than that of the neat 

films (Chen et al., 2020). 

1.8.3. Cellulose reinforcement in starch-based packaging films 

Several cellulosic materials have been utilized for enhancing the packaging performance 

of corn starch films. Reinforcement with cellulose fibers extracted from rice and coffee 

husk in corn starch films significantly improved the various properties of corn starch 

films desirable for packaging applications such as tensile strength and barrier properties 

(Collazo-Bigliardi et al., 2019a). Incorporation of cellulose nanofiber significantly 

enhanced the thermal and water resistance properties of starch films for application as 

muffin liner (Shih & Zhao, 2021). Yuan and Chen demonstrated the formation of corn 

starch films with excellent thermal and mechanical properties reinforced with 

nanocellulose for antibacterial packaging (Yuan & Chen, 2021).   

MCC has been found to be effective in improving the properties of cassava starch films 

for food packaging. Incorporation of MCC increased the tensile strength, opacity and 

Young’s modulus of the starch films, while moisture content, water solubility, 

elongation at break and water vapour permeability of the films decreased with the 

addition of MCC (Yao Désiré et al., 2021). Chen et al. incorporated MCC as fillers into 

the starch matrix of thermoplastic starch and observed increase in the tensile strength 

with 6 wt% MCC addition, while the water vapour permeation decreased. Water contact 
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angle also decreased with the increased MCC loading (Chen et al., 2020). Another study 

demonstrated the synthesis of MCC from soyabean hulls and its application as 

reinforcement in cassava starch films. The addition of 2.5 wt% MCC led to films with 

lower solubility, water vapor permeability, hygroscopicity and improved flexibility than 

pure starch film (Merci et al., 2019).   

Possible scope for further research on the synthesis of microcrystalline cellulose 

from waste biomass and its application in the packaging field  

It is envisaged from the state of art literatures that most of the methods used for 

synthesizing MCC from biomass sources involves hydrolysis using concentrated acid. 

Such conventional preparation of MCC involving acid hydrolysis is not desirable for 

bulk scale production because acid causes corrosive effects on various plant equipment, 

making it unfeasible with respect to industrial aspects. The drawbacks of using 

concentrated mineral acids in MCC production can be eliminated by replacing the acid 

hydrolysis with alkaline hydrolysis and subsequent treatment with hydrogen peroxide. 

However, use of alkaline peroxide to extract MCC from biomass sources is rarely 

reported in the literature. Further, there is no reported work on the synthesis of 

microcrystalline cellulose from elephant grass biomass. Also, the application of 

elephant grass-derived MCC for reinforcement in corn starch films is not reported to 

date. Hence, there is a scope to explore the potential of elephant grass for the synthesis 

of microcrystalline cellulose and application of the synthesized MCC as reinforcing 

agents in corn starch films for sustainable and eco-friendly food packaging.  
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1.8.4. Microwave-assisted extraction of microcrystalline cellulose from 

waste biomass 

The extraction of cellulose is a solid-liquid extraction process, and microwave-assisted 

extraction is considered the best extraction technique for extracting lignin-cellulose 

components. The conventional cellulose extraction methods have the limitations of poor 

yield, the requirement of bulk amounts of solvent, and time consumption. The different 

steps used in the conventional methods of MCC synthesis require high temperatures 

(75-80 °C) for a long duration of about 2-4 hours (Pujiasih et al., 2018; Sim, Bae, Choi, 

Islam, et al., 2016; Zhao et al., 2018). Microwave heating is an emerging and advanced 

technique for matter transfer from plant matrix in a reduced extraction time. Microwave 

irradiation heating can increase the speed of a chemical reaction even at lower 

temperatures. The microwave-assisted technique facilitates cell rupturing and the 

release of components from biomass into the extracting solvent. Mass transfer from the 

ruptured cells expedites solvent penetration, resulting in the complete extraction of the 

lingo-cellulosic contents (Rizwan et al., 2021). Therefore, microwave-assisted 

extraction techniques have gained quite popularity in recent times for the extraction of 

lingo-cellulosic components from biomass (Azlan et al., 2022; Mao et al., 2023; Singh 

et al., 2017). 

Tea waste (TW) is lignocellulosic, comprising cellulose, hemicellulose, and lignin. 

Waste tea was reported to contain 16–18% cellulose, 68.2% hemicellulose, and 18.8% 

lignin. The high cellulose content of tea waste makes it suitable for synthesising 

crystalline cellulose derivatives (Debnath et al., 2021b). Tea leaves waste obtained from 
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tea factories was employed as raw material for the synthesis of cellulose nanocrystals, 

which were then successfully utilized as reinforcement in polymer composites (Abdul 

Rahman et al., 2017; Handoko & Yusuf, 2021). MCC isolated from oolong tea 

processing waste was reported to maintain cellulosic structure and good thermal 

stability. Such tea waste-derived MCC may be used as a stabilizer to fabricate food-

grade Pickering emulsion (Zhao et al., 2018; Zheng et al., 2022). Black tea waste 

reportedly contains high cellulose content of around 28.3%, and it was found to be a 

promising source for the extraction of cellulose nanocrystals (Xu et al., 2023).   

Possible scope for further research on synthesis of microcrystalline cellulose from 

tea industry waste using microwave-assisted method 

From the available literature, it is observed that tea waste produced in the industries 

during tea manufacturing is a readily available, abundant, cellulose-rich, and cheap 

biomass. However, the utilization of industrial black tea waste for extracting MCC is 

scant. Furthermore, conventional acid hydrolysis using concentrated sulfuric acid was 

used in the available literature on the synthesis of MCC from oolong tea waste (Zhao et 

al., 2018). No work is reported on the use of microwave-assisted alkaline peroxide 

bleaching technique for the synthesis of MCC from black tea waste. Thus, there is a 

scope to explore the potential of industrial black tea waste for synthesizing MCC and to 

investigate the effectiveness of microwave heating during the various treatment steps 

used for biomass-based MCC synthesis.  
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1.8.5. Polyvinyl alcohol composite films for food packaging 

Polyvinyl alcohol is a biocompatible polymer which is extensively utilized in food 

industry as well as biomedical, domestic, and construction sectors. Considering its 

nontoxic and safe profile, PVA has earned the generally recognized as safe (GRAS) 

status, making it suitable for producing food packaging films. However, PVA is 

deficient in desirable characteristics for materials used in food packaging, such as 

moisture barrier, mechanical strength, antimicrobial, antioxidant, and UV barrier 

properties (Nguyen and Lee, 2022). Many inorganic fillers have been used to prepare 

PVA composites with improved properties. However, poor interfacial compatibility 

between inorganic fillers and PVA negatively affects some properties such as 

mechanical behaviour of the composites. Moreover, incorporation of expensive 

inorganic fillers diminishes the biodegradability of PVA composite films. To fabricate 

environment-friendly biodegradable food packaging materials, green resources like 

biomass derived fillers are highly desirable to substitute the inorganic fillers (Baite et 

al., 2022). 

As discussed earlier, cellulose fibres have received widespread interest as fillers in 

composite films because of their abundant natural availability, environment-

friendliness, biodegradability, biocompatibility, renewability, and remarkable 

mechanical strength. Various cellulosic materials including cellulose microfibers 

(Puttaswamy et al., 2017a), cellulose nanofibers (Ueda et al., 2022), cellulose 

nanocrystals (Aloui et al., 2016) were successfully incorporated as reinforcement into 

the polymer matrix of PVA films to enhance the performance of PVA films in terms of 
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thermal, mechanical, and barrier properties, thus producing green composites for food 

packaging. Improvement of structural properties and mechanical strength of PVA was 

attained from cellulose microfibers reinforcement (Puttaswamy et al., 2017b). Cellulose 

extracted from corn husk fibres increased the tensile strength of PVA film by about 

29% in comparison to neat PVA due to the formation of strong hydrogen bonding 

between PVA and cellulose fibres (Ratna et al., 2023). Cellulose nanofibers synthesized 

from wheat straw improved the surface hydrophobicity, thermal stability and tensile 

strength of PVA composite films considerably (Yang et al., 2020). Ulaganathan et al. 

prepared PVA and cellulose nanocrystal blended film. The bio-nanocomposite films 

maintained high transparency level (transmittance of ∼90% in the visible region in UV–

vis), suggesting their effectiveness for food packaging (Ulaganathan et al., 2022). 

Tummala et al. developed a highly transparent macroporous hydrogel with more than 

90% water content by combining PVA and nanocellulose. Due to the addition of 

nanocellulose, the composite hydrogel had a refractive index close to water and showed 

excellent UV blocking property (Tummala et al., 2016). Rice straw derived cellulose 

microfibrils and cellulose nanofibrils were incorporated as reinforcement into PVA 

matrix. The rice straw cellulose nanofibrils/PVA composite films exhibited more 

uniform fibre dispersion, better mechanical properties, and transparency. However, the 

rice straw cellulose microfibrils/PVA composite films showed stronger water resistance 

i.e., hydrophobicity than the nanofibril/PVA composite films. Both the cellulose 

microfibril and nanofibril reinforced PVA films showed improved thermal stability (Z. 

Wang et al., 2018). 
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Feng et al. reported the reinforcement of rice straw derived cellulose microfibers in 

PVA films. The composite film showed significantly higher mechanical strength (37.54 

± 0.77 MPa) as compared to pure PVA (25.88 ± 2.97 MPa) film. In addition to that, the 

prepared composite films had a transmittance of over 80% in the visible light range, and 

exhibited excellent UV blocking property. However, strengthening of PVA films using 

cellulose microfibers with larger size was found to be difficult (Feng et al., 2022).  

Possible scope for further research on the application of black tea waste derived 

microcrystalline cellulose as reinforcement in food packaging films 

It was observed from the available literatures that, despite having excellent film forming 

ability, the application of PVA films in food packaging sector is restricted due to its low 

mechanical strength, poor moisture barrier and UV-blocking properties. Cellulose 

nanofibers and cellulose nanocrystals are widely used as reinforcement in PVA films. 

However, utilization of biomass derived microcrystalline cellulose as 

reinforcement/filler in PVA composites is scant. Therefore, studies on the reinforcement 

effect of MCC in PVA composites need further research. Application of black tea waste 

derived MCC in the packaging sector has not reported yet. Thus, there is a scope for 

research on how the incorporation of tea waste microcrystalline cellulose influences the 

physicochemical characteristics of PVA films used for food packaging.  

1.9. Objectives of thesis work  

Based on the above state of the art literature review and scope of possible work, the 

objectives of this thesis work are identified as below: 
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➢ Extraction of microcrystalline cellulose from elephant grass (Pennisetum 

purpureum) using alkaline hydrogen peroxide and its application as 

reinforcement/filler materials in corn starch films for food packaging   

➢ Preparation and characterization of microcrystalline cellulose from tea industry 

waste by a novel microwave-assisted technique  

➢ Application of tea waste derived microcrystalline cellulose as reinforcing fillers 

in PVA films for grapes preservation  

1.10. Organization of the thesis 

Chapter 1 discusses the background of the problems undertaken in this work i.e. the 

research gap associated with the synthesis of microcrystalline cellulose from 

lignocellulosic waste biomass sources and their applications in the packaging sector. 

The objectives of the present work are also highlighted here. Chapter 2 gives a detailed 

description of the experiments involved in the synthesis of microcrystalline cellulose 

from the waste lignocellulosic biomass of elephant grass by a non-conventional 

technique using alkaline hydrogen peroxide. The physicochemical characteristics of the 

synthesized product were investigated and compared with commercially available 

microcrystalline cellulose. The elephant grass derived microcrystalline cellulose was 

incorporated into corn starch films and its reinforcing effect on the packaging properties 

of the starch films were inspected. Chapter 3 gives a complete description of the 

experimentation involved in the preparation of microcrystalline cellulose from industrial 

black tea waste under microwave heating and also under conventional heating. The 

synthesized products were characterized for various properties using different 
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techniques. Response surface methodology (RSM) analysis was carried out to optimize 

the experimental conditions for achieving highest crystallinity of the synthesized tea 

waste microcrystalline cellulose. Chapter 4 describes the development of tea waste 

microcrystalline cellulose reinforced PVA composites for application as food 

packaging. The various physical and chemical properties of the fabricated films that are 

desirable for packaging application were observed using different analytical techniques. 

The packaging performance of the composite films were evaluated by wrapping fresh 

grapes samples with the films and observing the change in their visual appearance for a 

period of 20 days. Chapter 5 summarizes the inferences drawn from the different 

works and provides some suggestions towards future research. 
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This chapter gives a complete description of the experimentation involved and results 

thereon in the synthesis of microcrystalline cellulose from elephant grass (Pennisetum 

purpureum) through successive bleaching with alkaline hydrogen peroxide. The 

synthesized MCC was then characterized using X-ray diffraction (XRD), Fourier 

transforms infrared spectroscopy (FTIR), Field emission scanning electron microscopy 

(FESEM), and Thermogravimetric analysis (TGA). Thereafter, the elephant grass 

microcrystalline cellulose (E-MCC) was introduced as filler material into corn starch 

films which were characterized using FTIR and FESEM for physicochemical properties, 

and their performance was analyzed in terms of thermal stability (TGA), contact angle 

measurement, moisture content, water solubility and tensile strength (Universal testing 

machine, UTM). The background of this work is elaborated in Chapter 1, Section 1.3, 

1.4, 1.5, and details of literature and the scope of work are summarized in chapter 1, 

Section 1.7.1, 1.7.2 1.7.3. This work has been scientifically acknowledged in the Food 

Packaging and Shelf Life. 
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2.1 Experimental 

2.1.1. Materials 

Elephant grass was collected from the campus of the Indian Institute of Technology 

Guwahati, Assam, India. The raw biomass was dried at 60 °C for 48 h in a hot air oven, 

crushed into small pieces using a mixer-grinder, and screened through a mesh to obtain 

particles of uniform size 300-400 μm. Sodium hydroxide (SRL, India), hydrogen 

peroxide 30% (SRL, India), and ethanol 99.9% (Sigma Aldrich) were used for MCC 

synthesis. Corn starch (CS) was purchased from HiMedia, and glycerol was provided by 

Merck, India. All the chemicals used in this present work are of analytical grade. 

Deionized (DI) Milli-Q water was used throughout the experiments, including preparing 

the solutions and washing the samples.  

2.1.2. Synthesis of elephant grass microcrystalline cellulose (E-MCC) 

MCC was synthesized from elephant grass through successive bleaching with alkaline 

peroxide following the method reported by Ventura-Cruz and Tecante (Ventura-Cruz & 

Tecante, 2019) with some modifications. Around 10 g of dried and powdered elephant 

grass was dewaxed using ethanol at 80 °C for 5 h in a Soxhlet extractor with a material 

to solvent ratio of 1:20. Afterward, the sample was oven-dried at 50 °C until a constant 

weight was reached. The dewaxed sample was then subjected to alkaline treatment by 

mixing with 45 g/L of NaOH solution at a solid/liquid ratio of 1:12 and hydrolyzed at 

80 °C for 2 h. The sample was placed in an ice bath to terminate the reaction, followed 

by filtration, and washing with DI water many times to achieve neutral pH. The 
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obtained solid was then oven-dried at 50 °C until the weight became constant. The 

alkaline treated sample was bleached with a mixture of 50 g/L NaOH and 160 g/L H2O2 

at a solid/liquid ratio of 1:20 and hydrolyzed at 55 °C for 90 min. The treated sample 

was filtered and repeatedly washed using DI water until neutrality. The solid residue 

was oven-dried at 50 °C for 15 h to obtain a constant weight. Bleaching treatment was 

repeated one more time following the same procedure mentioned above to obtain the E-

MCC. The pictorial representation of the synthesis process is shown in Fig. 2.1. 

 

Figure 2.1 Schematic representation of synthesis of microcrystalline cellulose from 

elephant grass and its incorporation into corn starch film 

2.1.3. Preparation of MCC reinforced corn starch films 

Corn starch films were prepared through solution casting according to the methods 

reported by others (Wang, Sui, et al., 2021; Yao Désiré et al., 2021) with some 

modifications in the heating temperature, stirring speed, and duration. For preparing 
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neat corn starch film, 4 g starch was dissolved in 100 mL DI water, heated gradually 

from room temperature to 90 °C, and stirred continuously at 800 rpm for 30 min using a 

magnetic stirrer. Thereafter, 25% glycerol (on the basis of dry starch weight) was added 

to the solution as a plasticizer since glycerol has good compatibility with amylose, 

which stimulates better mechanical properties and makes starch films flexible as well as 

feasible for packaging. The mixture was then stirred for another 30 min until complete 

gelatinization of the starch was achieved. The solution was then sonicated using an 

ultrasonication probe (Sonics, Model: VC 750, 20 kHz) at 30% amplitude for 10 min 

for the removal of air bubbles. Finally, 50 mL of the solution was poured onto a glass 

petri plate, followed by drying at 30 ℃ for 48 h. For the preparation of the MCC 

reinforced films, E-MCC powder of 1, 2.5, and 5 wt% (starch dry weight basis) were 

added to 100 mL of DI water separately and kept under constant stirring at 700 rpm for 

24 h. Following that, 4 g of corn starch was added to each of the solutions, and the same 

procedure was used as mentioned above to prepare the neat starch film. All the films 

were peeled off from the petri dishes after drying and stored in a desiccator at 25 °C and 

50% relative humidity (RH) for 5 days before further analysis. The corn starch films 

reinforced with 1, 2.5, and 5 wt% E-MCC are denoted as CS/EMCC-1, CS/EMCC-2.5, 

and CS/EMCC-5, respectively. 

2.2. Characterization of the products obtained 

The synthesized E-MCC and the corn starch/E-MCC composite films were 

characterized using various techniques as follows: 
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2.2.1. Determination of MCC yield  

The yield of E-MCC was calculated based on its weight over the cellulose present in the 

untreated elephant grass and expressed in terms of percentage (Zhao et al., 2018).  

2.2.2. X-ray diffraction (XRD)  

The structural configuration of the prepared E-MCC was investigated by XRD pattern, 

using an X-ray diffractometer (Rigaku technologies, Japan; Model: Smartlab) operated 

at 112 mA and 45 kV. The sample was scanned through Cu Kα radiation for the 

diffraction angle (2θ) range of 10–90° with a step size of 0.01°. The crystallinity index 

(CrI) of the E-MCC was estimated by means of the following equation as reported by 

Zhao et al. (Zhao et al., 2018).  

𝐶𝑟𝐼 =
𝐼002 − 𝐼𝑎𝑚

𝐼002
 × 100                                                                      (2.1)                        

Where, I002 is the maximum intensity of the crystalline phase of MCC at 2θ = 22.5°, 

while Iam is the intensity of the amorphous phase at 2θ = 18° (Tarchoun et al., 2019; 

Zhao et al., 2018). 

2.2.3. Fourier-transform infrared spectroscopy (FTIR)  

The functional groups present in the synthesized E-MCC were identified by analyzing 

the material in the 4000–400 cm-1 region of the FTIR spectrum (Perkin Elmer, Model: 

Spectrum two).  

2.2.4. Field emission scanning electron microscopy (FESEM) 
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The morphology of the prepared E-MCC and corn starch/E-MCC composite films were 

analyzed by using FESEM (Zeiss, Model: Sigma 300) operated at an accelerating 

voltage of 5 kV. The dried samples were placed on an aluminium stub and sputtered-

coated with gold for 5 min before the analysis. Scanning was performed at 1000x 

magnification for E-MCC and 2000x magnification for the starch films. 

2.2.5. Thermogravimetric analysis (TGA) 

The thermal properties of the E-MCC and corn starch/E-MCC composite films were 

analyzed using a Thermogravimetric analyzer (Netzsch, Model: STA449F3A00) in an 

inert argon atmosphere (at a flow rate of 20 mL/min). The samples were heated from 

ambient temperature (25 °C) to 600 °C with a heating rate of 10 °C/min.  

2.2.6. Thickness of the films 

The thickness of the E-MCC reinforced corn starch films was measured by a digital 

micrometer (Baker, India, Model: IP65) with 1 μm accuracy. For each sample, the 

thickness was measured at 10 arbitrary locations, and the average value was then used 

to determine the mechanical properties of the bioplastic starch films (Wang, Sui, et al., 

2021). 

2.2.7. Water contact angle measurement 

To investigate the wettability or hydrophobic property of the corn starch composite 

films, water droplet contact angle was measured using a contact angle analyzer 

(Holmarc, Model: HO-IAD-CAM-01B). The films were cut into 2 cm × 2 cm squares, 
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and 5 μL DI water was deposited on the sample surface. After 1 min, images were 

recorded. For each sample, three measurements were taken, and the average of the three 

values was reported.   

2.2.8. Moisture content 

The moisture contents of the E-MCC reinforced corn starch films were determined by 

the gravimetric method as described by Wang et al. (Wang, Sui, et al., 2021; Wang, 

Yan, et al., 2021). The films were cut into 2 cm × 2 cm square pieces, and their initial 

weight was noted as M1. Thereafter, the samples were dried in an oven at 110 ℃ for 24 

h, weighed again, and noted as M2. Moisture content (MC) was then calculated using 

the following formula: 

𝑀𝐶 =
𝑀1− 𝑀2

𝑀1
 × 100 %                                                                                               (2.2)  

The results are expressed as the average values ± standard deviation of the 

measurements taken from three different film samples. 

2.2.9. Water solubility 

Solubility of the prepared E-MCC/corn starch composite films in water were 

investigated according to the method described by Wang et al. (Wang, Yan, et al., 

2021). 2 cm × 2 cm square pieces of the films were precisely weighed (M3) using an 

analytical balance and placed in conical bottles. After that, 100 mL of DI water was 

added to the sample and stirred in a shaker at a constant speed of 180 rpm, at 25 °C for 

6 h. Finally, the solutions were filtered and dried at 110 °C for 7 h, and the samples 

were weighed again (M4). The film solubility (WS) was calculated as follows: 
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 W𝑆 =
𝑀3− 𝑀4

𝑀3
 × 100 %                                                                                              (2.3) 

The results are expressed as the average values ± standard deviation of the 

measurements taken from three different film samples. 

2.2.10. Mechanical properties analysis 

Mechanical properties of the E-MCC reinforced corn starch films, such as tensile 

strength, Young’s modulus, and elongation at break, were determined using a Universal 

testing machine (5kN electromechanical UTM, ZwickRoell, Model: Z005TN Proline) at 

room temperature. The films were cut into rectangular strips of size 1 cm × 5 cm. The 

initial grip separation was 30 mm, and the samples were loaded at a crosshead speed of 

10 mm/min. The measurements of each of the samples were performed in triplicates, 

and the reported values are the average ± standard deviation.  

2.3. Results and discussion 

2.3.1 Characterization of the synthesized E-MCC  

2.3.1.1. E-MCC yield 

The compositional analysis of the raw elephant grass was performed in one of our 

previously reported works (Haldar & Purkait, 2020). The percentage composition of 

various components is given in Table 2.1. From the table, it was observed that the raw 

biomass contains 34.7 wt% of cellulose. The amount of cellulose in 10 g of elephant 

grass was 3.47 g. The dry weight of the MCC produced after the second bleaching step 

is 3.099 g. Therefore, the yield of E-MCC is calculated as follows: 
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𝑌𝑖𝑒𝑙𝑑 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑀𝐶𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑎𝑤 𝑒𝑙𝑒𝑝ℎ𝑎𝑛𝑡 𝑔𝑟𝑎𝑠𝑠
× 100%                                        (2.4) 

                                   =
3.099

3.47
× 100% 

                                   = 89.31% 

Table 2.1 Chemical composition of elephant grass based on dry weight % (w/w) 

Biomass Cellulose  Hemicellulose  Lignin  Moisture 

Content  

Extractives Ash  

Elephant 

grass 

34.7% 20.2% 19.3% 12.4% 6.4% 4.9% 

2.3.1.2. Determination of crystalline structure 

The crystalline structure of commercial MCC (C-MCC) and elephant grass MCC (E-

MCC) was explored using XRD analysis. Their X-ray diffraction patterns are illustrated 

in Fig. 2.2. The synthesized E-MCC showed a similar crystalline pattern to the C-MCC. 

The appearance of the peaks in the diffraction pattern indicates the polycrystalline 

structure of the MCCs. The peaks occurring at a diffraction angle (2θ) values of 15.7°, 

22.5°, and 34.6° correspond to the crystalline planes 11̅0, 200, and 004, respectively. 

The XRD patterns indicated the presence of cellulose I polymorph, whereas the absence 

of doublet crystalline peak at 22.6° showed that no cellulose type II was present in C-

MCC and E-MCC (Tarchoun et al., 2019; Ventura-Cruz et al., 2020). The crystallinity 

index of the C-MCC was calculated as 80%, and the synthesized E-MCC was found to 

have a crystallinity index of 74%. Therefore, it is evident that the MCC synthesized 
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from elephant grass is comparable to C-MCC, which makes it a promising candidate for 

commercial applications.  

 

Figure 2.2 XRD patterns of commercial microcrystalline cellulose (C-MCC) and 

elephant grass microcrystalline cellulose (E-MCC) 

2.3.1.3. Analysis of chemical functionality 

The FTIR spectra of C-MCC and E-MCC are presented in Fig. 2.3. The absorption peak 

at 3331cm−1 is due to the stretching vibration of the O–H bond present in native 

cellulose. The absorption band around 2899 cm-1 may be attributed to the symmetric 

stretching of the C–H bond of alkyl groups (Castillo et al., 2017). The absorbance peak 

at 1641 cm−1 is related to the –OH bending of absorbed water and bending of the C=O 
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bond of the aldehyde groups (Liu et al., 2018; Rashid et al., 2017). The band at 1429 

cm-1 is contributed by symmetric bending vibration of the –CH2 group, which is also 

termed as ‘crystallinity band’ (Hou et al., 2019; Rashid et al., 2017). 

 

Figure 2.3 FTIR spectra of commercial microcrystalline cellulose (C-MCC) and 

elephant grass microcrystalline cellulose (E-MCC) 

The peak located around the 1316 cm−1 may be ascribed to the skeletal vibration of C–

O, and C–C groups, the band appearing at 1164 cm−1 was attributed to C–O stretching 

vibration in the cellulose (Liu et al., 2018). The MCCs showed a strong peak at 1032 

cm-1, which was associated with the stretching vibration of C–O–C pyranose ring 

skeleton and the peak at 893 cm−1 is due to the β-1,4-glycosidic linkages in cellulose 

(Pujiasih et al., 2018; Rashid et al., 2017). The disappearance of characteristic 
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absorption peaks of lignin (1520 –1510 cm−1) and hemicellulose (1730 –1720 cm−1) in 

the FTIR spectrum of E-MCC showed that successive bleaching with alkaline H2O2 

could efficiently remove the non-cellulosic constituents (lignin, hemicellulose) of 

elephant grass (Liu et al., 2018). The findings reveal that the synthesized E-MCC has a 

similar chemical structure as C-MCC. 

2.3.1.4. Morphology analysis 

The morphology of the raw elephant grass (EG), C-MCC, and the synthesized E-MCC 

were studied using FESEM analysis, and the microscopic images are shown in Fig. 2.4. 

From the figure, it was seen that the raw elephant grass had a long, thick, closed, and 

almost non-porous fibrous structure with a smooth surface (Fig. 2.4a). The fibers 

became thinner, more exposed, and disruptive in nature with a rough surface in the E-

MCC (Fig. 2.4c) after performing successive bleaching with alkaline peroxide because 

of the elimination of the lignin layer around the fibers. Similar outcomes were 

witnessed by Ventura-Cruz et al. (Ventura-Cruz et al., 2020). The rough surface of the 

E-MCC may be attributed to the cleavage of the amorphous regions of cellulose and 

thereby breaking the fibers into a shorter length, resulting in comparatively weaker 

interaction that formed cracks on the surface, making it rough (Zhao et al., 2018). Fig. 

2.4b shows that C-MCC had rod-shaped structures having shorter lengths and smooth 

surfaces. The diameter of the particles of E-MCC ranged from 15-48 μm, with an 

average particle diameter of 29 μm. The particle size of the E-MCC is a little larger 

compared to the commercial one. The results reveal that the various properties of the 

synthesized E-MCC, like the size of particles and accumulation, were influenced by the 
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raw materials employed and the environmental condition present during the synthesis 

(Liu et al., 2018). However, the structural or morphological features of the E-MCC were 

found to be comparable to that of the C-MCC, indicating that this method of MCC 

synthesis can be useful in terms of the commercial aspect also. 

 

 

Figure 2.4 FESEM images of (a) Raw elephant grass, (b) C-MCC, and (c) E-MCC 

2.3.1.5. Analysis of thermal properties 

The thermogravimetric analysis (TGA) and the derivative thermogram (DTG) curves of 

raw EG and the synthesized E-MCC are illustrated in Fig. 2.5. It was seen from Fig. 

2.5a that the thermal decomposition of EG and E-MCC occurred in two phases. 

Initially, some loss of weight occurred in the temperature range of 35-100 °C, which is 
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attributed to the evaporation of moisture from the samples. The main thermal 

degradation stage was in the temperature range of 240-400 °C, which corresponds to the 

decomposition of cellulose and hemicellulose via depolymerization, decarboxylation, 

dehydration, and breaking of glycosyl units (Hou et al., 2019; Liu et al., 2018; Ventura-

Cruz et al., 2020). The raw elephant grass started to decompose at around 245 °C, while 

the degradation of E-MCC started at around 285 °C. The results indicate that 

consecutive bleaching enhanced the thermal stability of the synthesized E-MCC as 

compared to the raw biomass, which is due to the absence of amorphous components 

like lignin and hemicellulose in the E-MCC. Both lignin and hemicellulose were 

reported to have lower degradation temperatures with respect to cellulose. Liu et al. 

reported that the thermal decomposition of commercial MCC starts at around 291 °C 

(Liu et al., 2018). Hence, it is obvious that the thermal behaviour of the synthesized E-

MCC is comparable to C-MCC. The maximum weight loss for raw elephant grass was 

observed at 331 °C, which was lower as compared to the E-MCC, for which maximum 

weight loss occurred at 369 °C, indicating that the cellulose in the E-MCC is of higher 

purity. This result also implies that the degree of molecular ordering in E-MCC is 

higher, because of which more amount of heat is required to cause its thermal 

degradation (Kian et al., 2017). As shown in the DTG curve (Fig. 2.5b), the raw 

biomass showed a lower degradation temperature peak with the maximum value at 

around 330 °C, while the E-MCC exhibited a maximum temperature peak at around 370 

°C. The DTG curve of the raw biomass also shows a peak at around 290 °C, which is 

associated with the decomposition of hemicellulose.  
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Figure 2.5 (a) TGA and (b) DTG plots of raw elephant grass and E-MCC.  

(a) 

(b) 
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However, this peak didn’t appear on the curve of E-MCC, indicating the complete 

removal of hemicellulose (Owolabi et al., 2017). The onset degradation temperature of 

the E-MCC (285 °C) is higher than that of the MCC prepared from tea waste (230°C) 

(Zhao et al., 2018), rose stems (232 °C ) (Ventura-Cruz et al., 2020), waste cotton 

fabrics (240 °C) (Hou et al., 2019), pomelo peel (280 °C) (Liu et al., 2018). The DTG 

peak temperature of the synthesized E-MCC (370 °C) is also greater than the MCC 

prepared from roselle fibers (340 °C) (Kian et al., 2017), oil palm fronds (346°C) 

(Owolabi et al., 2017), tea waste and pomelo peel (360 °C) (Liu et al., 2018; Zhao et al., 

2018). From the above observations, it can be concluded that the synthesized elephant 

grass MCC possesses good thermal stability, and it can be applied for the manufacturing 

of green bio-composites. 

2.3.2. Characterization of the E-MCC reinforced corn starch films 

2.3.2.1. FTIR analysis 

The FTIR spectra of pure corn starch film and corn starch films filled with various 

concentrations of E-MCC (1, 2.5, and 5 wt%) are shown in Fig. 2.6. The absorption 

band at approximately 3288 cm-1 is associated with the stretching vibration of the O-H 

bond of the intra and intermolecular bound O‒H groups present in starch and glycerol 

(Nordin et al., 2020). The band at around 2929 cm−1 corresponds to the stretching 

vibration of the C‒H bond in aliphatic methyl (‒CH3) or methylene (‒CH2) groups. The 

strong peak at 1643 cm−1 is ascribed to the vibrational stretching of the carbonyl 

group (C=O). The bands between the 1500–1300 cm−1 range might be attributed to 

multiple vibration modes of ‒CH and ‒OH bending. The results are inconsistent with 

the work by Chen et al. (Chen et al., 2019) and Othman et al. (Othman et al., 2021).  
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Figure 2.6 FTIR spectra of corn starch films reinforced with different E-MCC 

concentrations 

The peaks at 1020 and 1082 cm−1 can be assigned to C‒O stretching vibration in the 

functional groups C‒O‒C and C‒O‒H, respectively (Yuan & Chen, 2021). Some other 

works have reported that the sharp band at 1649 cm-1 may be due to O–H bending of the 

absorbed water molecules in the starch films (Merci et al., 2019; Nordin et al., 2020). 

The peak at 928 cm-1 represents asymmetric C–O stretching vibration from the 

glycosidic linkage, and the peak at 855 cm-1 indicates symmetrical ‒CH and 

‒CH2 deformation in starch (Nordin et al., 2020). The FTIR spectra of the pure corn 

starch film and the E-MCC reinforced films are similar, indicating that all the prepared 

films have a similar chemical structure containing the same functional groups. This 
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refers to strong inter and/or intramolecular bonding between the corn starch and E-

MCC, primarily via H-bonds and thereby showing promising compatibility between 

them (Othman et al., 2021).  

2.3.2.2. FESEM analysis 

The surface morphology of the corn starch films reinforced with different 

concentrations of E-MCC are shown in Fig. 2.7. These images were observed using 

Field emission scanning electron microscopy (FESEM) to analyze the dispersion of the 

synthesized E-MCC in the matrices of the starch films. The pure starch film (Fig. 2.7a) 

has a homogeneous smooth surface without any pores or cracks, indicating complete 

disruption of the starch granules in the thermo-plasticization with water and glycerol. 

The E-MCC reinforced starch films also exhibited smooth surface morphology, 

suggesting that the E-MCC particles were well-dispersed in the starch matrix. At a 

lower E-MCC loading rate (1 wt% of starch dry weight), the particles seem to disperse 

more homogeneously in the polymer matrix (Fig. 2.7b). As the E-MCC loading was 

increased (2.5 wt% of starch dry weight), some of the fillers got agglomerated and 

appeared as a white domain on individual regions of the film surface (Fig. 2.7c). With a 

further increase in E-MCC loading (5 wt% of starch dry weight), larger agglomerations 

of E-MCC appeared on the film surface (Fig. 2.7d). Interactions between the O‒H 

groups of the E-MCC and starch through hydrogen bond provided strong adhesion 

leading to good compatibility between them. The similarity in chemical structures of E-

MCC and corn starch is the reason behind such interactions between the filler and starch 

matrix. This strong compatibility also contributes to the enhancement of the mechanical 
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properties of the films, resulting in very few cracks on the film surfaces (J. Chen et al., 

2020; Merci et al., 2019).   

 

  

Figure 2.7 FESEM images of (a) pure corn starch, (b) CS/EMCC-1, (c) CS/EMCC-2.5, 

and (d) CS/EMCC-5 film  

2.3.2.3. TGA analysis 

The TGA curves of the E-MCC reinforced corn starch films are presented in Fig. 2.8. 

All the films showed multi-stage thermal degradation curves. The first stage of weight 

loss ranged from room temperature to 120 °C, which is mainly attributed to the 

evaporation of moisture from the films. The second stage occurring in the range of 130-

270 °C, is related to the loss of glycerol and water (Q. Chen et al., 2020; Othman et al., 
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2021). The third stage of degradation, occurring between 280-330 °C, is mainly 

ascribed to the thermal decomposition of starch, overlapped with the degradation of E-

MCC (J. Chen et al., 2020; Nordin et al., 2020). It was observed from the figure that 

with the incorporation of E-MCC into the starch matrix, the TGA curves shifted right 

from the pure corn starch film, indicating improved thermal stability of the E-MCC 

reinforced films. The reason behind this improvement is the enhanced crystallinity and 

rigidity of the films due to the addition of crystalline cellulose; as a result, higher 

temperatures were required to cause the degradation of these films (Othman et al., 

2021).  

 

Figure 2.8 TGA curves of corn starch films reinforced with different concentrations of 

E-MCC  
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Table 2.2 Thermal degradation of corn starch films with different concentrations of 

MCC synthesized from elephant grass (E-MCC) 

Film type Degradation temperature 

corresponding to percentage 

weight loss (°C) 

DTG peak 

temperature 

(°C) 

Residual mass 

(%) at 600 

(°C) 

T10% T25% T50% 

Pure corn starch 136.5 205.0 301.0 312.3 5.15 

CS/EMCC-1 166.5 231.0 309.5 321.0 12.68 

CS/EMCC-2.5 152.6 207.4 307.2 313.5 13.52 

CS/EMCC-5 224.5 261.7 314.7 312.7 16.89 

Table 2.2 represents the degradation temperature and DTG peak temperatures of the 

corn starch films for the four different formulations. As per Table 2.2, the initial weight 

loss (10%) and the subsequent degradation (25%, 50%) of the E-MCC reinforced films 

occurred at higher temperatures than the neat corn starch film. The DTG peak 

temperature of the CS/EMCC-1 film shifted from 312.3 °C to a higher temperature of 

321.0 °C as compared to the other films implying better thermal stability. This might be 

associated with good interaction between starch, glycerol, and E-MCC (Nordin et al., 

2020). As the E-MCC level increases, the H-bonds between the molecules of starch and 

microcrystalline cellulose also increase. However, at higher concentrations of E-MCC, 

the flocculation of the particles reduced the degradation temperature. Thus, the DTG 

peak temperature of the CS film with 5 wt% E-MCC is less as compared to the one with 

1 wt% E-MCC. The residual mass of the neat corn starch film at 600 °C is less than 
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10%, but all the E-MCC-filled starch films had residue over 10% even after 600 °C (J. 

Chen et al., 2020). The peak degradation temperatures of the E-MCC-filled films are 

comparable to other reported corn starch films for food packaging (Collazo-Bigliardi et 

al., 2019; Souza et al., 2021).   

2.3.2.4. Measurement of water contact angle  

The effect of the incorporation of different concentrations of E-MCC on the hydrophilic 

property of the corn starch films is shown in Fig. 2.9. Pure corn starch film exhibited 

the lowest contact angle (19.52°) because of the presence of hydrophilic O‒H groups in 

the native starch. Water contact angle value greater than 65° signifies surface 

hydrophobicity, while the angle lower than 65° reflects hydrophilicity (Ghosh et al., 

2020). From the figure, it was observed that the addition of E-MCC significantly 

enhanced the water contact angle of the films. With the increased E-MCC loading, the 

contact angle of the films increased to 33.26°, 91.15°, and 98.83° for 1 wt%, 2.5 wt%, 

and 5 wt% concentrations of E-MCC, respectively. Thus, the result found in this study 

implies that E-MCC addition improved the hydrophobicity of the starch films to a great 

extent. The strong interaction of the E-MCC with corn starch through hydrogen bonds 

led to the formation of a network between the polymer chains of starch and reduced the 

interaction between water and the surface of the films, thereby preventing water from 

entering the films’ surface (J. Chen et al., 2020; Slavutsky & Bertuzzi, 2014). Chen et 

al. (Q. Chen et al., 2020) and Hasan et al. (Hasan et al., 2019) also reported that the 

addition of microcrystalline cellulose could reduce the hydrophilicity of bio-composite 

films. The results observed in the current study revealed that E-MCC can be a potential 
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filler to improve the hydrophobic properties of corn starch films for packaging 

applications. 

 

 

Figure 2.9 Water contact angle of a) pure corn starch film b) CS/EMCC-1, c) 

CS/EMCC-2.5, and d) CS/EMCC-5 film 

2.3.2.5. Determination of thickness, moisture content, and water solubility  

The physical properties of the E-MCC/corn starch composite films, such as thickness, 

moisture content, and solubility in water, are shown in Table 2.3. The neat corn starch 

film was taken as control which had the thickness of 335 μm. The thickness of the films 

decreased with the addition of E-MCC, which might be attributed to good dispersion of 

the E-MCC particles in the films leading to less number of cracks and pores in the films 

(Chen et al., 2019). The moisture content (MC) of the control film was 18.87%, which 

TH-3556_196152101



Chapter 2 

 

51 

 

decreased with the addition of E-MCC. The film with 1 wt% E-MCC showed an MC of 

16.17%. As the concentration of the E-MCC was further increased, the MC of the films 

kept decreasing and reached to 10.66% at an E-MCC concentration of 5 wt%. A similar 

trend of the result was observed by Desire et al. (Yao Désiré et al., 2021). Due to the 

formation of a more intermolecular H-bond between the E-MCC and hydroxyl groups 

of the corn starch, the number of freely available O‒H groups decreased. As a result, the 

interplay between water and the corn starch‒OH groups gets reduced. Hence, the 

moisture content of the films tends to decline (Hasan et al., 2019; Wang, Sui, et al., 

2021).  

Water solubility is another important characteristic of packaging materials. Table 2.3 

shows that pure corn starch film has the highest solubility (21.25%) as it is highly 

hydrophilic and can easily absorb water. Solubility of the films declined with the 

incorporation of E-MCC and reached the lowest value of 18.05% at an E-MCC 

concentration of 5 wt%. This reduction in film solubility might be associated with 

forming a compact network resulting in lower diffusion of water in the corn starch 

matrix (Chen et al., 2019). The reduction in the water solubility of the films with the 

increase in E-MCC concentration also indicates that E-MCC increased the crystallinity 

of the films. The crystalline cellulose promotes the intermolecular interactions between 

the O‒H groups of the corn starch and E-MCC leading to the reduction in solubility. 

Also, the high crystallinity and compact micro-fibrillary arrangement of cellulose make 

it less hydrophilic than corn starch, thereby reducing the solubility of corn starch films 

filled with E-MCC. The results observed in this study are consistent with those found in 

the case of MCC reinforcement in cassava starch films (Yao Désiré et al., 2021).  
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Table 2.3 Physical characteristics of the corn starch films reinforced with different E-

MCC concentrations 

Type of film Thickness (μm) Moisture content, MC 

(%) 

Water Solubility 

(%) 

Pure corn starch 335 ± 0.56 18.87 ± 1.14 21.25 ± 1.06 

CS/EMCC-1 286 ± 0.97 16.17 ± 0.88 19.12 ± 0.87 

CS/EMCC-2.5 296 ± 1.03 11.47 ± 0.33 18.21 ± 0.44 

CS/EMCC-5 305 ± 0.48 10.66 ± 0.31 18.05 ± 0.21 

 

2.3.2.6. Mechanical properties analysis 

The application of bioplastic films as packaging material depends largely on their 

mechanical behaviour. The strength of a film is measured by its tensile strength, and its 

flexibility is indicated by elongation at break. The mechanical properties obtained from 

UTM analysis, i.e., tensile strength, Young’s modulus, and elongation at break, of the 

corn starch composite films with varying levels of E-MCC are shown in Table 2.4. The 

neat corn starch film showed the lowest tensile strength (6.03 ± 0.23 MPa). The addition 

of 1 wt% E-MCC didn’t have much effect on the film tensile strength, but the addition 

of 2.5 wt% E-MCC increased the strength by 3.3%. The tensile strength of the film 

containing 5 wt% E-MCC was significantly high (22.33 ± 0.19 MPa). This increase in 

strength is associated with the proper dispersion and good compatibility between the E-

MCC filler and corn starch matrix due to the formation of a strong H-bonded network, 

already proven in FTIR and FESEM results. As a result, the load transfer between the 
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interface of the starch matrix and E-MCC network was more uniform and efficient, 

which minimized stress concentration in a particular area (J. Chen et al., 2020; Khan et 

al., 2012). The tensile strength of corn starch films reinforced with elephant grass-

derived MCC was higher as compared to corn starch films enriched with cellulose 

nanocrystals synthesized from waste biomass of Posidonia Oceania (Benito-González 

et al., 2021) and Pickering emulsions of cinnamon, cardamom, ho wood essential oils 

(Souza et al., 2021).  

Table 2.4 Mechanical properties of the corn starch films reinforced with different E-

MCC concentrations 

Film Tensile Strength 

(MPa) 

Young’s modulus 

(MPa) 

Elongation at 

break (%) 

Pure corn starch 6.03 ± 0.23 106.47 ± 3.8 33.39 ± 2.9 

CS/EMCC-1 6.04 ± 0.43 136.04 ± 4.1 29.35 ± 1.3 

CS/EMCC-2.5 6.23 ± 0.51  162.14 ± 6.0 24.36 ± 1.7  

CS/EMCC-5 22.33 ± 0.19 493.29 ± 2.9 3.49 ± 1.9 

The substantial increase in Young’s modulus of the films with the introduction of E-

MCC is attributed to the enhancement of stiffness of the films. As the E-MCC fillers 

increased the tensile strength and rigidity of the films, it is obvious that the stiffness of 

the films was also enhanced (Hasan et al., 2019; Othman et al., 2021). As expected, the 

trend of elongation at the break of the films was found to be reciprocal to that of the 

tensile strength. This decrease in elongation at break with the addition of E-MCC may 
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be related to the less flexible or rigid nature of the E-MCC filler. This observation is in 

accordance with other published literature (J. Chen et al., 2020; Slavutsky & Bertuzzi, 

2014).   

2.4. Comparative study 

A comparative assessment of the E-MCC reinforced corn starch films with various 

other plant material-filled corn starch-based packaging materials is shown in Table 2.5. 

From the table, it is obvious that the incorporation of E-MCC as a reinforcing agent in 

corn starch matrix results in higher mechanical strength as compared to many filler 

materials like fireweed extract (Kowalczyk et al., 2021), date palm pits (Alqahtani et al., 

2021), guabiroba pulp (Malherbi et al., 2019), Zanthoxylum bungeanum essential oil 

(Wang, Sui, et al., 2021). The hydrophobicity (measured in water contact angle) of the 

E-MCC loaded corn starch films are better than those filled with virgin coconut oil 

(Xiao et al., 2022). The moisture content of the corn starch films reinforced with E-

MCC are similar to those filled with bamboo leaf volatile oil, date palm pits powder, 

and virgin coconut oil while significantly lower than those incorporated with fireweed 

extract, Zanthoxylum bungeanum essential oil, and guabiroba pulp. Lower moisture 

content is desirable for packaging applications of corn starch films. Therefore, it can be 

stated that E-MCC is an effective filler in corn starch packaging films which is superior 

to many other reported plant-based filler materials. 
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Table 2.5 Comparative analysis of the E-MCC reinforced corn starch films with other 

plant material filled corn starch-based packaging films 

Films Filler material Moisture 

content 

(%) 

Water 

contact 

angle (°) 

Tensile 

strength 

(MPa) 

References 

Corn 

starch/sodium 

alginate/gum 

Arabic 

Virgin coconut 

oil 

12.00-13.70 39.9-63.3 20.50-

27.60 

(Xiao et al., 

2022) 

Corn starch Fireweed 

extract 

26.30-26.66 ----- 4.32-4.50 (Kowalczyk 

et al., 2021) 

Corn starch Zanthoxylum 

bungeanum 

essential oil 

22.96-26.96 ----- 1.23-3.98 (Wang, Sui, 

et al., 2021) 

Corn starch Bamboo leaf 

volatile oil 

11.41-13.21 ----- 10.68-

20.64 

(Wang, Yan, 

et al., 2021) 

Corn starch Date palm pits 

powder 

10.22-17.05 ----- 1.30-2.94 (Alqahtani et 

al., 2021) 

Corn starch 

and gelatin 

Guabiroba pulp 28.84-36.92 ----- 4.24-8.67 (Malherbi et 

al., 2019) 

Corn starch Elephant 

grass- MCC 

10.66-16.17 33.26-

98.83 

6.04-22.33 Present 

study 

2.5. Summary 

This chapter discusses the synthesis of microcrystalline cellulose from elephant grass 

biomass through successive bleaching with alkaline hydrogen peroxide. The various 

physicochemical properties of the synthesized product were investigated using XRD, 

FTIR, FESEM and TGA analysis. The characterization results revealed that the 

synthesized E-MCC possesses comparable crystallinity, chemical structure, and surface 
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morphology to those of the commercially available microcrystalline cellulose. The 

thermal stability of the E-MCC was also comparable to C-MCC. As this synthesis 

method doesn’t involve the usage of any corrosive acid, it can be considered for 

environment-friendly commercial production of microcrystalline cellulose from the 

abundant, renewable and cheap waste biomass of elephant grass. The elephant grass 

derived microcrystalline cellulose was used as a reinforcement agent in corn starch 

films. The physicochemical properties, thermal stability, water resistance and 

mechanical properties of fabricated films were determined using various analytical 

methods. The findings showed that incorporation of E-MCC improved the overall 

properties of the films considerably, which is due to the good compatibility between the 

E-MCC molecules and the starch matrix. Strong interaction between the hydroxyl 

groups of starch and E-MCC enhanced the rigidity, thereby thermal and mechanical 

properties of the films significantly whereas the hydrophilic properties decreased, which 

is desirable for packaging applications. 
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In this chapter, the detailed experimental method is discussed for the synthesis of 

microcrystalline cellulose from black tea waste produced in the tea factories using a 

novel superfast technique involving microwave heating. Tea waste microcrystalline 

cellulose was also prepared using conventional heating method (without microwave) 

for comparison with the microwave-assisted extraction technique. FTIR, XRD, FESEM, 

and TGA analyses were then utilized to characterize the synthesised TWMCC. The 

properties of the tea waste derived MCC were compared with other conventionally 

produced biomass based MCCs. The potential of industrial black tea waste to produce 

valuable microcrystalline cellulose was explored, and the effectiveness of microwave-

assisted peroxide bleaching treatment for MCC synthesis was studied in the present 

chapter. Statistical analysis using RSM (response surface methodology) was also 

carried out in this study to determine the optimum hydrogen peroxide bleaching 

condition for synthesizing TWMCC with high crystallinity.  The background, state of art 

literature and the scope of this research have been described in Chapter 1, Section 1.5 

and Section 1.7.4., respectively. This work has been published in International Journal 

of Biological Macromolecules. 
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3.1. Experimental 

3.1.1 Materials 

Tea waste was collected from Arin Tea Pvt. Ltd. Assam, India. Sodium hydroxide was 

supplied by HiMedia (India), and hydrogen peroxide (30%) was purchased from Merck 

(India).   Chemicals of analytical grade were used in the present work. Milli-Q water 

was the solvent used in all the experiments, from solution preparation to sample 

washing.  

3.1.2 Preparation of tea waste microcrystalline cellulose 

Microcrystalline cellulose was synthesized from black tea waste by microwave-assisted 

delignification and bleaching. Initially, the raw tea waste collected from the tea factory 

was boiled in distilled water at a material-to-water ratio of 1:20 (g/mL) at a temperature 

of 70 °C for 30 min to remove polyphenols and other impurities. Thereafter, the tea 

waste was allowed to cool to room temperature, then filtered and dried in a hot air oven 

overnight at a temperature of 50 °C to eliminate any remaining moisture. After drying 

the sample, a 5 wt% NaOH solution (1:20 g/mL) was added to the sample and was 

heated in a domestic microwave oven for 2 min. The reaction mixture, which produced 

a black colour, was allowed to cool to room temperature before being filtered and 

repeatedly washed with Milli-Q water until the pH was neutral. The filtered solid was 

then dried in a hot air oven at 50 °C until a constant weight was obtained. Afterwards, 

the dignified and dried sample was subjected to bleaching for two consecutive times 

using a mixed solution containing 5 wt% (w/v) sodium hydroxide (NaOH) and 4.5 M 
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hydrogen peroxide (H2O2), both at 1:20 (g/mL) tea waste to solvent ratio. The bleaching 

treatments were carried out under microwave heating for 30seconds. In both the 

bleaching steps, the white-coloured suspension obtained was cooled to room 

temperature, filtered, and washed repeatedly with Milli-Q water until the pH reached a 

neutral value. The solid residue was finally dried in a hot air oven at 50 °C overnight to 

obtain the tea waste microcrystalline cellulose (TWMCC-MW) in white-coloured 

powder form (as shown in Fig. 3.1).  

 

Figure 3.1 Schematic illustration of synthesis of tea waste microcrystalline cellulose 

under microwave (TWMCC-MW)  

Tea waste microcrystalline cellulose (denoted as TWMCC-con) was also prepared via 

conventional heating method (shown in Fig. 3.2) for comparison with the microwave-

assisted synthesis method. In the conventional heating method, boiled tea waste was 

delignified using 5 wt% NaOH (at 1:20 material/solvent ratio) in a hot air oven at 80 °C 
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for 2 h. Then consecutive bleaching treatments were carried out using the same alkaline 

peroxide solution at 55 °C in a hot air oven for 90 min each time.   

 

Figure 3.2 Schematic representation of synthesis of tea waste microcrystalline cellulose 

under conventional heating (TWMCC-con)  

3.2. Characterization of the synthesized product 

3.2.1 Chemical Functionality 

A Fourier-transform infrared (FTIR) spectrometer (make: Perkin Elmer, Singapore, 

model: spectrum two) was used to determine the functional group of the synthesised tea 

waste MCC. The FTIR spectra were recorded by scanning the samples at the 

wavelength of 4000–400 cm−1. 
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3.2.2 Determination of crystalline structure 

Rigaku technology, Japan (model: Smartlab) X-ray diffractometer (XRD) equipped 

with CuKα radiation was used to examine the crystalline structure of the synthesized 

product. XRD patterns were obtained in the 2θ (diffraction angle) range of 5–60° with a 

0.02° step interval. The crystallinity index (CrI) of the samples was calculated using the 

Segal equation as follows (Segal et al., 1959):  

CrI = [(I002 − Iam)/I002] × 100                                                                                         (3.1) 

Where I002 is the maximum intensity of the lattice diffraction peak (for plane 002) at 2θ 

around 22.5°, and Iam is the intensity scattered by the amorphous part at 2θ value around 

18° (Zhao et al., 2018).  

3.2.2 Morphology analysis 

The surface morphology of the synthesized tea waste microcrystalline cellulose was 

studied using a Zeiss (model: sigma 300) field emission scanning electron microscope 

(FESEM). Prior to scanning, the samples were coated with gold to prevent charging. At 

a 5 kV accelerating voltage, the samples' morphology were then examined. 

3.2.3 Thermal properties 

Thermo-stability of the prepared tea waste MCC was measured employing a Netzsch 

(model: STA449F3A00) Thermogravimetric instrument. The samples were heated at a 

10 °C/min heating rate from room temperature to 600°C under an argon atmosphere 
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(flowing at a rate of 20 mL/min). Thermogravimetric (TGA) and derivative 

thermogravimetric (DTG) analysis data were recorded for all the samples. 

3.3. Statistical analysis using response surface methodology 

(RSM)  

The experiments for RSM study were designed using the Design Expert software 

(Version 7.0.0) under central composite spherical design to facilitate studies targeting 

the combined effect of the independent variables on the desired responses or product 

characteristics. Central composite design (CCD) is the most widely adopted design of 

experiment for the optimization of process variables. Three control factors of 

microwave heating time, H2O2 concentration and tea waste to solvent ratio were 

selected to investigate the effect of hydrogen peroxide bleaching in the synthesis of tea 

waste MCC. The response measured was the crystallinity index of the TWMCC-MW to 

develop the corresponding regression model. The independent process variables and 

their considered ranges are shown in Table 3.1.  

Table 3.1 Independent process variables with ranges 

Factor Name Units Type Low   

Actual 

High 

Actual 

Low 

Coded 

High 

Coded 

Mean Std. 

Dev. 

A Time Sec Numeric 5 30 -1 1 17.50 8.84 

B Hydrogen 

peroxide 

M Numeric 3 6 -1 1 4.50 1.06  
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concentration  

C Tea waste to 

solvent ratio 

 
Numeric 10 30 -1 1 20 7.07 

A total of 20 experiments were run as per the three factors-based CCD design of 

experiments for this optimization. The process control variables and the corresponding 

responses are summarized in Table 3.2. After obtaining all the response values, RSM 

model-based optimization was conducted to maximize crystallinity. The regression 

analysis of the responses was carried out using a second order polynomial equation for 

the evaluation of the best fit model:  

yn = β0 + ∑𝑖=1
𝑘 βixi + ∑𝑖=1

𝑘 βii𝑥𝑖𝑖
2 + ∑𝑖=1

𝑘 ∑𝑗=𝑖+1
𝑘−1 βijxi 𝑥𝑗                                             (3.2) 

where, yn denotes the response variables, β0 the intercept,  βi the linear regression 

coefficient for the ith factor, βii is the quadratic and βij is the cross-product 

term, xi and xj are the input variables and k is the number of input variables (k = 3).  

Various alternate models such as linear, two factor interaction, quadratic and cubic 

models have been considered by the design expert software. The best alternate model 

has been identified among the alternate models based on the p-value (lowest desirable) 

and F-value (highest desirable), which were obtained from the analysis of variance 

(ANOVA) carried out with constraints set as p-value < 0.05 for models to be significant 

and p-value > 0.05 for insignificant lack of value. 
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Table 3.2 Design expert software (Version 7.000) design of three variables (microwave 

heating time, hydrogen peroxide concentration and tea waste to solvent ratio) used for 

synthesizing MCC from tea waste 

SL. 

No. 

Input variables Response 

Time 

(sec) 

H2O2 

concentration 

(M) 

Tea waste to 

solvent ratio 

Crystallinity index 

(%) 

1 17.5 4.5 10 88.56 

2 5 6 30 70.57 

3 5 6 10 88.47 

4 30 3 10 87.05 

5 17.5 4.5 30 88.23 

6 5 3 10 83.13 

7 30 6 10 82.11 

8 17.50 3 20 88.04 

9 30 4.5 20 89.77 

10 5 4.5 20 77.03 

11 17.50 6 20 87.81 

12 30 3 30 85.1 
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13 5 3 30 68.25 

14 17.5 4.5 20 89.33 

15 17.5 4.5 20 89.02 

16 17.5 4.5 20 88.89 

17 17.5 4.5 20 89.61 

18 17.5 4.5 20 89.19 

19 17.5 4.5 20 89.53 

20 30 6 30 88.25 

3.4 Results and discussion 

3.4.1 Analysis of chemical structure (FTIR) 

The FTIR spectra of raw tea waste, dignified tea waste (DL-TW), single bleached tea 

waste (TW-BL1), tea waste MCC synthesized by microwave heating (TWMCC-MW) 

and conventional heating (TWMCC-con) are shown in Fig. 3.3. The absorption bands at 

approximately 3330 cm−1, 2900 cm−1, 1430 cm−1, 890 cm−1 appearing in all the spectra 

correspond to the characteristics of native cellulose. The broad and intense absorption 

peaks at 3336 cm−1 in all the spectra are related to the O-H groups stretching vibrations 

in cellulose. The peaks located at 2918 cm−1 are ascribed to the stretching vibrations of 

aliphatic saturated C-H bonds present in cellulose (Liu et al., 2018; Ventura-Cruz et al., 

2020). The band near 1631 cm-1 is associated with the bending of absorbed water in the 
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cellulose representing cellulose-water interaction in the tea waste fibres (Kian et al., 

2020). The absorption peak observed at 1428 cm-1, known as the cellulose “crystallinity 

band”, is associated with −CH2 symmetric bending vibration (Rashid et al., 2017; Zhao 

et al., 2018). The peaks occurring near 1156 cm−1 represent the C−O groups stretching 

vibration in cellulose. The strong bands located at around 1030 cm−1 indicate skeletal 

stretching vibration of the C−O−C pyranose ring of cellulose (Liu et al., 2018; Rashid et 

al., 2017). The peaks appearing around 895 cm−1 indicate the characteristic β-glycosidic 

linkages present in the cellulose (Zhao et al., 2018). Both the tea waste MCCs prepared 

via microwave-assisted and conventional heating methods exhibited similar chemical 

structures containing the same functional groups. Also, comparable absorption spectra 

were observed in the study by Debnath et al., 2022, demonstrating that the TWMCC 

synthesized via the microwave-assisted technique in the present study has chemical 

functionality similar to that of the commercially available MCC (Debnath et al., 2022). 
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Figure 3.3. FTIR spectra of raw tea waste (TW), delignified tea waste (DL-TW), tea 

waste after first bleaching (TW-BL1), tea waste microcrystalline cellulose prepared 

under microwave heating (TWMCC-MW) and under conventional heating (TWMCC-

con). 

3.4.2 Determination of crystalline structure (XRD) 

The XRD patterns of raw tea waste, DL-TW, TW-BL1, TWMCC-MW and TWMCC-

con are presented in Fig. 3.4. All the samples exhibited prominent diffraction peaks at 

2θ angle values of 15.9°, 22.6° and 34.8°, indicating the presence of cellulose type I. 

The diffraction angles corresponding to these peaks may be ascribed to the crystalline 

planes of 11̅0, 200, and 004, respectively. The similar diffraction angles appearing in all 
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the spectra throughout the synthesis process demonstrate that the cellulose structure 

remains intact during the extraction (Debnath et al., 2022; Ventura-Cruz et al., 2020). 

The diffraction peak occurring at 22.6° became sharper and narrower from raw TW, 

with delignification and subsequent bleaching treatments, representing increased 

cellulose crystallinity resulting from improved intra-and intermolecular H-bonding 

(Kian et al., 2020). The crystallinity index of the unmodified tea waste was 56.68%. 

After the delignification and bleaching treatments, the CrI of the biomass increased 

significantly. The dignified TW exhibited a CrI value of 67.07%, while the sample after 

the first bleaching and second bleaching or TWMCC-MW showed high crystallinity 

with CrI of 82.73% and 89.77%, respectively. These findings demonstrate that the quick 

delignification and bleaching of tea waste under microwave heating progressively 

increase the crystallinity, indicating the elimination of the amorphous regions of 

cellulose as well as the non-cellulosic compounds due to the disintegration of β-1,4-

glucopyranose linkages releasing the individual crystallites (Ren et al., 2019). 

Additionally, the similar XRD patterns of the samples reveal that the delignification and 

consecutive bleaching treatments did not alter the structure of cellulose in the 

synthesized tea waste microcrystalline cellulose. The crystallinity index of the 

conventionally synthesized TWMCC-con was found to be 76.83%, which is lower than 

that of the TWMCC-MW, suggesting that microwave heating is more efficient in 

comparison to conventional heating for producing MCC with high crystallinity. 
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Figure 3.4 XRD patterns of a) raw TW, b) DL-TW, c) TW-BL1, d) TWMCC-MW, and 

e) TWMCC-con 

A comparison of the crystalline property of tea waste-derived MCC with other biomass-

based MCCs are summarized in Table 3.3. The crystallinity of the black tea waste 

MCC synthesized in the present study was higher than a number of biomass-derived 

MCC such as those synthesized from oolong tea waste via acid hydrolysis (Zhao et al., 

2018), olive fibres (Kian et al., 2020), jute (Jahan et al., 2011), rose stems (Ventura-

Cruz et al., 2020; Ventura-Cruz & Tecante, 2019), oil palm fronds (Owolabi et al., 

2017), rice husk (Sim et al., 2016), soybean hulls (Merci et al., 2015), corncob (Shao et 

al., 2020) and so on. The crystallinity of the TW-MCC was found to be similar to that of 

the MCC synthesized from waste cotton fabrics (Hou et al., 2019) and sugarcane 

bagasse (Thiangtham et al., 2020). Since these MCCs (cotton fabrics waste, sugarcane 
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bagasse) were isolated via acid hydrolysis, whereas the tea waste MCC was synthesized 

using alkaline peroxide, it can be concluded that the method of extracting MCC through 

microwave-assisted alkaline peroxide bleaching is more suitable with respect to 

industrial aspect. 

Table 3.3 Comparison of the synthesized TWMCC with other reported biomass-based 

MCCs 

Biomass Treatment method used  Time required 

for the 

treatment 

Crystallinity 

index (%) 

References 

Jute Acid hydrolysis: 64 wt% 

H2SO4, at 45 °C 

300 min 74.90 (Jahan et al., 

2011) 

Waste 

cotton 

fabrics 

Acid hydrolysis: 3.47 M 

phosphotungstic acid, at 

140 °C 

360 min 85.20 (Hou et al., 

2019) 

Rose stems Acid hydrolysis: 300 g/L 

H2SO4, at 80 °C 

120 min 56.20 (Ventura-Cruz 

& Tecante, 

2019) 

Rose stems Alkaline peroxide 

bleaching: 5 wt% NaOH 

and 16% (v/v) H2O2, at 

90 min 70.20 (Ventura-Cruz 

et al., 2020) 
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55 °C 

Rice husk Acid hydrolysis: 4 M 

H2SO4, at 60 °C 

60 min 47.60 (Sim et al., 

2016) 

Soybean 

hulls  

Reactive extrusion: two 

step extrusion with 

NaOH followed by 

H2SO4, in a single screw 

extruder at 110 °C and 

100 rpm screw speed 

---- 70.00 (Merci et al., 

2015) 

Oil palm 

empty fruit 

bunch 

Acid hydrolysis: 45% 

(v/v) H2SO4, at 45 °C 

45 min 66.99 (Pujiasih et 

al., 2018) 

Oil palm 

fronds  

Acid hydrolysis: 2.5 N 

HCl, at 45 °C   

30 min 62.30 (Owolabi et 

al., 2017) 

Sugarcane 

bagasse 

Acid hydrolysis: 4 M 

HCl, at 80 °C 

60 min 84.10 (Thiangtham 

et al., 2020) 

Corncob Acid hydrolysis: 1 M 

HCl, at 90 °C 

60 min 52.82 (Shao et al., 

2020) 

Oolong tea Acid hydrolysis: 1.5 M 90 min 81.00 (Zhao et al., 
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waste HCl, at 65 °C 2018) 

Black tea 

waste 

Alkaline peroxide 

bleaching: 5 wt% NaOH 

and 4.7 M H2O2, 55 °C 

90 min 76.83 This work 

Black tea 

waste 

Alkaline peroxide 

bleaching: 5 wt% NaOH 

and 4.5 M H2O2, under 

microwave heating 

0.5 min 89.77 This work 

3.4.3 Morphology analysis (FESEM) 

The morphology of raw untreated TW, DL-TW, TW-BL1, TWMCC-MW and 

TWMCC-con, as studied by FESEM, are illustrated in Fig. 3.5. It was clearly seen in 

Fig. 3.5a that raw tea waste has thick, well-closed fibres with the smooth surface having 

a protective layer covering the grooves making the fibres nonporous. After the alkaline 

treatment, the structure of the fibres got disrupted, resulting in thinner, exposed, and 

apparently rough surface morphology, as shown in Fig. 3.5b. A significant change in 

the morphology was observed after the bleaching treatments (Fig. 3.5c and 3.5d). After 

the two consecutive bleaching, as shown in Fig. 3.5d, the fibres were separated into 

singular fibres with shorter diameters, more exposed and rougher surfaces, indicating 

the complete removal of the binding components such as lignin and hemicellulose as a 

result of which individual fibrillary components are released (Kian et al., 2020; Zhao et 

al., 2018).  
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Figure 3.5 FESEM images of a) raw TW, b) DL-TW, c) TW-BL1, d) TWMCC-MW, 

and e) TWMCC-con 

Consecutive bleaching with alkaline hydrogen peroxide under microwave heating 

significantly removed the lignin matrix surrounding the tea waste fibres resulting in the 

formation of looser crystalline cellulosic fibres. Similar results were obtained by 

(a) (b) 

(c) (d) 

(e) 
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Debnath et al. (Debnath et al., 2022) and Ventura-Cruz et al. (Ventura-Cruz et al., 

2020). The diameters of the tea waste MCC fibres were calculated from the FESEM 

images using ImageJ software. Most of the raw tea waste fibres had diameters in 

between 86-200 µm. After the microwave-assisted delignification, the diameters of 

most of the fibres reduced to the range of 22-97 µm, while some fibres still had a 

diameter of around 150µm. After two consecutive microwave-assisted bleachings, the 

diameter of the synthesized TWMCC-MW particles was found to be within the range of 

11-43 µm, and the average particle diameter was around 23 µm. As shown in Fig. 3.5e, 

the conventionally prepared tea waste MCC (TWMCC-con) had particle sizes ranging 

from 15-67 µm, having an average diameter of 31 µm. Hence, it can be said that 

microwave heating produces microcrystalline cellulose with a lower particle size as 

compared to those prepared by the conventional heating method.  

3.4.4 Analysis of thermal stability (TGA) 

TGA (thermo-gravimetric analysis) and DTG (derivative thermogram) curves of the 

synthesized tea waste MCCs are depicted in Fig. 3.6a and 3.6b, respectively. From Fig. 

3.6a, it can be observed that the thermal degradation of all the samples resulted in an 

initial weight loss between the temperatures 45-110 °C, which is due to the elimination 

of water present in the cellulose samples. The primary decomposition stage occurred 

between 200-335 °C, which is attributed to the breakdown of cellulose and 

hemicellulose components. The decomposition of raw tea waste started at around 204 

°C, while the delignified tea waste and TWMCC-MW started to degrade at temperatures 

220 and 234 °C, respectively. The observations reveal that microwave-assisted quick 
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delignification and bleaching treatments increased the thermal stability of TWMCC-

MW with respect to raw tea waste biomass. This enhancement in thermal stability is 

related to the removal of amorphous compounds (hemicellulose and lignin) in the 

synthesized TWMCC-MW because the degradation temperatures of hemicellulose and 

lignin are lower than cellulose (Liu et al., 2018; Ventura-Cruz et al., 2020). TWMCC-

MW exhibited a slightly higher onset degradation temperature than the delignified tea 

waste, which may be associated with its more crystalline structure with respect to DL-

TW (Kian et al., 2020). The black tea waste MCC synthesized by conventional heating 

method (TWMCC-con) showed a slightly lower onset degradation temperature of 

around 229 °C. The onset degradation temperature of the MCCs prepared from black 

tea waste in the present study are almost similar to the MCC isolated from oolong tea 

waste via conventional acid (hydrochloric acid) hydrolysis that starts to decompose at 

around 230 °C (Zhao et al., 2018). DTG curves (Fig. 3.6b) show that there was no 

significant change in the peak degradation temperatures of the samples. Raw TW has 

maximum weight loss at around 317 °C, whereas the maximum decomposition 

temperature of TWMCC-MW was found to be slightly higher than 323 °C. The 

conventionally synthesized TWMCC-con showed a similar peak degradation 

temperature of 319°C, indicating that both the microwave-assisted and conventional 

methods produced MCC with comparable thermal properties.  It was reported that 

hemicellulose and lignin decompose at around 290 and 450 °C, respectively. 
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Figure 3.6 TGA (a) and DTG (b) curves of raw TW, DL-TW, TWMCC-MW, and 

TWMCC-con 

(a) 

(b) 

TH-3556_196152101



Chapter 3 

 

78 

 

The DTG curve having no weight loss peaks at 290 and 450 °C indicates the absence of 

hemicellulose and lignin in the synthesized tea waste MCC. This is in agreement with 

the results obtained in FTIR and XRD analysis (Debnath et al., 2022; Zhao et al., 2018).   

3.5 Statistical analysis using RSM 

The sum of squares, F value, and p value of the developed model obtained from 

ANOVA analysis are summarized in Table 3.4. The mathematical model for the 

response variables has been represented using cubic expression that was deduced from 

the central composite design. The cubic model expression for the response crystallinity 

index has been presented as follows: 

Crystallinity index = +89.20 + 6.37A - 0.12B - 0.16C - 1.18AB + 4.62AC + 0.63BC - 

5.71A
2
-1.18B

2
-0.71C

2
+1.39ABC+0.85A

2
B-3.41A

2
C-2.36AB

2
                                  (3.3)       

As shown in Table 3.4, the p-values, F-values and R-squared values suggest the 

significance of the developed cubic model. In any model, p values > 0.1 indicates 

insignificancy of the model. It was observed from the table that the model has p values 

less than 0.0001. The model F value 735.85 implies the model is significant and there is 

only 0.01% error corresponding to high F value which can be neglected. The 

independent variable of heating time (A) has p value < 0.0001 indicating its 

significance, whereas hydrogen peroxide concentration (B) and tea waste to solvent 

ratio (C) have p values greater than 0.1 demonstrating their negligible interaction 

relative to the product crystallinity.  In this case A, AB, AC, BC, ABC, and the various 

quadratic terms of the independent control variables (A2, B2, C2, A2B, A2C, AB2) are 
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significant. Microwave heating time exhibited the greatest effect on the crystallinity of 

the synthesized tea waste MCC by showing the highest F-value of 1021.86. The lack of 

fit was found to be not significant. The predicted R2 value (0.8752) and adjusted 

R2 value (0.9980) of the developed model show good agreement. Additionally, the 

lower values of standard deviation (0.28) and the coefficient of variation (0.33%) 

implies the reproducibility of the developed model. The signal to noise ratio determined 

in terms of adequate precision must be more than 4 for successful resolution of the 

model. Here, the designed model shows an adequate precision value of 91.75, 

representing its acceptability (Das et al., 2022; Karim et al., 2014). 

Table 3.4 ANOVA of the regression parameters of the developed cubic model to 

identify significant factors 

Source Sum of 

Squares 

df Mean 

Square 

F Value p-value 

prob > F 

Comments 

Model 759.71 13 58.44 735.85 < 0.0001 significant 

A-Time 81.15 1 81.15 1021.86 < 0.0001  

B-Hydrogen 

peroxide 

concentration 

0.026 1 0.026 0.33 0.5849  

C-Tea waste 

to solvent 

ratio 

0.054 1 0.054 0.69 0.4393  
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AB 11.16 1 11.16 140.56 < 0.0001  

AC 170.85 1 170.85 2151.26 < 0.0001  

BC 3.21 1 3.21 40.46 0.0007  

A2 89.63 1 89.63 1128.63 < 0.0001  

B2 3.86 1 3.86 48.55 0.0004  

C2 1.40 1 1.40 17.66 0.0057  

ABC 15.43 1 15.43 194.28 < 0.0001  

A2B 1.15 1 1.15 14.51 0.0089  

A2C 18.59 1 18.59 234.10 < 0.0001  

AB2 8.90 1 8.90 112.09 < 0.0001  

AC2 0.000 0     

B2C 0.000 0     

BC2 0.000 0     

A3 0.000 0     

B3 0.000 0     

C3 0.000 0     
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Residual 0.48 6 0.079 
  

 

Lack of Fit 0.077 1 0.077 0.96 0.3719 not 

significant 

Pure Error 0.40 5 0.080 
  

 

Cor Total 760.19 19 
   

 

The 3-D RSM plots representing the effect of the different process control variables on 

the crystallinity index of the synthesized TWMCC-MW are depicted in Fig. 3.7. It was 

observed that as the time of microwave heating was increased, the percentage 

crystallinity also increased. The reason behind this may be stated that the high heating 

time would increase the diffusion of the solvents into the amorphous region of cellulose 

and thereby removing the amorphous components resulting in higher crystallinity 

(Karim et al., 2014). H2O2 concentration has moderate effect on the crystallinity. 

However, a lower level of H2O2 will be desirable with respect to bulk scale industrial 

production of MCC to avoid its harsh impacts on the plant equipment. The effect of 

solvent ratio on the product crystallinity is not much significant. The solvent volume 

should be kept minimal to eliminate the toxic effects of chemicals on the environment 

and make the production process cost-effective. The experimental method showed the 

highest crystallinity of 89.77% for the bleaching conditions of 30sec microwave heating 

time, 4.5 M H2O2 concentration and 1:20 tea waste to solvent ratio. 

 

TH-3556_196152101



Chapter 3 

 

82 

 

 
 

 

 

 

 

 
 

 

 

Figure 3.7 3-D RSM plots representing the effect of (a) heating time and hydrogen 

peroxide concentration; (b) heating time and tea waste to solvent ratio, and (c) tea waste 

to solvent ratio and hydrogen peroxide concentration, on the crystallinity index of the 

synthesized TWMCC-MW 

(a) 

(b) 

(c) 
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A numerical optimization was carried out to maximize crystallinity keeping the process 

control variables within the considered range. The optimal control variable values for 

the extraction process are 23.70 sec, 4.78 M and 17.37 for microwave heating time, 

H2O2 concentration and tea waste to solvent ratio, respectively. The corresponding 

predicted response variable i.e. crystallinity index is 90.33%. TWMCC-MW was 

prepared under these optimum conditions and the crystallinity of the sample was found 

to be 89.12%. The experimental value is in good agreement with the RSM predicted 

value of crystallinity index and hence the model fitness is highly relevant for the 

specified range of control variables. 

3.6 Summary 

This chapter emphasizes on the synthesis of microcrystalline cellulose from black tea 

waste using a quick technique involving microwave heating. The findings of the present 

work demonstrate that tea waste produced in tea factories during the manufacturing of 

black tea can be utilized as an abundant, renewable, and cheap source of value-added 

microcrystalline cellulose. Consecutive bleaching with alkaline hydrogen peroxide is an 

efficient technique to replace the conventional acid hydrolysis method for the synthesis 

of microcrystalline cellulose to avoid the corrosive effects of mineral acids. 

Additionally, the usage of microwave heating in the various treatment steps 

significantly reduces the time required for the extraction of tea waste microcrystalline 

cellulose. The optimization of the bleaching conditions (microwave heating time, 

hydrogen peroxide concentration, tea waste to solvent ratio) was carried out using RSM 

analysis to obtain microcrystalline cellulose with maximum crystallinity. TWMCC was 
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also synthesized using conventional heating and its properties were compared with 

those of the sample synthesized under microwave heating. Microwave heating assisted 

alkaline peroxide bleaching provides a green, energy-efficient, and fast technique for 

the production of valuable microcrystalline cellulose from industrial black tea wastes. 
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In this chapter, the detailed method for the development of polyvinyl alcohol (PVA) 

packaging films reinforced with tea industry waste derived microcrystalline cellulose 

(TWMCC) for preserving fruits has been discussed. The pure PVA film and 

TWMCC/PVA composite films were prepared via solvent casting approach and their 

various physicochemical properties then investigated using FTIR, FESEM, TGA, water 

contact angle measurement, moisture content and solubility analysis, water vapour 

permeability, tensile strength testing (UTM) and UV-barrier properties analysis. To 

evaluate the performance of the films for packaging, fresh grapes were wrapped using 

the prepared films by heat sealing and the change in their visual appearance were 

studied for a period of 20 days. The background of this work, recent literature and the 

scope for this work have been discussed in Chapter 1, Section 1.6 and Section 1.7.5, 

respectively. 

4.1. Experimental 

4.1.1 Materials 

Polyvinyl alcohol (PVA) with molecular weight (M.W) 115000 and degree of 

polymerization (DP) of 1700-1800 was purchased from Loba Chemie, India. Water 

from the Millipore Milli-Q purification system was used as the solvent throughout the 
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experiments. Fresh green grapes were collected from a local market. They were 

thoroughly washed to remove any adhered dust and dirt particles and dried in air.  

4.1.2 Preparation of tea waste microcrystalline cellulose reinforced 

PVA films 

Microcrystalline cellulose was extracted from tea waste through the microwave-assisted 

peroxide delignification approach as reported in our prior work (Debnath et al., 2023). 

To make the pure PVA film, a 5 wt% PVA solution was prepared by dissolving PVA in 

Milli-Q water at 85 °C for 1h under constant stirring at 500 rpm. Afterwards, 40 mL of 

the homogenous PVA solution was casted onto a glass petri dish having 18 cm diameter 

and dried in a hot air oven at 50 °C for 6 h. For preparing the tea waste MCC reinforced 

PVA films, 1, 3, and 5 wt% of TWMCC (relative to the PVA mass) were initially 

dispersed in Milli-Q water for 18 h at room temperature under continuous stirring at 700 

rpm. After that, PVA was added to the dispersions and the same procedure was 

followed as the pure PVA film. The dried films were finally peeled off from the petri 

plates. The volume of the casting solution for each sample was kept constant to attain 

similar thickness of all the samples. The PVA films with 1, 3 and 5 wt% of TWMCC 

are denoted as PVA/MCC-1, PVA/MCC-3 and PVA/MCC-5, respectively. All the films 

were conditioned at 50% relative humidity for 2 days prior to characterization. 

4.2 Characterization of the prepared films 

4.2.1 Determination of chemical functionality  
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Fourier transform infrared (FTIR) spectroscopy was carried out for anyalysing chemical 

functionality of the prepared PVA composite films. A Perkin Elmer (Spectrum two, 

Singapore) FTIR spectrometer was used to scan the films in the wavenumber range of 

4000–400 cm–1.  

4.2.2 Determination of crystallinity 

Crystalline structure of the prepared PVA films were determined using an X-ray 

diffractometer (smartlab, Rigaku technology, Japan). Each sample was scanned in 

between the diffraction angles (2θ) of 5–40° with step size 0.02°. The crystallinity index 

(CrI) of the films were calculated. 

4.2.3 Surface morphology analysis 

The surface morphology of the PVA composite films were analyzed using field 

emission scanning electron microscopy (FESEM, Zeiss, Sigma 300) at 5 kV 

accelerating voltage.  The films were coated by spraying gold for 2min prior to analysis 

and scanned at 10000x magnification. 

4.2.4 Thermogravimetric analysis 

Thermogravimetric (TG) and derivative thermogram (DTG) analyses were performed 

using a Thermogravimetric analyzer (Netzsch, STA449F3A00) to check the thermal 

stability of the prepared PVA films. About 5mg of the films were heated from room 

temperature to 600 °C with 10 °C/min heating rate in argon atmosphere (20 mL/min 

flow rate).  
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4.2.5 Analysis of hydrophilic property 

Contact angle meter (Holmarc, HO-IAD-CAM-01B) was used to analyse the surface 

hydrophilicity of the PVA composite films. At room temperature, 5 μL Milli-Q water 

was placed on the film surface and contact angle of the water droplet was measured. 

Water contact angle was measured three times for each of the films and the average 

values were reported.  

4.2.6 Determination of water-resistance properties 

Moisture content (MC) of the PVA films were determined according to a gravimetric 

method as described in our previous study (Debnath et al., 2022). 20 mm × 20 mm 

square samples of the films were initially weighed (M0) and oven-dried at 100 ℃ for 24 

h to a constant weight (M1). The following equation was then used to calculate moisture 

content: 

MC = 
𝑀0−𝑀1

𝑀0
 × 100%                                                                                                   (4.1) 

Swelling rate (SR) and water solubility (WS) of the PVA composite films were 

determined according to the methodology as reported by Lei et al. (Lei et al., 2021). 

20 mm × 20 mm square samples of the PVA composite films were oven-dried at 100 ℃ 

for 24 h and the initial dry weight (M1) were measured. The dried films were next 

immersed in distilled water at room temperature for 24 h. The films were then taken out 

of water, the excess water on the film surfaces were wiped off using absorbent paper, 

and the final weight (M2) of the films were measured. The following equation was then 

used to calculate swelling rate: 
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SR = 
𝑀2−𝑀1

𝑀1
 × 100%                                                                                                     (4.2) 

The average values of swelling rate of 3 independent specimen taken from different 

films are represented in the results. 

To determine water solubility, the 2 cm × 2 cm square samples of the films dried at 100 

℃ for 24 h were taken into conical bottles, 100 mL Milli-Q water was added and 

subjected to continuous agitation in a shaker at 180 rpm speed for 6 h at room 

temperature. After filtration, the remaining samples were oven-dried at 100 °C for 24 h, 

and their final weight (M3) were measured. Water solubility of the films was then 

calculated as per the following equation: 

WS = 
𝑀1−𝑀3

𝑀1
 × 100%                                                                                                   (4.3) 

The average values of water solubility of 3 independent specimen taken from different 

films are represented in the results. 

4.2.7 Water vapour barrier properties 

A digital micrometre (Baker, IP65, India,) with 1µm accuracy was used to measure the 

thickness of the composite films. Measurements were taken at 10 different locations of 

each film and the average values are reported. Water vapour transmission rate (WVTR) 

and water vapour permeability (WVP) of the PVA composite films were determined 

according to a modified ASTM E96/E96M-16-Standard Test method as described by 

others (Jiang et al., 2022; Tanwar et al., 2021). Cups were initially filled (more than 

half) with dry silica gel to maintain a relative humidity of 0%. The mouths of the cups 

were covered with the fabricated films and sealed using waterproof tapes. The sealed 

cups were then placed inside desiccators containing ultrapure water to maintain 100% 

TH-3556_196152101



Chapter 4 

 

89 

 

relative humidity. The desiccators were kept at room temperature (25 °C). The change 

in weight of the cups were noted every 24 h for 7 days. Tests were conducted three 

times for each film and the average values were taken. Finally, WVTR and WVP were 

calculated as per the following equations: 

WVTR (g h-1 m-2) = 
∆𝑚

∆𝑡 ×𝐴
                                                                                           (4.4) 

WVP (g mm h-1 kPa-1 m-2) = 
𝑊𝑉𝑇𝑅 × 𝑋

∆𝑝
 = 

𝑊𝑉𝑇𝑅 × 𝑋

𝑃 (𝑅1−𝑅2)
                                          (4.5) 

where, Δm = weight change over time (g), X = film thickness (mm), A = exposure area 

or cup mouth area (m2), Δt = specified time interval (h), ΔP = difference in water vapor 

pressure of the atmosphere with silica gel and ultrapure water (Pa), P = saturation vapor 

pressure at 25°C (3.169 × 103 Pa), R1 = relative humidity at desiccator (100%), R2 = 

relative humidity at test cup (0%). 

4.2.8 Determination of mechanical properties 

Tensile strength, elastic modulus, and elongation at break of the composite films were 

measured with the aid of a universal testing machine (ZwickRoell, Z005TN Proline, 

load cell 5 KN) at ambient condition. The film specimens were cut into 70 mm × 15 

mm rectangular strips. The initial separation of the grip was 40 mm and the crosshead 

displacement rate was set at 10 mm/min. Three measurements were recorded for each 

specimen and the average of the results are reported.  
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4.2.9 UV-barrier properties analysis  

Light barrier properties of the prepared PVA composite films were studied using a UV–

vis spectrophotometer (Shimadzu, UV-2600, Singapore) by measuring the transmission 

of light within the wavelength region of 200–800 nm.  

4.3 Packaging performance of the composite films 

The real-time packaging performance of the TWMCC reinforced PVA films were 

studied using grapes. Fresh grapes were purchased from a local fruit shop. Completely 

sealed bags were prepared with the PVA composite films using a heat-sealing machine 

and grapes were kept inside them. One grape was kept unwrapped to be used as control. 

All the samples were preserved at room temperature (~25 °C). The samples were 

photographed to observe the change in the visual appearance of the grapes and their 

weight loss was recorded at 2 days interval for a period of 20 days.   

4.4 Results and discussion 

The photographic representations of the PVA films reinforced with different levels of 

tea waste microcrystalline cellulose are depicted in Fig. 4.1. The pure PVA film was 

transparent and the addition of TWMCC decreased the transparency of the composite 

films to some extent. All the fabricated films were flexible, had smooth surface, and 

could be peeled off easily from the casting petri dishes. The various characteristics of 

the prepared films like functional groups, morphology, thermal behaviour, water and 
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water vapour barrier properties, mechanical behaviour, and light barrier properties were 

evaluated and the findings are presented in the following subsections.  

 

  

 

Figure 4.1 PVA films incorporated with different levels of TWMCC: a) pure PVA, b) 

PVA/MCC-1, c) PVA/MCC-3, and d) PVA/MCC-5 

 

(c) 

(a) (b) 

 

(d) 
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4.4.1 Determination of chemical functionality 

The FTIR spectra of PVA, PVA/MCC-1, PVA/MCC-3 and PVA/MCC-5 are illustrated 

in Fig. 4.2. The characteristic peaks at located 3270 cm-1 is allotted to the stretching 

vibration of hydroxyl (O–H) groups of the alcohol and carboxylic acid. This distinctive 

peak on the FTIR spectrum of pure PVA indicates the presence of free O–H groups due 

to strong intra and intermolecular bonds. The intensity of this peak decreased after the 

addition of TWMCC with an increase in peak width. This can be ascribed to the 

interaction between the hydroxyl groups present in the PVA matrix and on the surface 

of TWMCC through the formation of solid hydrogen bonds, which reduced freely 

available O–H groups on the PVA composite films (Baite et al., 2023; Sarwar et al., 

2018). The absorption band at 2923 cm-1 corresponds to the C–H stretching of the alkyl 

groups (Zhao et al., 2023). The band located at 1710 cm–1 may be related to stretching 

vibration of C═O group because of the residual acetate group present in PVA as it was 

made from partial hydrolysis of polyvinyl acetate (Tanwar et al., 2021; Widyaningrum 

et al., 2022). The peaks appearing at 1419 cm-1 are assigned to symmetric bending mode 

of CH2 groups. The bands at 1086 cm-1 correspond to stretching vibrations of C–C and 

C–O groups. The peaks located at 841 cm–1 is associated with stretching vibrations of 

C–C groups and out of plane bending vibration of O–H groups. The variation in 

intensities of the spectral bands at 1086 and 841 cm-1 of the PVA composite films with 

respect to pure PVA are indicative of intermolecular interactions between the O–H 

groups from TWMCC and O–H groups of the PVA polymer matrix, as proposed by 

other authors (Popescu et al., 2018; Tanwar et al., 2021). The absorption band at 1328 
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cm−1 is ascribed to C-H deformation vibration (Rajesha Shetty & Lakshmeesha Rao, 

2022). The peak absorptions of PVA/TWMCC films were similar to that of the neat 

PVA film, indicating that TWMCC reinforcement did not influence the chemical 

structure or functionality of the PVA film. This suggests strong inter and intramolecular 

bonds between PVA matrix and tea waste MCC, thus representing good compatibility 

between them (Debnath et al., 2022). 

 

Figure 4.2 FTIR spectra of PVA films incorporated with different levels of TWMCC 

4.4.2 Crystallinity of the PVA composite films 

The XRD patterns of the pure and TWMCC-incorporated PVA films have been shown 

in Fig. 4.3. All the films exhibited a sharp diffraction peak at 2θ = 19.4° and a shoulder 

at 22.6°, which are characteristic peaks of PVA corresponding to reflection from the 
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(101) and (200) crystallographic planes, respectively. The distinctive peak matching 

with (101) plane represents a semi-crystalline structure of the composite films due to 

physical interaction through hydrogen bonds in between O–H groups of PVA and 

TWMCC fillers (Baite et al., 2023; Tanwar et al., 2021). The intensity of the signal 

increased with the addition of 1 and 3 wt% TWMCC into PVA film, confirming 

increased crystallinity of the composite films. However, PVA film containing 5 wt% 

TWMCC showed a very low peak intensity and enhanced peak width indicating that 

higher concentration of the filler weakens the crystalline behaviour of PVA film (Lei et 

al., 2021).  

 

Figure 4.3 XRD patterns of PVA films reinforced with different levels of TWMCC 
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The reason behind the decreased crystallinity of PVA/MCC-5 film might be the 

formation of more H-bonds between the large numbers of TWMCC particles and PVA, 

due to which the number of hydrogen bonds involved in PVA’s crystalline structure get 

reduced (Popescu et al., 2018). The crystallinity indices of the films were calculated and 

it was observed that pure PVA film has a CrI of 73.43%. PVA/MCC-1 and PVA/MCC-

3 films show increased crystallinity of 84.65 and 87.42%, respectively. The CrI value of 

the film reinforced with 5 wt% TWMCC decreased to 71.52%. 

4.4.3 Surface morphology of the films 

The surface morphology of neat PVA, PVA/MCC-1, PVA/MCC-3, and PVA/MCC-5 

films are shown in Fig. 4.4. It can be seen from the Fig. 4.4a that the neat PVA film has 

a uniform and homogeneous smooth surface morphology with no defects or cracks. This 

specifies the good film-forming property of the polymer during casting. When TWMCC 

is added at a low concentration (1 wt%) the filler particles dispersed homogeneously in 

the polymer matrix of the PVA/MCC-1 film, as seen in Fig. 4.4b. The existence of only 

a few agglomerates was observed in the PVA/MCC-3 film as shown in Fig. 4.4c as the 

tea waste MCC concentration was increased to 3 wt%. Fig. 4.4d shows that the 

PVA/MCC-5 film with higher level of TWMCC (5 wt%) exhibits a smooth surface with 

some blisters or white domain on individual regions resulting from agglomeration of the 

particles enclosed in the matrix. As reported in the previous chapter, the TWMCC filler 

particles have diameter in the range of 11-43 μm, with an average diameter of 23.06 μm 

(Debnath et al., 2023). The diameters of the particles agglomerated in the PVA/MCC-3 
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and PVA/MCC-5 films were calculated and found to be ranging from 44 to 89 μm. All 

the tea waste MCC reinforced PVA films showed homogeneous surfaces. The 

composite films did not show any microscopic phase separation between the 

components. Such homogeneous surface with no phase separation is an indicative of 

good compatibility and proper miscibility between PVA and tea waste MCC (Baite et 

al., 2022; Rajesha Shetty & Lakshmeesha Rao, 2022).  

 

 

Figure 4.4 FESEM images of a) neat PVA, b) PVA/MCC-1, c) PVA/MCC-3, and d) 

PVA/MCC-5 film 

 

 

(a) 

(c) (d) 

(b) 
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4.4.4. Thermogravimetric analysis 

TGA and DTG curves of PVA films containing varying concentrations of tea waste 

microcrystalline cellulose are shown in Fig. 4.5(i) and 4.5(ii), respectively. As seen in 

Fig. 4.5(i), multi-stage thermal decomposition was shown by all the films. The initial 

degradation stage observed in between 65–130 °C is associated with the evaporation of 

weakly bound moisture from the film surface. Following this a sharp degradation was 

observed in the 240–350 °C range, which is attributed to the starting of the degradation 

of the main polymer chain, along with the degradation of tea waste MCC. The last stage  

 

(i) 
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Figure 4.5 i) TGA and ii) DTG graphs of PVA composite films incorporated with 

TWMCC at different concentrations 

degradation occurring at around 405–452 °C corresponds to the decomposition of the 

main chain of PVA through the splitting of the C–C backbone (Baite et al., 2022). The 

pure PVA film started to decompose at about 240 °C, whereas the TWMCC 

incorporated PVA films exhibited higher degradation temperature. The reinforcement of 

the PVA films with TWMCC resulted in rightward shift of the TGA curves, suggesting 

enhancement in their thermal property. Fig 4.5(ii) shows that the maximum degradation 

temperature (Tmax) of the pure PVA film is around 289 °C. PVA/MCC-1 and 

PVA/MCC-3 showed slightly higher Tmax values of 293 and 298 °C, respectively. The 

PVA/MCC-5 has the highest Tmax value of around 314 °C, which is significantly 

higher than the pure PVA film. These findings indicate that the incorporation of 5 wt% 

of tea waste MCC can enhance the thermal properties of the PVA packaging films to a 

(ii) 
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great extent (Widyaningrum et al., 2022). XRD analysis results confirmed that PVA 

films reinforced with TWMCC fillers possess high crystallinity. The incorporation of 

crystalline cellulose results in increased crystallinity and rigidity of the films due to 

strong interaction between the TWMCC particles and PVA, and therefore elevated 

temperatures are required to degrade the composite films. This is the underlying reason 

behind the improved thermal stability of the TWMCC reinforced PVA films (Debnath 

et al., 2022). 

4.4.5. Determination of hydrophilicity 

Water contact angle images of the PVA composite films filled with different levels of 

TWMCC are displayed in Fig. 4.6. In general, a high value of water contact angle 

represents surface hydrophobicity, while a low contact angle indicates hydrophilic 

nature. Water contact angle of pure PVA film was found to be 29.31°, suggesting high 

hydrophilicity which is due to the existence of multiple O–H groups (Jiang et al., 2023). 

The water contact angle of all the composite films increased after the incorporation of 

tea waste MCC. Addition of 1 wt% TWMCC had little effect on the hydrophilic 

property of the PVA/MCC-1 film and increased the contact angle up to 37.10°. Further 

increase in TWMCC level significantly increased the film’s surface hydrophobicity as 

the PVA/MCC-3 film showed a contact angle value around 52.36° and the PVA/MCC-5 

film had the highest water contact angle of 81.54°. This reduction in wettability of the 

PVA films might be because of the dense network structure of the composites, due to 

which the freedom of O–H groups decreased on the film surface (Feng et al., 2022). 
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Figure 4.6 Water contact angle images of a) pure PVA, b) PVA/MCC-1, c) PVA/MCC-

3, and d) PVA/MCC-5 film 

Microcrystalline cellulose extracted from industrial black tea waste has hydrophilic 

nature because of the presence of a large number of O–H groups that facilitate 

interaction with the molecules of water. However, the same O–H groups of TWMCC 

enables the formation of compact networks within the PVA matrix and thus decreases 

the interaction between water and film surface (Srivastava et al., 2021). 

4.4.6 Water-resistance properties 

The water resistance properties i.e., moisture content, swelling rate and water solubility 

of the PVA films reinforced with different concentrations of tea waste MCC are shown 

in Table 4.1. If the adhesion between reinforcing filler and polymer matrix is poor, 

(a) (b) 

(c) (d) 
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moisture easily enters the composite material, leading to increased moisture sensitivity 

of the composites. In the present study, the observed MC of the pure PVA film was 

13.93 ± 1.84% and it showed a declining trend with the incorporation of TWMCC. The 

PVA/MCC-5 film exhibited the lowest moisture content of 8.17 ± 1.74%. Moisture 

absorption depends on the crystallinity of polymers. Moisture content decreases with 

increase in crystallinity of the films. The findings of XRD analysis confirmed that 

TWMCC filler enhanced the crystallinity of PVA composites, which leads to lower 

moisture absorption of the reinforced films (Negoro et al., 2016). Solubility of the PVA 

composite films also decreased when TWMCC content was increased. The WS of pure 

PVA film was 29.79 ± 0.53% and the PVA/MCC-5 film showed the lowest solubility of 

16.67± 0.21%. The reason behind the decrease in moisture content and water solubility 

of the films is the better interaction between the O–H groups of PVA and TWMCC 

through hydrogen bonding. The possibility of moisture absorption gets reduced because 

of the less availability of free O–H groups in the PVA matrix, as they take part in the H-

bonding with TWMCC and thus decrease the interplay between PVA-OH and water. 

Crystalline cellulose promotes the intermolecular interactions between PVA and 

TWMCC to form a compact network (Debnath et al., 2022). The pure PVA film has the 

highest swelling rate of 205.01 ± 2.35% owing to the presence of numerous O–H groups 

on its polymer chains and poor crystalline property, which facilitate the swelling of the 

polymer network in water. The films reinforced with tea waste MCC exhibited reduced 

swelling behaviour because of the interaction between PVA and TWMCC that made the 

films tighter and compact. The lowest SR observed was 128.57 ± 0.23% at the TWMCC 

level of 5wt%. As the TWMCC concentration was increased in the PVA matrix, more 
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bonds were developed binding the O–H groups of PVA and hence the swelling of water 

molecules reduced (Helmiyati et al., 2021; Jiang et al., 2023). Crystalline phase is 

virtually impermeable to water molecules, and hence the high crystallinity of the 

TWMCC incorporated PVA films increases the length of the path that water molecules 

need to cross in the films i.e., tortuosity, resulting in a substantially reduced diffusion of 

water through the composite films (Trifol et al., 2020). This is the reason behind the 

improved water-resistance properties of the TWMCC reinforced PVA films with 

respect to pure PVA. The moisture content, swelling rate and water solubility of pure 

PVA film differs significantly from the TWMCC reinforced PVA films (p < 0.05).   

Table 4.1 Water-resistance properties of the TWMCC reinforced PVA composite films 

Films Moisture content (%) Swelling rate (%) Water solubility (%) 

PVA 13.93 ± 1.84a 205.01 ± 2.35a 29.79 ± 0.53a 

PVA/MCC-1 9.08 ± 2.31b 185.45 ± 1.76b 21.28 ± 0.28b 

PVA/MCC-3 9.03 ± 1.77b 157.44 ± 1.99c 16.82 ± 0.47c 

PVA/MCC-5 8.17 ± 1.74c 128.57 ± 0.23d 16.67 ± 0.21c 

All data are the means with standard deviation for three replicates. Different superscript 

letters within each column indicate significantly different means (p < 0.05) 
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4.4.7 Water vapour barrier properties 

Water vapour transmission rate (WVTR) and water vapour permeability (WVP) are key 

parameters in the food packaging context. The tendency of the TWMCC/PVA 

composite films to resist moisture transmission between the packed food and 

surrounding atmosphere were determined by water vapour permeability test. Low WVP 

is ideal for food packaging as it indicates that the films are able to hinder moisture 

transfer, thus leading to extended food shelf life (Zhao et al., 2023). The thickness, 

WVTR and WVP of the tea waste MCC reinforced PVA films are shown in Table 4.2.  

Table 4.2 Water vapour transmission properties of the PVA composite films filled with 

TWMCC 

Films Thickness (µm) WVTR (g m-2 h-1) WVP (×10-5 g m-1 h-1 Pa-1) 

PVA 108.32 ± 1.83a  87.19 ± 0.53a 3.18 ± 0.11a 

PVA/MCC-1 110.89 ± 2.42a 86.06 ± 0.47a 3.05 ± 0.05a 

PVA/MCC-3 118.48 ± 1.02b 82.66 ± 1.10b 2.92 ± 0.02b 

PVA/MCC-5 121.20 ± 1.48c 71.33 ± 0.85c 2.78 ± 0.14b 

All the values are given as mean ± standard deviation for three replicates. Different 

superscript letters within each column indicate significant differences (p < 0.05) 

As tea waste MCC was incorporated into the PVA matrix, WVTR of the films 

decreased from 87.19 ± 0.53 g m-2 h-1 for pure PVA film to 71.33 ± 0.85 g m-2 h-1 for 
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the PVA composite filled with 5wt% of TWMCC. Pure PVA film exhibited a WVP 

value of 3.18 ± 0.11×10-5 g m-1 h-1 Pa-1 and the WVP of the PVA composite films 

decreased gradually with the addition of TWMCC. The PVA/MCC-5 film exhibited the 

lowest WVP of 2.78 ± 0.14×10-5 g m-1 h-1 Pa-1. The WVTR and WVP of pure PVA and 

1 wt% TWMCC filled PVA films are not significantly different, but the incorporation 

of 3 and 5 wt% TWMCC significantly reduced the WVTR and WVP of the PVA 

composites (p < 0.05). The reduction in WVP is associated with the crystallinity of the 

microcrystalline cellulose. Tea waste derived MCC possesses high crystallinity and a 

compact microfibrillary arrangement. The dense and compact network of H-bonds in 

between PVA and TWMCC established a tortuous path, thus the water molecules are 

obstructed to diffuse through the films resulting in lower WVP. As discussed earlier, the 

interaction between PVA and TWMCC decreases the free O–H groups on the PVA 

matrix which also leads to reduced interplay with water and thereby lower water vapour 

transmission (Jiang et al., 2023). 

4.4.8 Mechanical strength analysis 

Mechanical strength of packaging material is important from durability aspect of the 

packaging to resist the external forces. The mechanical properties of the TWMCC 

reinforced PVA films including tensile strength, elastic modulus and elongation at break 

are represented in Fig. 4.7. The stress-strain curves of the prepared films are depicted in 

Fig. 4.7A. The tensile strength (TS) of pure PVA film was 9.11 ± 1.15 MPa which is 

relatively low (Fig. 4.7B). The reinforcement with tea waste MCC resulted in a 

significant increase of TS of the PVA films and the PVA/MCC-1 film showed TS of 
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14.5 ± 1.37MPa. The PVA film with 3 wt% of TWMCC exhibited the highest TS, 

around 18.5 ± 1.93MPa which is almost twice that of the unreinforced PVA film.  

Further increase in TWMCC content (5 wt%) caused a little decrease of tensile strength 

of the film. However, the TS of the PVA/MCC-5 was still considerably greater than that 

of the pure PVA film, whereas the tensile strengths of PVA films containing 3 and 5 

wt% are not significantly different (p < 0.05). The progressive increase in TS of the 

PVA composite films with increasing TWMCC concentrations may be attributed to the 

inherent chain stiffness and rigidity of the microcrystalline cellulose, homogeneous 

distribution of the micro-fillers in the polymer matrix and high compatibility between 

the TWMCC fillers and PVA matrix. The strong hydrogen bonds between the hydroxyl 

groups of TWMCC particles and the PVA matrix resulted in the improvement of the 

mechanical properties of the reinforced PVA films (Mandal & Chakrabarty, 2014; 

Sarwar et al., 2018). Owing to the good compatibility between TWMCC particles and 

PVA, the fillers are uniformly dispersed in the polymer matrix. As a result, the load 

transfer between the interface of the TWMCC and PVA matrix becomes uniform and 

more efficient reducing the concentration of stress at a particular zone, and therefore the 

tensile strength of the TWMCC/PVA composite films tend to increase. However, when 

5wt% of TWMCC was used some of the filler particles got agglomerated on individual 

regions of the film matrix as already shown in FESEM result, which leads to increased 

stress concentration at those areas and the film breaks easily. Thus, the higher 

flocculation or agglomeration tendency of TWMCC particles when incorporated at 

higher proportion is associated with the decreased tensile strength of the film (Chen et 

al., 2020; Khan et al., 2012). As shown in Fig. 4.7C, the elastic modulus of the film also 
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improved with TWMCC reinforcement from 43.9 ± 2.71MPa (pure PVA) to 97.8 ± 

6.95MPa (PVA/MCC-5 film). The elastic modulus of PVA film reinforced with 1wt% 

TWMCC is not significantly different from the pure PVA. However, TWMCC at 3 and 

5 wt% proportion significantly increased the elastic modulus of the PVA composite 

films (p < 0.05), which is attributed to the enhanced rigidity and stiffness of the films 

caused by the incorporation of TWMCC (Debnath et al., 2022).  Fig. 7D shows that 

pure PVA film had a lower elongation at break value of around 94.4 ± 3.54%, while all 

the TWMCC-reinforced PVA films exhibited ductile behaviour with high values of 

elongation at break (above 150%) and the highest elongation at break was 225 ± 4.18% 

obtained at 3 wt% of TWMCC. All the TWMCC reinforced films have significantly 

higher elongation at break as compared to the pure PVA film ( p < 0.05),  which is 

ascribed to the increase in crystallinity of the composite films with the incorporation of 

TWMCC fillers in PVA matrix (Sarwar et al., 2018). General observations show an 

inverse relation between elongation at break and tensile strength. On the contrary, it was 

observed in the present study that the percentage elongation of the composite films 

increased with an increase in TWMCC content. The intramolecular as well as 

intermolecular H-bonds of pure PVA matrix undergo breakage with the introduction of 

TWMCC fillers and ductility sets in. The presence of TWMCC particles disturbs the 

formation of H-bonds amongst PVA chains during the drying of the reinforced PVA 

films. Microcrystalline cellulose, being a good water carrier, might plasticize the PVA 

matrix somewhat, resulting in an increase in the film’s ductility and thus increasing 

percentage elongation at break. However, elongation at break falls off beyond the 3 

wt% proportion of TWMCC, probably due to the agglomeration of filler particles 
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(Mandal & Chakrabarty, 2014). These outcomes are consistent with the observations of 

previous reports (Mandal & Chakrabarty, 2014; Sarwar et al., 2018), where 

nanocellulose was incorporated as reinforcement in PVA film matrix. The increase in 

TS of the PVA composite films is attributed to the strong intermolecular hydrogen 

bonds between the O–H groups of tea waste MCC and PVA, and the uniform 

distribution of the micro-filler in the PVA matrix (Debnath et al., 2022).  

 

Figure 4.7 Mechanical properties: A) stress-strain curves, B) tensile strength, C) elastic 

modulus, and D) elongation at break of the PVA composite films filled with different 

concentrations of TWMCC (Different superscript letters indicate significant differences 

at p < 0.05) 

 

(A) (B) 

(C) (D) 
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The high elastic moduli of the PVA composite film with increased TWMCC content 

might be because of the inherent stiffness and rigidity of microcrystalline cellulose, and 

high level of compatibility between the TWMCC and polymer matrix. The slight 

reduction in tensile strength at higher TWMCC concentration (5 wt%) may be ascribed 

to agglomerating tendency of the TWMCC particles at its higher proportion (Mandal & 

Chakrabarty, 2014; Sarwar et al., 2018).  

4.4.9 UV-barrier properties 

The UV–Vis transmittance spectra of the fabricated pure PVA film and PVA composite 

films reinforced with different concentrations of tea waste microcrystalline cellulose are 

shown in Fig 4.7. Pure PVA film exhibited high transmittance of around 100% over the 

wavelength range of 250-800 nm, which is an indicative of  its poor light-blocking 

properties (Nguyen & Lee, 2022). The high transmittance value in the UV spectral 

region (200–400 nm) shows that pure PVA film is not able to filter UV irradiation or in 

other words, it is transparent for UV light (Xiong et al., 2018). In comparison to pure 

PVA film, the tea waste MCC reinforced PVA films exhibited strong absorption in the 

UV region. The UV transmittance of composite PVA films gradually decreased as the 

TWMCC concentration in the composites increased from 1 wt% to 5 wt%. The spectra 

clearly demonstrate that the transmittance decreased with the increase of TWMCC 

content due to the scattering of light. The PVA/TWMCC-5 film showed the best 

performance in UV-blocking, with above 70% reduction of transmittance from 82.99% 

at 400 nm to 9.44% at 200 nm. The lowest UV-transmittance showed by 

PVA/TWMCC-5 was 5.26% at 222 nm, while PVA/TWMCC-3 and PVA/TWMCC-1 
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exhibited lowest transmittance of 8.03% at 201 nm and 9.30% at 202 nm, respectively. 

The UV light transmittance of the composite films decreased due to the UV-shielding 

ability of microcrystalline cellulose. Additionally, this transmittance reduction with the 

incorporation of tea waste MCC indicates that the TWMCC particles are uniformly 

dispersed in the PVA matrix. 

 

Figure 4.8 UV-Vis spectra of PVA films reinforced with different concentrations of 

TWMCC 

The cellulose microfibers develop stable interaction through hydrogen bonds between 

the O–H groups of PVA matrix and cellulose, forming a type of physical barrier to light 

as the dense network structure restricts the diffusion of light through the films 

(Srivastava et al., 2021). The decrease in transmittance with the addition of tea waste 

MCC into PVA matrix may also be correlated with the closeness of the refractive 

indices of cellulose (1.58) and PVA (1.49–1.52) (Kang et al., 2018). However, 
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transmittance of all the TWMCC reinforced PVA films remained constant and above 

80% in the visible light region (400–800 nm). The findings reveal that incorporation of 

TWMCC as reinforcing agent in PVA films improves the UV-barrier property of the 

composite films, with a little impact on their visible light transmittance performance 

(Feng et al., 2022). 

4.5 Performance evaluation of the composite films 

Grapes are small, tasty, and one of the most popular fruits consumed globally which is 

rich in carbohydrates, vitamins, organic acids, and many other health-beneficial 

nutrients. Owing to the thin skin of grapes, they are vulnerable to degradation caused by 

mechanical impact and microbial infestation during storage and transportation, and 

hence they possess a very short shelf life. Therefore, it is crucial to extend the shelf life 

of grapes by preserving them in appropriate packaging. The potential of the TWMCC 

reinforced PVA films in fruit packaging was assessed by packing grapes as shown in 

Table 4.3. On the 1st day of storage, all the grapes had a smooth green appearance 

without any wrinkles because of high moisture content. The unpacked grapes started 

developing dark spots and wrinkles on the 5th day, while the packed samples remained 

unchanged. After 7days, the spots on the control grapes darkened, the fruits became 

dull, brown, and lost marketability. By the 13th day they were totally dehydrated, shrunk 

in size, and brown in colour representing spoilage. The change in the green colour of 

grapes surface is an indicative of browning which may happen because of high rates of 

respiration and moisture loss. No significant variations in colour and appearance were 

observed for the packed grapes till the 7th day. The grapes packed in pure PVA film 
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started to shrivel after 9days and they turned brown by the 13th day. The grapes packed 

in PVA/MCC-1 film became slightly brown on the 13th day, whereas the grapes 

wrapped in PVA/MCC-3 and PVA/MCC-5 films were still green and fresh. The 

retention of water vapor by the films might have preserved the freshness of these 

grapes. On the 15th day, the visual appearance of all the grapes degraded and they lost 

marketability except the grapes packed in PVA/MCC-5 film which remained intact and 

perfect to use even up to18 days. On the 20th day, wrinkles began to appear on the 

PVA/MCC-5 film wrapped grapes and they turned yellowish. The PVA composite 

filled with 5 wt% of TWMCC maintained the moisture required to preserve the quality 

of the grapes and thus retained their consumer acceptability after 18 days of storage. 

Such performance of the PVA/MCC-5 film is ascribed to its low water vapour 

permeability and high water resistance characteristics. In addition to that, the 

PVA/MCC-5 film is thicker and has the lowest UV transmittance property. Hence, the 

film protected the grapes from environmental conditions and extended its shelf life 

(Hadimani et al., 2023; Jiang et al., 2022).   

Table 4.3 Illustration of grapes without packaging and packed using the PVA 

composite films filled with different levels of tea waste MCC during storage at room 

temperature  

Day Control 

grapes 

PVA film PVA/MCC-1  PVA/MCC-3 PVA/MCC-5 

1 
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3 

     

5 

     

7 

     

9 

     

11 

     

13 

     

15 
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18 

     

20 

     

 

A comparative analysis of the present work with other reported biodegradable 

packaging materials is represented in Table 5.4. From the table, it could be seen that 

PVA films are reinforced with different organic as well as inorganic additives for 

improving their packaging properties to extend food shelf life. PVA/nanocellulose 

composite film prolonged the shelf life of strawberries and kept them fresh up to 6 days, 

while the unpacked strawberries lost their edible value by that time (Li et al., 2022). 

PVA composites filled with organic fillers such as citric acid (Jiang et al., 2023), basil 

leaf extracts  (Varghese et al., 2023), and inorganic fillers like silica (Yu et al., 2018), 

silver nanoparticles (Deng et al., 2019; Yang et al., 2023), zinc oxide nanoparticles 

(Goudar et al., 2021) could extend the shelf life of fruits and vegetables up to 7-13 days. 

The tea waste MCC reinforced PVA films prepared in this study exhibited outstanding 

performance in fruit packaging by preserving grapes for 18 days, which was superior as 

compared to many other reported biodegradable packaging material for grapes such as 

chitosan/black cumin extract composite (Karkar et al., 2023) and jackfruit seed starch 

containing pomegranate peel extract as additive (Bodana et al., 2024) that enhanced 

grapes shelf life up to 7 and 8 days, respectively. 
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Table 4.4 Comparison of the TWMCC reinforced PVA films with other biodegradable 

composites for food packaging  

Polymer Fruits/ 

vegetables 

stored 

Additives/ 

fillers used 

Dosage of 

the filler 

(based on 

polymer 

weight) 

Shelf 

life 

(days) 

References 

PVA Strawberries Nanocellulose  

 

6wt% 6 (Li et al., 2022) 

PVA/chitosan Cherries Citric acid ----- 13 (Jiang et al., 

2023) 

PVA/chitosan Cherries Silica 0.6wt% 7 (Yu et al., 2018) 

PVA/chitosan Strawberries Silver 

nanoparticles 

----- 9 (Yang et al., 

2023) 

PVA/starch Green chilly Basil leaf 

extract 

15wt% 7 (Varghese et al., 

2023) 

PVA/ 

Spathodea 

campanulata 

(African tulip) 

bud fluid 

Black grapes Zinc Oxide 

nanoparticles 

0.1wt% 7 (Goudar et al., 

2021) 

PVA Black grapes Nano silver ----- 10 (Deng et al., 

2019) 

Chitosan Grapes Black cumin ----- 7 (Karkar et al., 
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extract 2023) 

Jackfruit seed 

starch 

Grapes Pomegranate 

peel extract 

----- 8 (Bodana et al., 

2024) 

PVA Grapes Tea waste 

microcrystall

ine cellulose 

5wt% 18 This work 

4.6 Summary 

This chapter deals with the preparation of PVA films incorporated with black tea waste 

microcrystalline cellulose as reinforcement/filler material and inspection of the various 

physicochemical properties of the composite films. The performance of the prepared 

films in preserving grapes was also evaluated. The results of FTIR and FESEM analysis 

revealed good compatibility between the tea waste microcrystalline cellulose and PVA 

matrix. Reinforcement with TWMCC improved the thermal, mechanical, and UV-

blocking properties of PVA films considerably. Water barrier properties such as water 

solubility, swelling rate, water vapour permeability of the films get reduced with the 

incorporation of TWMCC. The fabricated TWMCC/PVA composite films showed 

remarkable performance as packaging material by considerably increasing the shelf life 

of grapes with respect to unpacked and plain PVA film-packed grapes. 
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In this chapter, the main conclusions drawn from each objective and the possible scope 

for further research are reported. Microcrystalline cellulose was isolated from elephant 

grass through a non-conventional technique involving successive bleaching using 

alkaline hydrogen peroxide. The synthesized product was characterized using various 

analytical methods and its properties were compared with those of the commercially 

available microcrystalline cellulose. The elephant grass derived microcrystalline 

cellulose was then incorporated as reinforcement into the polymer matrix of corn starch 

films and the various physicochemical properties of the fabricated films were 

investigated that are desirable for food packaging application. Further, the potential of 

tea industry waste for the synthesis of MCC was explored by using an advance and 

quick technique involving microwave heating instead of conventional heating. The 

bleaching treatment conditions were optimized using RSM analysis for maximizing the 

crystallinity of the tea waste microcrystalline cellulose. The synthesized product was 

characterized using analytical techniques and its properties were compared with 

commercial MCC and also with those of the tea waste microcrystalline cellulose 

synthesized under conventional heating. The TWMCC synthesized under microwave 

heating was incorporated into PVA films and the composite films were studied for their 

potential use in grapes packaging to increase the fruit’s shelf life. The detailed 

conclusions are highlighted below, separately for each chapter. 
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Conclusions 

1. Introduction, Literature Review, Objectives and Organization of 

the Thesis 

➢ The background of the thesis work, the state of art literature and possible 

scope of research are reported here.  

➢ Based on the scopes, four research objectives are formulated.  

➢ The organization of the thesis is briefly summarized 

 

2. Synthesis of microcrystalline cellulose from elephant grass and 

its application as reinforcement in corn starch films for food 

packaging 

• Successive bleaching with alkaline hydrogen peroxide efficiently extracted 

microcrystalline cellulose from elephant grass with a high yield of 89.31%.  

• The synthesized elephant grass microcrystalline cellulose possesses 

polycrystalline structure with a crystallinity index of 74%, which is 

comparable to commercial MCC that possesses a crystallinity index around 

80%.  

• The functional groups present in the synthesized E-MCC are hydroxyl, alkyl, 

aldehyde, and methylene, which are similar to those of the commercial 

MCC.  
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• The E-MCC fibers have rough surface and are thinner, more exposed, and 

disruptive in nature with respect to the raw elephant grass indicating the 

complete removal of hemicellulose and lignin as a result of successive 

bleaching treatment. 

• The diameter of the particles of E-MCC ranged from 15-48 μm, with an 

average particle diameter of 29 μm, slightly larger than commercial MCC. 

• Thermal degradation of E-MCC starts at around 285 °C, which is close to 

commercial MCC that starts to degrade at 291°C.  

• The onset degradation temperature of the E-MCC (285 °C) is higher than 

that of the MCC prepared from many other biomass sources like rose stems 

(232 °C), waste cotton fabrics (240 °C), pomelo peel (280 °C). 

• Reinforcement with the synthesized E-MCC improved overall properties of 

corn starch films considerably.  

• Good compatibility between the E-MCC molecules and corn starch matrix 

occurs through hydrogen bonding. 

• An addition of 1 wt% E-MCC increased the maximum degradation 

temperature of the corn starch film by almost 3%.  

• Incorporation of 5 wt% E-MCC increased the water contact angle of the film 

from 19.52° (pure corn starch film) to 98.83°. 

• Mechanical strength of pure corn starch film was 6.03 MPa which increased 

to 22.33 MPa after the addition of 5 wt% E-MCC.  
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• Due to the strong interaction between the hydroxyl groups of corn starch and 

E-MCC, the rigidity, thermal and mechanical properties of the films 

enhanced significantly, whereas the hydrophilic properties decreased. 

• Corn starch films reinforced with the elephant grass derived microcrystalline 

cellulose possess satisfactory properties for utilization as a food packaging 

material. 

3. Microwave-assisted synthesis of microcrystalline cellulose from 

tea industry waste and its characterization 

• Using microwave heating during the various treatment steps can 

significantly reduce the time required for the extraction of MCC from 

biomass sources. 

• Under microwave heating, delignification of tea waste could be done only in 

2 minutes, and bleaching treatments were completed within 30 seconds, 

while in the case of conventional heating, more than 1 hour time is required 

to complete these reactions. 

• Black tea waste microcrystalline cellulose prepared via microwave-assisted 

and conventional heating methods exhibit similar chemical structures 

containing the same functional groups, and their chemical functionality is 

also as like as the commercial microcrystalline cellulose.  

• X-ray diffraction pattern of the TWMCC prepared under microwave shows 

distinct peaks at diffraction angles of 15.9°, 22.6° and 34.8°, indicating the 

presence of type I cellulose. 
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• The crystallinity index of the TWMCC synthesized under conventional and 

microwave heating was found to be 76.83% and 89.77%, respectively.  

• The high crystallinity and good thermal stability make TWMCC a promising 

filler material for polymer composites. 

• Crystallinity of the black tea waste derived microcrystalline cellulose was 

higher than several biomass-derived MCC such as those isolated from 

oolong tea waste, olive fibres, jute, rose stems, rice husk and so on. 

• TWMCC prepared under microwave heating consist of short cellulosic fibres 

with a rough surface, polycrystalline structure, and particle diameter in 

between 11-43 µm. 

• RSM analysis revealed that the optimum hydrogen peroxide bleaching time 

under microwave heating is only 23.70 sec. 

• Microwave-assisted peroxide bleaching is a green, energy-efficient, and fast 

technique for the synthesis of MCC from industrial tea wastes, which will 

also help in minimizing tea waste management issues by utilizing it in a 

sustainable way.  

• Tea waste can serve as a promising low-cost source of MCC, at the same 

time promoting the “waste to wealth” strategy. 

4. Preparation of tea waste microcrystalline cellulose reinforced 

polyvinyl alcohol packaging films and their application in grapes 

preservation 

TH-3556_196152101



Chapter 5 

 

121 

 

• FTIR spectra reveals that the peak absorptions of PVA/TWMCC films are 

like that of the pure PVA film, indicating that TWMCC reinforcement did 

not influence the chemical structure of the composite films.  

• Strong inter and intramolecular bonds between PVA matrix and tea waste 

MCC represent good compatibility between them.  

• At a lower loading (1 wt%), the TWMCC particles dispersed 

homogeneously in the polymer matrix, and as the concentration was 

increased (5 wt%) some of the filler particles got flocculated. 

• All the films show homogenous surface representing good compatibility and 

proper miscibility of the filler in the PVA matrix.  

• Reinforcement with TWMCC improves the thermal properties of PVA films 

considerably because the incorporation of microcrystalline cellulose 

increases the rigidity of PVA films and hence higher temperatures are 

required for their degradation. 

• Among the PVA composites, the film containing 5 wt% of TWMCC showed 

the lowest water vapour permeability and the least hydrophilic nature with a 

water contact angle of 81.54°. 

• TWMCC at 3 wt% concentration doubled the tensile strength of the 

PVA/MCC-3 film as compared to pure PVA film. 

• Strong hydrogen bonding between the hydroxyl groups of PVA and 

TWMCC forms a compact network structure and reduces free O–H groups 

on the PVA matrix, leading to improvement of the water barrier properties of 

the films. 
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• Dense network structures of the PVA/TWMCC composites act as light 

barrier and thus the reinforced PVA films show excellent UV blocking 

property. 

• PVA film reinforced with 5 wt% TWMCC (PVA/MCC-5) showed excellent 

performance as packaging material by enhancing the shelf life of grapes up 

to 18 days. 

• Tea waste derived microcrystalline cellulose may be used a promising filler 

material in biodegradable films for the preparation of sustainable food 

packaging and this approach can alleviate the global issue of plastic waste. 

Limitations of the study 

The present study has some limitations which are listed below 

▪ The purity of the synthesized elephant grass microcrystalline cellulose and tea 

waste microcrystalline cellulose were not examined in the study. 

▪ The biodegradability of the E-MCC/corn starch composite films and 

TWMCC/PVA composite films were not investigated. 

▪ Real time packaging performances of the E-MCC reinforced corn starch films 

were not evaluated. 

▪ The TWMCC reinforced PVA packaging films did not show any radical 

scavenging or antioxidant activity when tested using DPPH method. 
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Recommendation for future works 

Considering the observations reported in Chapters 2 to 3, the recommendations for 

further work are reported below for each chapter 

Chapter 2 

➢ Extraction of microcrystalline cellulose from other lignocellulosic wastes using 

the non-conventional alkaline peroxide bleaching method. 

➢ Exploring the potential applications of the elephant grass derived 

microcrystalline cellulose in the environmental and biomedical fields. 

➢ Studies on the reinforcement effect of elephant grass derived MCC into different 

other environment friendly and biodegradable food packaging films. 

Chapter 3 

➢ Studies on microwave-assisted peroxide bleaching synthesis of microcrystalline 

cellulose from various other lignocellulosic wastes. 

➢ Pilot scale study including cost estimation for the commercialization of MCC 

production from tea industry wastes. 

➢ Study on one step synthesis of nanocrystalline cellulose from the tea waste 

derived microcrystalline cellulose. 

➢ Studies on the applications of tea industry waste derived microcrystalline 

cellulose in the environmental and biomedical field. 
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Chapter 4 

➢ Studies on the biodegradability, antioxidant, and antimicrobial properties of 

TWMCC reinforced PVA packaging films. 

➢ Investigation on the changes in various components (metabolites) of the grapes 

packaged in TWMCC reinforced PVA films with respect to the unpacked ones.  

➢ Determination of the oxygen transmission rates through the TWMCC/PVA 

composite films and composition of the gases inside the packages.   

➢ Studies on the reinforcement potential of tea waste derived microcrystalline 

cellulose into other biopolymer-based food packaging films such as starch, 

chitosan. 
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