
 

 

PRODUCTION AND CHARACTERIZATION OF CELLULOSE NANOFIBRILS AND 

BIOPOLYMER COMPOSITES FOR PACKAGING APPLICATIONS 

by 

PRABAHARAN GRACERAJ PONNUSAMY 

(Under the Direction of Sudhagar Mani) 

ABSTRACT 

 The cellulose reinforced biopolymer composites are emerging as a potential packaging 

material due to their biodegradability, biocompatibility, and superior material properties. Cellulose 

Nanofibrils (CNF), a nanostructured cellulose can be reinforced with biopolymers such as 

chitosan, polylactic acid (PLA) to produce composites for flexible packaging applications. To 

produce highly dispersible and consistent quality CNF, cellulose pulp was subjected to a 

combination of mechanical (ball milling) and chemical (Carboxyl methylcellulose, CMC 

dispersion & NaOH swelling) pretreatments. The pretreated cellulose was fibrillated using a high-

pressure homogenizer to produce CNF with up to 6% solid content and uniform fibril width from 

20 to 40 nm. The CNF was reinforced with chitosan and crosslinked using citric acid to improve 

mechanical and hydrophobicity of flexible packaging films. The water uptake and water vapor 

permeability (WVP) of composite films were reduced by up to 86 and 50% respectively. The 

optimal amount of CNF and citric acid was determined as 20% and 25% respectively. Cellulose 

microfibers (CMF) produced from cotton noil was reinforced with PLA biopolymer. The tensile, 

WVP and UV barrier properties were improved by better dispersion stability and interfacial 

adhesion of CMF in PLA. The tensile stress and Young’s modulus of 1% CMF reinforcement were 



46 and 30% higher than the films without CMF reinforcement and the WVP of 20% CMF 

reinforcement was less than 29%. The UV light absorbance was improved between 41 and 90% 

for the CMF reinforcement of 1 to 20%. The environmental benefits of Chitosan-CNF composite 

films were investigated using a life cycle assessment method to use as a proof-of-concept for large 

scale production. It was found that about 79% of the environmental impacts were caused by the 

citric acid and heat energy used in the film manufacturing process. The carbon footprint of 

composite film manufacturing process was about 7 and 16% less than that of the fossil-based low-

density polyethylene (LDPE) and PLA biopolymer films respectively. In overall, micro and nano 

fibrils of cellulose can be used as a reinforcing agent to improve the mechanical and barrier 

properties of biopolymer composites without compromising its carbon footprint for flexible 

packaging applications.  
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CHAPTER 1 

INTRODUCTION AND RESEARCH OBJECTIVES 

Introduction 

Plastic materials are an integral part of global economy. The polypropylene (PP), low 

density polyethylene (LDPE), high density polyethylene (HDPE), polyethylene terephthalate 

(PET), polystyrene (PS), polyurethane (PUR) and polyvinyl chloride (PVC) are the primary plastic 

materials which are used to manufacture about 80% of plastic products in the market [1]. They are 

primarily manufactured from fossil derived feedstock such as naphtha, natural gas and shale gases. 

The fossil-based plastic materials possess excellent functional characteristics such as rigidity, 

toughness, fatigue strength, specific weight, viscoelastic behavior, resistance to chemical, heat and 

electrical conductance, barrier and optical properties and economic processing capabilities [2-5]. 

Hence, they are predominantly used in packaging, building and construction, automotive, electrical 

& electronic, household & sports, agriculture and medical instruments manufacturing sector. The 

worldwide production of plastic products reached about 350 million tons in the year 2017 [6].  

Out of many product application sectors, the packaging product market is the largest 

application sector for plastic materials. About, 40% of the total plastic material production are used 

for the manufacturing of packaging products [7]. Majority of the general and food packaging 

products uses plastic materials as raw materials due to their functional and processing capabilities. 

The plastic packaging products protect the packaged products from damage and contamination, 

prevent spoilage and spilling and provide means for logistics. There is a steep surge in use of 

plastic packaging products due to their high rate of performance and cost effectiveness [8].  
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The increase in production and usage of plastic packaging product raises serious 

environmental concerns due to faster accumulation on ocean and land base after its use. One of 

the most critical challenges with continual use of plastics are its end of life. Over the years, we 

exploit natural resources and convert into innovative products for human comfort, but forget about 

its end-of-life after its use. Recycling and reuse of plastic products are less attractive due to the 

difficulties in sorting and cleaning, low degree of recyclability, high energy demand for 

incineration, low demand for recycled plastics and the release of hazardous material during 

recycling process [9]. In addition, the plastics manufacturing industries are facing tough challenges 

to deliver value added products that reduces energy use and emissions during feedstock processing, 

products manufacturing, use and disposal. The production of polymer feedstock consumed about 

2.5 to 4% of total U.S. primary energy consumption in 2008 [10]. In addition, the catalyst residues, 

residual thermal stabilizers and reactive flame retardants used during plastic material processing 

have created alarming threat to environmental and human health impacts [11, 12]. 

The high energy consumption and the increased plastic materials used for packaging 

products not only pose substantial recycling challenges but also the mismanaged and uncontrolled 

disposal of plastic waste, in the past 50 years, to the environment as microplastics in our food chain 

cause a major global threat to mankind [13]. The present practices on the end of life management 

options such as recovery of energy from MSW, recycling and composting of plastic waste led to 

marginal shift in land fill. They did not show any accelerated shift to reduce plastic waste in 

environment [14]. Almost 10% of plastic land litters are discharged into ocean through storm 

water, rivers and wind blow [15-17]. The plastic litters in land and marine environments are 

fragmented into micro and nanosized debris by degradation action. Some of the living species in 

marine and land habitats are ingesting the leaked plastic debris and are loading harmful pollutants 
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to their ecosystems [18-20]. This will result in cell death, oxidative stress, innate immune system 

and other health hazards [21, 22]. 

It is expected that plastic material production would be doubled by the year 2050 due to 

the increasing demand in packaging product and other applications [23]. This would put a major 

burden on fossil resource availability, increase in crude oil price and increase in waste disposal. 

The U.S. Environmental protection agency (EPA) reported that about 24.31 MMT of plastic were 

landfilled in the year 2017 causing loss in material value and threat to environment. As the fossil 

resources are finite and their prices are likely to be increased and the plastic materials production, 

use and disposal pose serious threat to the environment, a new material system is envisioned from 

renewable resources as an alternate material for fossil derived plastic materials especially for 

packaging product manufacturing. 

The increasing environmental awareness and the need for alternate materials for fossil 

derived polymer materials insisted the use of non-fossilized and biodegradable biomass as resource 

for the production of plastics material. According to the technical committee CEN/TC 249 of the 

European Committee for Standardization (CEN) and International Union of Pure and Applied 

Chemistry (IUPAC), these materials were designated as bio-based polymers or bio-based plastics 

[24]. The European Bioplastics Agency (EBA) designated the polymer materials which are 

produced from bio-based resources or having biodegradable characteristics or both as bioplastic 

materials. The bio-based PE, PET and polyamide (PA) are non-biodegradable bioplastics.  The 

poly (lactic acid) (PLA), polyhydroxyalkanoates (PHA), starch and cellulose are some of the bio-

based and biodegradable bioplastic materials. The polybutylene adipate terephthalate (PBAT) and 

polycaprolactone are not from bio-based resources but they are biodegradable bioplastics. The 

different types of bioplastics are presented in the Figure 1-1. 
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Figure1-1. Different types bioplastics 

 

The interest on bio-based polymer materials are increasing among plastic product 

manufactures and use due to their attractive materials properties and plastic waste management 

options [25]. The demand for bioplastic materials are steadily increasing. It was predicted that 

global market for bioplastics would increase 15% in next five years. It was also projected that 

global bioplastics product production will reach to 2.4 MMT in 2022. There are many limitations 

that would prevail the growth of bioplastics market share. They are lack of industrial material 

standards, land use and environmental emission due to agriculture activities, production cost and 

consistent quality of bioproducts [26]. Even though, the manufacturing of bio-based plastic 

products has limitation to expand their application for various product applications, the end of life 

management options of bio-based plastic products is the key driving factor to consider them as a 

best alternate material for the fossil derived polymer materials. The biodegradation ability of bio-

based polymer materials is summarized in Table 1-1.    
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Table 1-1. Biodegradation abilities of bio-based polymers 

Bio-based polymers Test standard and 

testing conditions 

Percentage of 

Biodegradation 

Ref. 

PLA ISO 20200, 

Temperature -58° C 

90% disintegration after 14 

days 

[27] 

Poly (hydroxybutyrate-co-

hydroxy valerate) 

(PHBV)/PHA 

ISO 14855-2 and 

16929 

81% after 35 days [28] 

Starch  ISO 14855 More than 70% after 45days [29] 

Cellulose ISO 14855 86% after 45 days and 97% 

after 180 days 

[30] 

Chitosan Aerobic composting 

environment at 58° C 

Temperature  

More than 85% 

biodegradation after 180 

days 

[31] 

 

The bio-based polymer materials are produced from biomass resources by two different 

ways such as direct extraction of biopolymer substance from biomass (natural biopolymers: 

proteins and polysaccharides) and synthesis of monomers extracted from micro-organisms and 

biomass by polymerization reactions (synthetic biopolymers). Some of the bio-based polymers 

which were synthesized from biomass had same physical and chemical properties as petroleum-

based polymers (Eg. Bio Polyethylene derived from ethanol) and some exhibited unique properties 

as new class of materials (Eg. Polylactic Acid (PLA)) [32]. The functional properties of bio-based 

polymers, which were extracted as biopolymer substance (natural polymers) and which were 

synthesized from monomers of natural resources were investigated to use them as alternative 

materials for packaging applications. The hydrophilic and brittle nature of protein and 

polysaccharide-based natural polymers led to poor mechanical and barrier properties and limited 

their use as potential packaging materials.  

In this context, attempts were made to develop natural polymer composite materials by 

combining two or more natural polymer materials extracted from natural resources to capture the 
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unique material characteristics which were attributed by their constituent materials. These two 

distinct constituent phases of composite materials are account for the anisotropy properties of 

materials in macro level [33, 34]. Considerable improvement in physical, thermal and mechanical 

properties was witnessed while reinforcing nonclay, carbon nanofiber and carbon nanotubes 

(CNT) in polymer matrix [35-37]. But, the recent environmental concerns of material development 

process and the demand for highly functional materials insisted the use of reinforcement material 

from natural resources and led to new class of biopolymer nanocomposites. Much attention was 

given cellulose based biopolymers such as cellulose nanofibrils (CNF) and cellulose nanocrystals 

(CNC) as they are available abundant in earth and possesses remarkable characteristics to use as 

reinforcement materials in biopolymer nanocomposite materials. 

The CNF and CNC which were used as nanofiller or nano reinforcement materials are 

manufactured with wide spread width of 5 to 80 nm and length of 200 to 500 nm [38-41]. They 

are isolated from the biomass resources such as wood pulp, plant biomass, cotton linter, etc., by 

the series or combination of chemical and mechanical treatment process [42, 43]. The chemical 

methods of CNF manufacturing were demonstrated primarily in laboratory scale and have not 

developed yet to commercial scale due to the extensive use of chemicals. In the laboratory scale 

chemical manufacturing method, the CNC were extracted from their biomass resource by the 

combination of acid hydrolyzation and ultrasonic or high-pressure homogenization process. The 

extracted CNC had the width of 5~10 nm and length of 50~200 nm. Only 35 to 45 w % of CNC 

was able to be extracted from cellulose resource by acid hydrolysis process. The phase separation 

of CNC aqueous suspensions was occurred, if the CNF concentration reached beyond 3% [44, 45].  

The mechanical disintegration processes are suggested for the commercial scale production 

of CNF due to the achievable higher production volume output and the restricted use of acids or 
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harmful chemicals in the production process. In the mechanical disintegration process, CNF are 

manufactured from the wood pulp slurry by passing it through a refiner and through a high-

pressure homogenizer. The degree of fibrillization of cellulose in a high-pressure homogenizer is 

depended on number of passes and solid concentration of pulp in slurry. The CNF having width 

ranged from few microns to 100 nm were manufactured by passing the wood pulp with the slurry 

concentration of 3 wt.% in a refiner and a homogenizer by 30 and 14 times respectively. Increasing 

the number of passes in homogenizer did not improve neither the width of CNF to nanoscale nor 

to uniform distribution level [46, 47]. These CNF manufacturing methods associated concerns 

need to be addressed to accelerate the commercialization of CNF production and the use of CNF 

in various product applications.  

The biodegradability, biocompatibility, abundant availability and tunable mechanical 

properties of biopolymer-CNF composites are the major technological breakthrough to consider 

these materials for packaging products [48, 49]. The composite films were manufactured by 

reinforcing CNF in chitosan, starch, PLA and other protein-based biopolymers. The mechanical 

properties of these composites were mainly affected by CNF loading percentage, dispersion and 

the degree at which it makes bonding with biopolymer matrix materials and the barrier properties 

were influenced by hydrophilic conditions and the loading percentage of CNF reinforcement [50, 

51].  

Chitosan is the second most abundant natural biopolymers with the advantages of bio 

degradation and bio compatibility, they were explored to consider as resource materials for various 

product application and matrix phase materials in nanocellulose composites [52]. The remarkable 

properties of chitosan increased their application in cosmetic, pharmaceutical and biomedical 

product sectors [53]. The chitosan molecule chains were synthesized and modified by functional 
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groups by chemical synthesis process to use in biomedical and pharmaceutical application fields. 

The chitosan molecules were synthesized by thiolation process and used in drug delivery 

applications. The phosphorylated chitosan and their derivatives were synthesized to improve water 

solubility and metal chelating tendency during tissue regeneration, drug delivery and fuel cell uses. 

The N-phthaloyl chitosan derivatives were developed to improve the solubility of chitosan in 

polar-organic solvents. The crosslinked, carboxylated and ionic chitosan were also synthesized to 

enhance drug delivery, antimicrobial and metal attachment characteristics of chitosan [54].   

The composite packaging films and coating which were developed using chitosan and 

nanocellulose as constituent materials exhibited the increase in tensile strength while increasing 

the CNF mass fraction up to 20 % with various plasticizer [55]. But, the hydrophilic characteristics 

of chitosan increased the hydration degree of composite film and resulted the loss of barrier 

properties. In order to improve the barrier properties of biopolymer-CNF composites, the 

hydrophobic groups were substituted in hydrophilic groups of CNFs by physical and chemical 

processes. During this process, the acyl groups (R-C=O) of carboxylic acid derivatives were 

substituted in the amino group of glucosamine molecules and the improvement in hydrophobicity 

was achieved [56]. The manufacturing process of these composite films required twostep process 

namely esterification and film manufacturing processes. Furthermore, the acetic anhydride and 

pyridine which were used as surface modifier and catalyst were classified as extremely danger 

hazardous chemicals by global harmonized system (GHS). Hence, the development of 

hydrophobic chitosan-CNF composite material requires an environment friendly one step process 

for the packaging product development. 

Similarly, PLA is the kind of synthetic biopolymers which were explored to use in 

packaging product manufacturing due to their attractive material properties and biodegradability 
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[57]. The PLA-CNF composites were developed for the improvements of toughness and gas 

bearing properties of PLA polymers. The CNF/CNC and PLA are incompatible phase materials 

due to the hydrophilic and hydrophobic nature of CNF/CNC and PLA respectively. The poor 

interfacial adhesion between CNF/CNC and PLA resulted the poor mechanical properties of these 

kind of nanocomposites [58]. In order to increase the interfacial adhesion of the constituent 

materials were blended with compatibilizers or PLA was reinforced with surface modified 

CNF/CNC. The environmentally friendly compatibilizer and the reduction of ductility are the 

critical issues during the PLA-CNF composite development process. 

In addition to the functionality enhancement of materials, another important part in the 

value-added product development in packaging product applications is to adapt an environmental 

conscious manufacturing process [59]. The growing interest over the environmental performance 

assessment of biopolymer – CNF composites is to designate composite material system as 

promising environment friendly material in packaging product applications. The lifecycle analysis 

(LCA) is suggested as a holistic approach for the evaluation of environmental impact of bio-based 

materials and the products [60, 61].  It would highlight the concerns in energy consumption and 

ecological footprint of materials and manufacturing method used in the product manufacturing. It 

is important for the current packaging product market sector to elucidate the environmental 

impacts of biopolymer-CNF composite manufacturing process and to designate as prospective 

alternate materials for fossil-based polymer materials.  

Objectives 

The overall objective of the proposed study is to develop biopolymer-cellulose composites 

as potential packaging materials by addressing the research gap in nanocellulose and biopolymer- 

composite manufacturing processes. The specific objectives of the thesis are 
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1) To investigate the effect of pretreatment methods of cellulose pulp to produce high solid 

content cellulose nanofibrils (CNFs). 

2) To investigate the in-situ cross linking of chitosan and cellulose nanofibrils to improve the 

water resistance and water vapor barrier properties of composite films for packaging 

applications. 

3) To develop PLA-Cellulose Micro fibers (CMF) composites for tensile and UV and water 

vapor barrier properties improvement. 

4) To conduct the Life Cycle Assessment (LCA) of manufacturing chitosan-CNF composite 

films by solvent casting process as a proof-of-concept for the production of large-scale 

production volume. 

Dissertation organization 

The experimental investigations of CNF manufacturing, cellulose reinforced composites 

development and the LCA of natural polymer composite manufacturing for packaging product 

applications are mainly focused in this dissertation. The outline of the thesis is as follows 

The chapter 2 presents the review of literatures related to CNF manufacturing methods by 

mechanical fibrilization, combination of chemical and mechanical pre and main treatments and 

the properties of CNF extracted from different biomass resources. The development of natural 

biopolymer-CNF composites and synthetic biopolymer-CNF composites for packaging 

applications and the environmental impact assessment of biopolymers were also discussed in this 

chapter. 

The chapter 3 to 6 are manuscripts submitted to the peer-reviewed journals. The chapter 3 

is the experimental investigation of CNF production by CMC dispersion-ball milling and NaOH 

swelling-ball milling pretreatments and high-pressure homogenization main treatment method. 
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The chapter 4 and 5 is about the development of chitosan-CNF composite and PLA-cellulose 

micro fibers (CMF) composite for packaging film manufacturing. The experimental studies on in-

situ crosslinking of chitosan-CNF composites for the improvement of hydrophobicity and water 

vapor barrier properties and reinforcing cotton noil CMF in PLA biopolymer matrix for the 

improvement of tensile and water vapor barrier properties were discussed in chapter 4 and 5 

respectively. The chapter 6 contains the environmental impact assessment of chitosan-CNF 

composites manufacturing process by LCA method.  

The chapter 7 discusses about the conclusions and the recommendations for future works 

that could be carried out in biopolymer composite development processes for the packaging 

product applications. The supplementary information submitted to the journals were attached in 

the Appendix section. 
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CHAPTER 2 

LITERATURE REVIEW 

Cellulose biopolymer 

The cellulose is the most abundant biopolymer available in nature. The worldwide annual 

production of cellulose is about 1.3 x 1010 metric tons [1]. The nanostructured cellulose has 

potential to use as new material development platform for packaging, hygiene and absorbent 

products, automotive products, textile and clothing products and cement materials.  The demand 

for nanocellulose materials is increasing every year and around 6 million metric tons of annual 

demand was estimated for the U.S. market. Out of which the major market demand of 2 million 

metric tons would be for packaging product applications [2].  

The cellulose is available as carbohydrate chain in renewable resources such as plants, 

forest wood, agriculture residue, forest residue and food waste. The percentage of available 

cellulose varies from biomass to biomass resources. The forestry biomass resource has 40~50% of 

cellulose and agriculture biomass has 25 ~ 40 % of cellulose [3]. The cellulose in biomass are 

present as microfibril networks. The microfibrils contain cellulose chain structure which is formed 

from anhydroglucose rings linked by β 1-4 glucosidic bond [4]. The elementary microstructure of 

cellulose is represented as heterogeneous composite constituted with amorphous and crystalline 

cellulose, hemi cellulose and lignin as depicted in Figure 2-1.  
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Figure 2-1. The structure of cellulose microfiber 

 

Nanocellulose biopolymer 

The nanostructured cellulose materials having fibril dimensions ranging from 1 to 100 nm 

is defined as nanocellulose materials. They exist as microfibril bundles in the cell walls of plants 

and wood biomass. The microfibril bundles are formed by many strong interfibrillar hydrogen 

bond network of nanocellulose. The nanocellulose are isolated from cellulose microfibrils as 

cellulose fibril networks (CNF) or rod like cellulose nanocrystals (CNC) structures. They show 

remarkable mechanical and surface properties. The high axial stiffness due to hydrogen bonding 

network in CNF and CNC provides the capability to reinforce them in polymer matrix materials 

[7]. The elastic modulus and tensile strength of wood based cellulose fibers are 12-27 GPa and 

0.3-1.4 GPa respectively [8]. The CNF/CNCs also have reactive surface with many hydroxyl 

groups. It provides the opportunities to modify the surfaces by physical or chemical reactions to 

enhance the functional characteristics [9]. The attractive mechanical and surface properties of 

CNF/CNC increased its uses as material for pharmaceutical, packaging, cosmetics and electronics 

products [10].  

CNF/CNC biopolymer 

The increasing demand of nanocellulose materials in different product applications, 

requires efficient manufacturing process to produce durable and acceptable quality of 
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nanomaterials. Different types of nanocelluloses, namely cellulose nanofibrils (CNF), cellulose 

nanocrystal (CNC), tunicate cellulose nanocrystals (t-CNC), algae cellulose particles (AC), and 

bacterial cellulose (BC), are isolated from biomass resources such as microorganism, industrial 

waste, agriculture biomass, forest wood and plants [5, 6]. The cellulose microfibrils embedded in 

a protein matrix of tunicate sea animals are called as t-CNC. The cellulose microfibrils in algae 

cell walls were isolated as AC particles by biosynthesis process. The bacterial cellulose which 

were secreted in some bacteria under special culturing conditions were extracted as BC [6].  

The CNF/CNC were isolated from wide range of wood and plant biomass resources [11]. 

They are extracted from biomass resources by chemical, mechanical and enzymatic processes. The 

acid hydrolysis chemical process is most widely followed for the extraction of crystalline CNCs 

from delignified cellulose pulp and cotton fibers. The CNFs were initially manufactured through 

mechanical disintegration processes. The energy requirement of CNF extraction processes by 

mechanical treatment processes varied from 12,000 to 70,000 kWh t-1. However, the combination 

of mechanical and chemical manufacturing methods reduced the energy demand significantly. The 

introduction of pretreatment processes, reduced the energy consumption to 500 to 1500 kWh t-1 

[5].  

The chemical pretreatment processes used in CNF manufacturing were chloroacetic acid 

etherification, carboxy methylation, tempo oxidation and enzymatic treatment. The main treatment 

processes used for the CNF fibrilization were ultrasonication, high-pressure homogenization, disc 

refiner and microfluidizer processes [29, 30]. The limitation of chemical pretreatment processes 

are consumptions of chemicals and the harmful emissions. The lifecycle energy use and carbon 

footprint details of CNF pretreatment and main treatment processes are given in Table 2-1.  
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Table 2-1. Energy demand and global warming potential of CNF manufacturing processes 

Chemical / Mechanical CNF 

manufacturing processes 

 GWPa  

(kg CO2 eq./kg 

CNF) 

 CEDb  

(MJ/kg CNF) 

Reference 

Chloroacetic acid Etherification 286 5186 [31] 

Tempo Oxidation 112 2175 [31] 

Carboxy Methylation 100 1900 [31, 32] 

Sonication 869 11918~12166 [31] 

Homogenizer 74.8 1047 [31] 

Microfluidizer 0.095 22 [31, 32] 

a Global warming potential and b Cumulative energy demand 

The mechanical treatment processes are scalable and could achieve higher production 

output volume [33]. They also restrict the use of acids or harmful chemicals. The degree of 

fibrillization of nano-scale cellulose by mechanical disintegrations processes is depended on 

number of passes and solid concentration in pulp slurry. The CNF manufactured by high pressure 

homogenizer had the width distribution range from few microns to 100 nm while passing 30 and 

14 times through a refiner and a homogenizer. The maximum wood pulp slurry concentration 

processed for the production of CNF was 3% wt./v. Increasing the number of passes in 

homogenizer did not improve neither the width of CNF to nanoscale nor to uniform distribution 

level [34, 35].  

The isolated CNC/ CNF were predominantly explored as reinforcement materials in 

biopolymer composites manufacturing. The biopolymer composite materials are emerging out as 

the most fascinating renewable materials for packaging products as they are abundantly available 

in nature and has comparable physical, mechanical, surface characteristics to fossil-based polymer 

materials in addition to the biodegradability [36]. The quality of CNF extracted are greatly 

dependent on the manufacturing methods adapted and the type of biomass resource used. The CNF 

manufactured from different biomass resources and by different manufacturing methods resulted 
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widespread distribution in width (3 to 90 nm) and length (200 to 500 nm). The variation fiber 

dimensional quality attributed inconsistent mechanical and physical properties of products 

produced from them [12]. The characteristics of CNF/CNC extracted from different biomass 

resources and by different manufacturing methods are listed in Table 2-2. 

Table 2-2. The properties and manufacturing methods of CNF/CNC extracted from different 

biomass resources 
Feed 

stock 

Feedstock 

cellulose  

(%)  

Pre-

treatment 

process  

Main 

treatment 

process 

Crysta

llinity  

(%) 

TD@  

(°C) 

YM#  

(GPa) 

TS$  

(MPa) 

CA&  

(°C) 

W*  

(nm) 

Ref 

Banana 96.8 2% caustic 

soda, Steam 

explosion  

Oxalic acid 

hydrolysis 

& 

Sonication 

83.8. 326 -- -- -- 5~ 

40 

[13] Jute 

Fiber 

97.3   89.3 338 -- -- -- -- 

Pine 

apple 

leaf fiber 

97.3   88.6 338 -- -- -- -- 

Pine 

apple 

peel  

-- Sodium 

chloride & 

sodium 

hydroxide 

Sulfuric 

acid 

hydrolysis.  

61.19 351 -- 2.24 -- 15 

[14] 

Pine 

cone 

44 Grinding. 

Alkaline 

treatment 

HCl 

Hydrolysis. 

Mass 

collider 

70 400 -- -- -- 6~ 

35 
[15] 

Wheat 

straw 

micro 

crystallin

e 

cellulose  

-- -- Enzymatic 

hydrolysis 

& 

Ultrasonic 

treatment 

60.37~ 

87.46 

310~

360 

-- -- -- 5 ~ 

8, 

40~ 

50 
[16] 

Wheat 

straw 

pulp 

44.2 Isobutyl 

alcohol-H2o 

-KOH- 

hydrazine & 

acetic acid 

and 

hydrogen 

peroxide 

Sulfuric 

acid 

hydrolysis 

& 

Ultrasound  

76.3 240 11.45 42.3 -- 10~ 

40 

[17] 
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with sulfuric 

acid 

Kenaf 

core 

95 Grinding, 

autoclaving 

with alkali 

and 

bleaching 

Electron 

beam 

irradiation 

and acid 

hydrolysis 

71 300 -- -- -- -- 

[18] 

Sisal 

fibers 

 Boiling in 

toluene/etha

nol. 

Agitation 

with NaOH 

and ethanol. 

Hydrogen 

peroxide 

bleaching 

Sulfuric 

acid 

hydrolysis  

75 255 -- -- -- 9~ 

22 

[19] 

Bamboo 

Pulp 

-- Mechanical 

disintegrator 

FeCl3 + 

glycerol 

Hydrolysis. 

Ultrasonic 

treatment 

79.4 350 -- -- -- 5 

[20] 

Acacia 

fiber 

47 Sodium 

hydroxide 

and sodium 

sulfide. 

Bleaching 

Chlorine di 

oxide 

Sulfuric 

Acid 

hydrolysis 

and 

sonication 

79 -- -- -- -- 5~ 

10 

[21] 

Ground 

bagasse 

-- Sodium 

hydroxyl 

solution  

Microwave 

treatment 

with 

BmimCL 

solution 

and 

homogeniz

ation 

60 280 -- -- -- 10~ 

20 

[22] 

Filter 

paper 

-- -- Acid 

hydrolysis 

80 -- -- -- -- --  [23] 

Cotton 

Linter 

76.91 -- Grinding. 

Sulfuric 

acid 

hydrolysis 

90.45 350 -- -- 23.2 12 

[24] 

Soft 

wood 

77.6 Chlorite 

treatment 

Enzymatic, 

TEMPO 

and 

76.71 305 10.6 -- 10.8 1~5 
[25] 
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Homogeniz

er 

Hard 

wood 

79.3   77.13 320 4.6  17.7 1~15 

Tunicate 99.1 Alkali 

treatment  

 89.94 314 12.7  35.8 1~13 

Hard- 

and soft 

wood 

cellulose 

pulp 

97 -- Disk 

refiner and 

homogeniz

er 

-- -- 2.8 80 -- 10 

~25 

[26] 

Micro 

cellulose 

powder 

(MCC) 

-- -- Sulfuric 

acid and 

ultrasonicat

ion 

73 240 -- -- -- 368 

[27] 

Soft 

wood 

pulp  

-- -- Ball 

milling  

70 -- -- -- -- -- 

[28] 

@ TD- Thermal degradation temperature, # YM-Young’s modulus, $TS- Tensile strength, &CA- 

Contact angle, *W - Width 

CNF/CNC reinforced biopolymer composites 

The CNF/CNC reinforced biopolymer composites are the subject of focus among material 

researchers due to their excellent material properties such as stiffness, tensile strength, optical 

transparency, biocompatibility, nontoxic and the use of renewable resources [37]. The attractive 

mechanical properties of biopolymer-CNF composites are major technological breakthrough to 

consider them for packaging products [11, 38]. The biopolymers used in CNF composites are 

either directly extracted as polymeric chain from biomass or being synthesized from the monomers 

extracted from biomass. The natural polymer chain is present in animals and plants as proteins 

(macro molecules of amino acids bonded by peptide bonds) or as polysaccharides 

(macromolecules of monosaccharides bonded by glycosidic bonds) or as lipids (long chain 

hydrocarbon molecules containing a carboxylic acid moiety). The casein, gelatin, gluten, zein, soy 

protein isolate, chitosan and starch are some of the natural polymers used in the production of 
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packaging films. The biopolymers which are chemically synthesized from natural monomers 

behave as fossil based polymers called as synthetic biopolymers [39]. Some of the synthetic 

biopolymers used in packaging products are poly lactic acid (PLA), Polyhydroxyalkanoates (PHA) 

and Polyhydroxybutyrate (PHB).  

CNF reinforced natural biopolymer composites 

The CNF were reinforced in protein and polysaccharides natural polymers to manufacture 

bio-nanocomposites. The packaging films made of bio-nanocomposites showed improved 

mechanical and barrier properties. Initially, the native biopolymer packaging film manufacturing 

processes required plasticizer for the improvement of brittleness and percentage of elongation. The 

reinforcement of CNF with different percentages in biopolymer matrix increased the tensile and 

barrier properties of composite materials. The composite having suitable composition 

reinforcement materials were suggested for the packaging product productions. The mechanical 

and barriers properties of CNF reinforced natural polymer composites with different loading 

percentages are given in Table 2-3.  

Table 2-3. Mechanical and barrier properties of natural polymer – CNF composites 

Biopolymer 

Composite 

CNF 

Loading 

(%) 

WVP**  

(g m /Pa h m2) 

TS$  

(MPa) 

YM#  

(MPa) 

Elongation  

(%) 
Ref. 

Whey-CNF 5 3.5 x10-8 4 100 10~27 [40] 

Gelatin-CNF 5  100 5000 5 [41] 

Sericin - 

CNF 
10  28.2 805960 5 [42] 

Gluten -CNF 8 8x 10-11 5.4  285 [43] 

SPI-CNF 20  31.19 1023 17 
[44, 

45] 
SPI - CNC 6 1.6 x 10-10 11  60 
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Chitosan-

CNF 
10 1.12 x10-8 55.53 1424 8 [46] 

Chitosan-

CNC 
20  120  6 [47] 

Starch-CNF 20 
3.32 ± 0.11 x 

10−7 
57.35 19.88 80 [48] 

**WVP- Water vapor permeability, # YM-Young’s modulus, $TS- Tensile strength 

The mechanical strength of CNF reinforced natural polymer composite films were very 

much comparable to fossil-based polypropylene (PP) and low-density polyethylene (LDPE) 

materials. Among many natural-CNF composites, chitosan was extensively studied due to their 

abundant availability and other advantages such as antimicrobial, bio degradation and bio 

compatibility characteristics [49, 50]. The films developed from chitosan-CNF composites, were 

found suitable for food and other general packaging application [51, 52]. However, the hydrophilic 

nature of CNF affected the dispersion ability of CNF in biopolymer matrix and reduced the barrier 

properties of films for CNF loading of 20% and more [53]. The hydration degree of chitosan 

composite films was affected by the hydrophilic nature chitosan and CNF and reduced the barrier 

properties [54]. The hydrophilic hydroxyl groups of chitosan and CNF were replaced with 

hydrophobic groups by physical and chemical reactions to improve the hydrophobicity of 

composites. In physical cellulose surface modification processes, the cations of the 

polyelectrolytes were adsorbed into a CNF surfaces [55]. In the chemical surface modification 

processes, the acyl groups (R-C=O) were primarily attached to the C6 hydroxyl group of glucose 

unit [56].  

The hydrophobic nature of CNF films was enhanced using surface modified. Božič, Vivod 

et al. (2015), prepared films using CNF which hydroxyl groups which were modified by acetic 
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anhydride and reported the improvement in hydrophobicity of native CNF film [57]. Willberg-

Keyriläinen et al. (2017), domonstrated the improvement in barrier and mechanical properties of 

CNF films, coated with celllulose esters which were manufacutred by fatty acid chloride [58]. 

Huang et al. (2017), synthesised the CNC esters from the mixture of trifluoroacetic anhydride and 

fatty acids such as capric acid, lauric acid and stearic acid and found that hydrophobicity and 

oxygen barrier properties were increased in comparison to untreated CNC films [59]. 

The composite films reinforced with surface modified CNF or cellulose nanocrystals 

(CNC) showed improved barrier properties.  Abraham et al. (2016), developed epoxy 

nanocomposite films reinforced with surface modified CNC using acetic anhydride as surface 

modifier [60]. They observed the improvement in hydrophobicity and thermal stability of 

composite films. Similarly, Trinh and Mekonnen (2018) modified CNC surfaces using lauroyl 

chloride and reinforced in epoxy matrix phase material. An impressive improvement in tensile and 

hydrophobic characteristics of composite structure was reported [61].  

The hydrophobicity of chitosan films was increased by modifying film surface with acid 

chloride and acid anhydrides. In this process, the acyl groups (R-C=O) of carboxylic acid 

derivatives were substituted in the amino group of glucosamine molecules to obtain 

hydrophobicity [62]. The manufacturing of composite films with surface modified CNC required 

two-step reaction process. In the first step, CNF / CNC surfaces will be modified by physical or 

chemical processes. Then the surface modified CNF/CNC will be reinforced with biopolymer to 

manufacture biopolymer composites. The acetic anhydride and pyridine were used as surface 

modifier and catalyst in CNF esterification process. They were classified as extremely danger 

hazardous chemicals by global harmonized system (GHS). The brief summary of hydrophobic 

composite development is outlined in Table 2-4. 
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Table 2-4. CNF/CNC surface modification processes performed for the improvement of 

biopolymer composite development 

Nano cellulose 

resource 

Reagents 

used 

Catalyst 

used 

Degree of 

substitution  

Properties 

improved 

Ref 

Wood pulp  Acetic 

anhydride 

 iodine 2.18 Hydrophobicity, 

thermal stability, 

tensile strength of 

epoxy composite 

[60] 

Wood pulp  Acetic, 

butyric and 

hexanoic 

anhydrides 

-- 0.1~0.3 Antibacterial 

improvement of 

composite Material 

[63] 

Softwood 

bleached kraft 

pulp  

Alkenyl 

succinic 

anhydride, 

N-Methyl-

2-

pyrrolidone  

K2CO3 0.44 Mechanical 

properties 

[64] 

Wood pulp  Acyl 

chloride 

pyridine 0.4~1.1 Thermal stability  [65] 

Softwood pulp Fatty acid 

chloride 

Anhydrous 

pyridine 

0.8~1.3 Water vapor / 

moisture barrier 

properties  

[58] 

Wood pulp  Canola oil 

fatty acid 

methyl 

ester 

Potassium 

carbonate + 

MeOH 

 -- Hydrophobicity, 

Thermal stability  

[66] 

Pine  Palmitoyl 

chloride 

-- 0.01~0.14 Hydrophobicity  [67] 

Cellulose 

sludge 

Acetic 

anhydride 

Amano 

lipase A  

0.07~0.18 Hydrophobicity 

improvement in 

native CNF Film 

[57] 

Microcrystallin

e cellulose 

 Acetic 

anhydride  

-- 0.62-1.15 Compatibility of 

CNF with PLA 

[68] 

Microcrystal 

cellulose 

Succinic 

anhydride  

-- -- Thermal stability 

improvement of 

composite Material 

[69] 

Microcrystal 

cellulose 

Trifluoroac

etic 

anhydride, 

capric acid, 

-- 2.15 Thermal stability, 

hydrophobicity, TS 

of composite 

Material  

[59] 
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lauric acid 

& stearic 

acid 

Wood derived 

CNC 

Acetyl 

chloride 

Triethylami

ne  

0.15 Hydrophobicity and 

dispersibility of 

CNC 

[70] 

Acetic 

anhydride 

Pyridine 0.35 

Acetic acid  1’1-

Carbonyldii

midazole  

0.5 

Acetic acid Hydrochlori

c acid  

0.01 

BiNFi-S 

cellulose 

N,N-

Dimethylac

etamide 

(DMAc) & 

Maleic 

anhydride 

-- 0.155 Dispersibility and 

polymerizability  

[71] 

Spray dried 

cellulose 

nanocrystals  

Lauroyl 

chloride 

 Pyridine  0.2,0.8,2.4 Hydrophobicity  [61] 

Banana peel 

and bract 

Acetic 

anhydride 

/Lauroyl 

chloride  

H2SO4  2.18 and 

2.43 

Thermal stability  [72] 

DMAP  2.12 and 

2.34 

Cotton linters   Acetic/ 

butyric / 

hexanoic/ 

valeric  

Pyridine/ 4-

dimethylami

nopyridine / 

pyrrolidinop

yridine 

2.4 Compatibility of 

LDPE matrix 

[73] 

Cotton linters  3-

mercaptopr

opionic 

acid & 

hexane  

lipase -- Thermal stability [74] 

CNF reinforced synthetic biopolymer composites 

The bio-based polymers are synthesized from the monomers extracted from renewable 

resources. The renewable resources such as lactic acid and microorganisms or bacteria were used 
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for the extraction of monomers. Polyhydroxyalkanoates (PHA), Polyhydroxybutyrate (PHB) and 

Poly lactic acid (PLA) were the biopolymers synthesized from natural monomers and were used 

with CNF /CNC for the development of composite materials. 

The PHA/PHB are natural thermoplastics synthesized from the monomers extracted from 

microorganism. They are manufactured in commercial scale for developing bio-based packaging 

films. Different types of nanomaterials such as CNF/CNC were used as reinforcement materials 

to develop them as potential materials for different product applications. These materials were 

found suitable for conventional plastic material processing methods [75]. The brief overview of 

mechanical properties of CNF reinforced bio-based polymer composite films developed are given 

in Table 2-5.  

Table 2-5. Manufacturing methods and properties of PHB-CNF/CNC composites  

Composite 

Composition 

Composite 

Production 

Method 

TS$  

(MPa) 

YM#  

(GPa) 

WVP**  

(gs-1m-1Pa-1) 

Ref. 

PHB+ 2% CNC Dissolved in PHB 

in N, N-

Dimethylformamide 

(DMF) and 

sonicated with 

CNC. Cast and 

dried @ 80°C for 

12h. 

24 1.9 7.5× 10–13 

[76] 

PHB+ 4% CNC 25 2 1.1× 10–12 

PHB+ 6% CNC 28 2.4 7.7 × 10–13 

PHBHª+ 0.5% 

CNF 
Cast CNF film 

freeze at -30°C. 

Ground and mixed 

with PHBH 

granules. Extrusion 

of filament and 3D 

printing 

 18.0 ± 0.6  0.807 

± 

0.074  

-- [77] 

PHBH+1% CNF  14.9 ± 0.7  0. 770 

±0.0 

44  

PHBH+3% CNF 11.7 ± 1.5   0.681 

± 

0.112  

PHBV b+ 1% 

CNF 

37.81±0.28 0.586±

0.022 
-- [78] 
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PHBV+ 2% CNF Melt compounding 

with twin screw 

extruder 

36.46±0.41 0.604±

0.023 

PHBV+ 3% CNF 35.42±0.53 0.612±

0.025  

PHBV+4% CNF 33.67±0.32 0.622±

0.017  

PHBV+5% CNF 32.25±0.45 0.646±

0.022 

PHBV+6% CNF 31.08±0.32 0.724±

0.0189 

PHBV+7% CNF 29.11±0.39  

0.793±

0.024 

PHBV+ 1% CNC 37.36±0.65 0.586±

0.027 

PHBV+ 2% CNC 36.34±0.5 0.604±

0.023 

PHBV+ 3% CNC 35.85±0.64 0.612±

0.025 

PHBV+4% CNC 34.64±0.6 0.622±

0.0168 

PHBV+5% CNC 33.28±0.57 0.646±

0.022 

PHBV+6% CNC 32.78±0.54 0.724±

0.019 

PHBV+7% CNC 32.01±0.5 0.793±

0.024 

$TS- Tensile strength, # YM-Young’s modulus, **WVP- Water vapor permeability, ª3-

hydroxybutyrate-co-3hydroxyhexanoate and b3-hydroxybutyrate-co-3hydroxyvalerate  

 

The PLA is a kind of bio-based polymers which possesses interesting mechanical 

properties, transparency and crystallinity and capability to process in conventional processing 

methods [79, 80]. In order to extend the application of PLA material to the wide range of product 

categories by increasing its toughness and barrier properties, it was reinforced with cellulose 
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nanofibrils (CNF) or cellulose nanocrystals (CNC) and manufactured as PLA-nanocellulose bio 

composites. 

The CNF/CNC and PLA of PLA-nanocellulose bio composites are incompatible due to the 

hydrophilic and hydrophobic nature of CNF/CNC and PLA. The poor interfacial adhesion between 

CNF/CNC and PLA exhibited poor mechanical properties of their nanocomposites. One of the 

methods adopted to increase the interfacial adhesion of two constituent materials is blending 

CNF/CNC and PLA with the compatibilizers. Arjmandi et al. (2015) developed a hybrid composite 

material from PLA, CNC and montmorillonite (MMT). The highest tensile strength was observed 

for the composite with MMT of 4 parts per hundred of PLA and CNC of 1 part per hundred of 

PLA. The thermal stability of composite material was also improved due to the better dispersion 

of CNC and MMT in PLA matrix material [81].  

Dhar et al. (2017), synthesized dicumyl peroxide coated PLA – CNC composites by 

reactive processing technique with different compatibilizers such as MMT, nanosilica, alumina, 

carbon nanofiber, coconut oil and olive oil. The thermomechanical properties of the composite 

films were improved with different compatibilizers whereas the oxygen and water vapor barrier 

properties were reduced to the extent of 20 – 65 % and 27 – 50 % respectively [82]. Meng et al. 

(2018), investigated the mechanical strength of PLA-CNF composites with epoxidized soybean 

oil. They found that the mechanical properties were increased 5 to 10-fold for the lower CNF 

loading percentage (10 w%) [83]. 

The CNF/CNC surfaces were also modified by different surface treatment processes such 

as monomer grafting, silylation, acetylation and esterification before reinforcing into PLA matrix 

phase. Raquez et al (2012), used CNC modified with trialkoxysilanes in their PLA-CNC 

composites and recorded the improvement in thermomechanical properties [84]. In Song et al. 
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(2014), research studies, the hydrophobic butyl acrylate was grafted into CNF by radical 

polymerization reaction and mixed with PLA to prepare composite by solvent casting method. The 

lowest water vapor transmission rate (WVTR) was observed for 1% CNF composite [85]. Robles 

et al. (2015) modified the CNF with 3-aminopropyltriethoxysilane by silylation process and CNC 

with dodecanoyl chloride by esterification process. The composite was prepared in twin screw 

extruder for reinforcement loading of 0.5, 1 and 2 %. The ductility of composite was decreased 

while reinforcing more crystalline material [86]. Chi et al. (2017) modified the CNC surface with 

environment friendly lauric arginate and fabricated the PLA-CNC composite film by solvent 

casting method. The surface modified CNC with loading percentage up to 5 increased the 

interfacial adhesion between CNC and PLA and also facilitated the better dispersion of CNC in 

PLA matrix phase [87]. The investigations on PLA-CNF composites are briefed in Table 2-6. 

Table 2-6. Manufacturing methods and properties of PLA-CNF/CNC composites  

Composite 

Composition 

Composite 

Production 

Method 

TS$ 

(MPa) 

YM#  

(GPa) 

EOB* 

 (%) 

WVP** 

× 10−11 

(g/m S 

Pa) 

Remarks Ref. 

PLA Acetylated 

CNF with 

acetic 

anhydride & 

acetic acid. 

Solvent cast 

film  

15.24 1.17 40.3 1.87 5% CNF 

had rough 

surface 

due to 

reduced 

compatibil

ity with 

bio 

polymer 

[88] 

PLA+1% 

CNF 

16.7 1.13 64.8 2.01 

PLA+3% 

CNF 

33.1 1.2 188.9 2.04 

PLA+5% 

CNF 

30.5 2.12 14.6 2.5 

PLA Acetylated 

CNC with 

anhydride 

acetic & 

pyridine. 

Solvent cast 

film  

52.7 2.7 

-- -- -- [89] 

PLA+1% 

CNC 

57.9 2.8 

PLA+2% 

CNC 

60.1 2.9 

PLA+3% 

CNC 

66.2 3.2 
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PLA @25° C CNF in N-

methylmorp

holine - N 

oxide 

solvent. 

Compressio

n molding 

48.2 -- 21 -- Presence 

of CNF 

did not 

affect the 

crystalliza

tion [90] 

PLA+2% 

CNF @25° C 

50.7 12 

PLA @45° C 25.5 480 

PLA+2% 

CNF @45° C 

34.2 10 

PLA @55° C 8.2 640 

PLA+2% 

CNF @55° C 

11.4 400 

PLA+2% 

CNF @25° C 

Electro spun 

CNF in N-

methyl 

morpholine 

- N oxide 

solvent and 

compression 

molding  

46.3 -- 17 -- -- 

[90] 
PLA+20% 

CNF @25° C 

54.1 6 

PLA PLA -CNF 

casting and 

crushing. 

Extrusion 

and 

injection 

molding. 

58.9 2.9 3.4 -- Comparab

le results 

with 

composite 

theoretical 

material 

model  

[91] 

PLA+1% 

CNF 

63.1 3.3 2.8 

PLA+3% 

CNF 

65.1 3.4 2.7 

PLA+5% 

CNF 

71.2 3.6 2.7 

$TS- Tensile strength, # YM-Young’s modulus, *Elongation at break& **WVP- Water vapor 

permeability 

Environmental performance of biopolymers  

The current concern on fossil resource depletion and environmental protection increased 

the attraction on biopolymers for packaging film production. The packaging films developed from 

polysaccharide-based biopolymers and their nanocellulose reinforced composites showed 

comparable material characteristics with fossil-based polymer materials such as low-density poly 

ethylene (LDPE) and polypropylene (PP) [93]. The environmental performance biopolymers are 

important while considering biopolymers as substitute materials for fossil-based polymer resin. 
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The evaluation of environmental impacts of biopolymer packaging films is the crucial pressure 

and growing interest among material researchers.  

Many LCA studies were performed to assess environmental burdens created by 

polysaccharide-based biopolymers used for the manufacturing of packaging films. They were 

conducted to elaborate environmental impact of natural biopolymers such as cellulose nanofibrils 

(CNF), cellulose nanocrystals (CNC), chitosan and starch. Li et al. (2013) investigated the LCA 

of four different CNF manufacturing methods. They evaluated CNF manufacturing processes 

comprising tempo-oxidation & sonication, tempo oxidation & homogenization, chloroacetic acid 

etherification & sonication and chloroacetic etherification & homogenization. It was concluded 

that the CNF manufacturing method by tempo oxidation and homogenization treatment had the 

lowest environment impacts in terms of energy use and global warming potential. The chloroacetic 

etherification and tempo oxidation pretreatment processes contributed higher environmental 

impacts [31].  

Arvidsson et al. (2015) investigated three manufacturing methods of CNF from wood pulp. 

The combination pretreatment and main treatment used for this study were enzymatic with micro 

fluidizer, carboxy methylation with microfluidizer and only main treatment by homogenizer. It 

was found from the study that the enzymatic manufacturing process had lower environmental 

impact and carboxy methylation had higher environmental impact due to the consumption of more 

solvent made from fossil resources [32].  

Muñoz et al. (2018) investigated the LCA of chitosan and chitin manufactured from snow 

crab and shrimp shells in Europe and India. Their study revealed that the global warming potential 

(GWP) and water depletion were high in the Europe manufacturing plant where as the acidification 

and the eutrophication were high in Indian manufacturing plant [94]. Dinkel et al. (1996) 
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performed LCA of thermoplastic starch (TPS) polymers with a goal to compare the results with 

low-density polyethylene (LDPE) polymer. It was inferred from LCA study that TPS had better 

advantage while compared to LDPE in energy demand, GHG emissions, human toxicity and 

salinization except for eutrophication. The CED and GWP results of LCA studies on natural and 

bio-based polymers are briefed in Table 2-7. 

Table 2-7. Cumulative energy demand (CED) and global warming potential (GWP) of bio-based 

polymers 

Biopolymer CED 

(MJ/Kg of 

polymer) 

GWP  

(kg CO2 eq. 

/kg of 

polymer) 

Remarks Ref. 

CNF 

14589 984 Bleached kraft pulp processed by Tempo 

Oxidation & Sonication processes 

[31] 

3470 190 Bleached kraft pulp processed by Tempo 

Oxidation & Homogenizer processes 

17352 1155 Bleached kraft pulp processed by 

Chloroacetic acid Etherification & 

Sonication processes 

6481 364 Bleached kraft pulp processed by 

Chloroacetic acid Etherification & 

Homogenizer processes 

107 0.905 Bleached kraft pulp processed by 

Enzymatic pretreatment & Microfluidizer 

treatment 

[32] 

1992 101 Bleached kraft pulp processed by 

Carboxy Methylation & Microfluidizer 

350 1.71 Bleached kraft pulp processed by No 

pretreatment & Homogenizer treatment  

86 0.78 Unbleached kraft pulp processed by 

Enzymatic pretreatment & Microfluidizer 

treatment 

1771 97.481 Unbleached kraft pulp processed by 

Carboxy Methylation & Microfluidizer 

240 1.21 Unbleached kraft pulp processed by No 

pretreatment & Homogenizer treatment  
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Chitosan-

Resin 

-- 12.2 -- 
[94] 

TPS - Film 
29.3665 1.131 Waste Management: 80% incinerated and 

20% landfilled 
[95] 

PHA - Resin 

by 

Fermentation 

81 -- -- 

[96] 
PHA - Resin 

Other 

processes 

66~573 -- -- 

PHA - 

Carrier bags 

81 34 Environmental impact due to film 

production was ignored 
[97] 

PLA - Resin 
54.1 2 PLA from Nature work was used by 

Cargill Dow LLC for study 
[98] 

PLA -Resin 54 3.45 Waste Management: Incineration [96] 
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Abstract 

The increasing demand for cellulose nanofibrils to produce various bio-based products 

requires an efficient manufacturing process to produce consistent and acceptable quality. In this 

study, the methods to produce high solid content cellulose nanofibrils (CNF) from mechanical and 

mild alkaline treatments of fluff pulp by a high-pressure homogenizer were investigated. A 

combination of carboxymethylcellulose (CMC) dispersion-ball milling and NaOH swelling-ball 

milling processes were developed as pretreatment methods to effectively reduce the fiber 

dimensions before high-pressure homogenization. The cellulose slurry with three-fold higher 

concentration was processed in a homogenizer to produce up to 6% solid content CNF. The CNF 

had an average fibril width of 30 nm. A combination of NaOH swelling and 75 min ball milling 

treatment increased the CNF crystallinity by 12% with a slight increase in thermal stability. In 

conclusion, a mild NaOH treatment of short fibers increased the solid content with consistent 

quality CNF. 

Keywords: Cellulose nanofibrils. Ball milling. Homogenization. Solid content. Crystallinity. 

Thermal stability 
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Introduction 

Nanocellulose is the nanosized polysaccharides having both amorphous and crystalline 

cellulose comprised of D-glucose units linked by β-1, 4 glycosidic bonds. It is one of the promising 

nanomaterials for the development of bio-based and environment-friendly products due to its 

abundant availability, biocompatibility, biodegradability, and high material properties such as high 

aspect ratio, specific area, crystallinity, and tensile strength, and ability to form hydrogen bonding 

with other materials [1-5]. The surface modification and functionalization of nanocellulose have 

expanded its widespread application in various sectors of biomedical, pharmaceutical, food, 

packaging, electronics, and cosmetics [6-8]. Therefore, the market demand for nanocellulose has 

been increasing every year and is projected to be about 6 million metric tons [9]. Nanocellulose is 

produced in various forms and is often related to the source of biomass. Forest wood and plant 

biomass produce two types of nanocellulose: cellulose nanofibrils (CNF) and cellulose 

nanocrystals (CNC). In addition, the nanocellulose produced from the synthesis of bacterial 

microorganisms is bacterial cellulose (BC) often studied in the biomedical fields. The other forms 

of nanocellulose include tunicate cellulose nanocrystals (t-CNC) and algae cellulose particles (AC) 

which are isolated from tunicates and algal biomass [10, 11] 

The most common types of nanocellulose are CNF and CNC and are predominantly 

produced from forest wood and plant biomass. CNF/CNCs exist as microfibril bundles in the cell 

walls of plants and wood. The microfibrils are connected by many strong interfibrillar hydrogen 

bonds to form cellulose macrofibres. Nanocellulose with 5 to 30 nm width and an aspect ratio 

greater than 50 are defined as CNF, and with rod-like structure, a width of 3 to 10 nm and aspect 

ratio less than 50 are defined as CNC according to the standard definition of nanomaterials by 

Technical Association of the Pulp and Paper Industry (TAPPI) [12]. A single micron-sized 
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cellulose fiber consists of numerous CNC and CNF. They are extracted from biomass resources 

by chemical, mechanical and enzymatic processes. The acid hydrolysis is most widely followed 

for the extraction of crystalline CNCs from delignified cellulose pulp and cotton fibers. However, 

the consumption of acids (64%) and low yield (~50%) poses a great challenge in the 

commercialization of CNC manufacturing process [13, 14]. 

The CNFs are manufactured from wood-based cellulose pulps through mechanical 

disintegration devices such as disc refiner, homogenizer, ball mill, microfluidizer, and ultrafine 

grinders [15-18]. The diluted cellulose pulp slurries were subjected to shear, impact, and cavitation 

pressure in mechanical processing units to break interfibrillar hydrogen bonds and to isolate 

nanostructured fibrils. The energy requirement of such processes varied from 12,000 to 70,000 

kWh t-1. In addition to high energy consumption, clogging and poor dispersibility of long fibers 

reduced the fibrilization efficiency mechanical process [19-23].  Moreover, the extracted CNFs 

showed widespread distribution in width (3 to 90 nm) and length (200 to 500 nm) [24]. To reduce 

the high energy consumption and to ease the fibrilization process, different chemical and 

mechanical pretreatment methods were investigated to produce CNF [25, 26]. The energy 

consumption of such manufacturing methods was reduced to the range of 1500 to 500 kWh t-1 

[10]. However, the quality of isolated CNFs was inconsistent due to the poor dispersibility and 

agglomeration of cellulose in the input slurries.  

The cellulose fibers from wood and plant-based resources are more prone to agglomeration 

and formation of network structure due to more unordered cellulose and cellulose Iα on fibril 

surface to make them stickier [27]. The agglomerated and network-structured cellulose fibers 

caused the clogging in the homogenizer valve and reduced fibrillation efficiency for increased 

cellulose concentration in the input slurry. The chemical pretreatment processes such as 
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chloroacetic acid etherification, carboxymethylation enzymatic hydrolysis, and TEMPO oxidation 

were studied to modify the surface and structure of cellulose for the improvement of fiber 

dispersibility during CNF isolation processes [28-30]. These processes consumed a considerable 

amount of hazardous chemicals and even led to low yield, and increased greenhouse gas emissions 

[31, 32].  

The mechanical processes such as valley beater and PFI mill were also used to refine and 

improve dispersibility [23, 33]. The cellulose slurry with the concentration of 10 and 1.5 % was 

able to disperse in the PFI mill and Valley beater respectively. But, these pretreatment processes 

were not efficient in reducing fiber width and length [34]. The CNF fibrilization from lower 

concentration cellulose slurry and larger fiber width and length, increased the number of passes 

and clogging in a homogenizer and reduced the solid content percentage in CNF hydrogel.  The 

CNF having fibril width of less than100 nm and 1% solid content was manufactured by passing 

cellulose slurry, 10 times through a grinder after processing 30 and 14 times in a refiner and 

homogenizer, respectively [35]. The CNF hydrogel with lower solid content increases bulk volume 

and causes transportation and handling issues. Moreover, the widespread distribution of fibril 

width attribute to inconsistent mechanical and physical properties of products produced from them 

[24]. Therefore, it is important to develop methods to produce highly dispersible, high solid 

content, and consistent quality CNFs for industrial applications.  

The production of CNF was focused on mechanical fibrillation of long-fiber cellulose 

fibers into CNF [17, 23]. An earlier study by Lee and Mani (2016) found that the size reduction of 

fluff pulp by knife milling process not only reduced the fiber dimensions but also improved the 

fibrillation process to produce CNF.  It was hypothesized that the use of short fibers will ease the 

mechanical fibrillation process and produce consistent quality CNF. A further reduction in fiber 
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dimension can be possible by the ball milling process and limited studies in the literature were 

investigated on the effect of ball milling of cellulose fibers on the production of CNF.  In addition, 

the use of carboxymethylcellulose (CMC) as a dispersing agent to minimize fibril agglomeration 

was investigated and reported that the -CH2COO- groups of anionic CMCs were adsorbed into 

cellulose fiber surface in the CMC dispersion process. More specifically, when CMC was added, 

the electrostatic repulsive force was induced between cellulose fibers to move them apart and exert 

uniformly distributed mechanical disintegration force on cellulose fibers [36, 37]. An alkaline 

treatment by low concentration (2%) sodium hydroxide (NaOH) was used to swell cellulose fibers 

before the fibrillation process and the resultant CNF exhibited improved thermal stability and 

dispersibility. The low cell-wall cohesion of swollen cellulose fibers improved the delamination 

and enabled ease isolation of fibril from bundles [10, 38, 39]. Therefore, the objectives of this 

study were to investigate the effects of ball milling in combination with CMC as a dispersing agent 

and NaOH as a swelling agent on high-pressure homogenization of fluff pulp and to determine the 

physical and mechanical properties of high-solid content CNFs.  

Materials and methods 

Materials  

The cellulose powder for our study was manufactured from fluff pulp manufactured from 

forest biomass and was procured from a commercial paper mill in Georgia, U.S.A. The dried pulp 

size was reduced using the laboratory heavy-duty knife mill (Retsch SM 2000, Germany) with a 

0.25 mm screen and three grinding passes. The three-pass shear cut cellulose powder was dried in 

an oven for 24 hours and was used as a feedstock for this study. Sodium carboxymethyl cellulose 

(CMC) (molecular weight (M.W) ~250,000 and degree of substitution 0.9) supplied by Sigma 

Aldrich was used as a dispersing agent and reagent grade sodium hydroxide (NaOH) in the form 
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of beads, purchased from Amresco was used as a swelling agent. A standard CNF produced by the 

University of Maine was purchased and used as a reference sample (Ref.).   

CNF Production 

The CNFs were fibrillated from three-pass knife milled fluff pulp by the combination of 

pretreatment methods and high-pressure homogenization process as shown in the Figure 3-1.  

 

Figure 3-1. CNF production from pretreated cellulose powder 

 

Pretreatment of knife milled cellulose  

The fluff pulp was knife milled to produce cellulose powder and was treated by two 

different pretreatment methods namely CMC dispersion and NaOH swelling treatment followed 

by ball milling at various milling time to produce high-solid CNF in a high-pressure homogenizer. 

For CMC dispersion treatment, the 10% (w/v) of cellulose slurry in deionized water (DI) was 

prepared from knife-milled cellulose powder by mixing with 2% (w/w) CMC and heated at 80°C 

for 2h in a hot plate magnetic stirrer plate. The CMC dispersed cellulose slurry was treated in a 

vibratory ball mill (Retsch GmbH, Germany) with a 50 ml mill-jar and a 25 mm diameter stainless-

steel ball. The high impact and shear forces by the vibratory motion of mill-jar and ball broke the 

hydrogen bonds between the cellulose fibers reduced their dimensions.  About 10 g of CMC treated 

cellulose slurry was taken in the mill-jar along with ball and processed at 20 Hz vibration frequency 

and at various ball milling time as shown in the Table 3-1. After each treatment, the slurry samples 

were collected and stored at 4° C in a container for homogenization process. The CMC treated 
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sample without ball milling was chosen as a control sample. For NaOH treatment, the 10% (w/v) 

cellulose slurry was prepared from the cellulose powder and was soaked with 2% (w/v) NaOH 

aqueous solutions at 4°C for 24h. The swollen cellulose was neutralized with acetic acid and 

washed in DI water to remove excess NaOH as similar to the procedure described by Lee et al., 

(2016). The neutralized cellulose slurry was ball milled at various ball milling time as listed in the 

Table 3-1.  

Table 3-1. Experimental plan for different pretreatment conditions  

Sample ID 
Dispersion / 

swelling agents 

Ball mill treatment 

time  

(min) 

Remarks 

0MC 

2% CMC (w/w of 

knife milled 

cellulose powder) 

0 Control sample 

15MC 15 

Type 1-test 

samples 
45MC 45 

75MC 75 

15MN 

2% NaOH in 

aqueous solution 

15 

Type 2-test 

samples 

45MN 45 

75MN 75 

CNF fibrilization process  

The CNFs were primarily fibrillated from cellulose slurries at high-pressure homogenizer 

(APV-1000, SPXFLOW, U.S.A). The cellulose slurries were homogenized at 700 bar pressure. A 

positive displacement pump in the homogenizer circulated the cellulose slurry through a ceramic 

homogenizer valve at high pressure. The strong turbulence and cavity pressure generated at the 

homogenizer valve disrupted the intra and inter molecular hydrogen bonds of micro cellulose fiber 

bundles and fibrillated CNF.   The 1% (w/v) CMC dispersed cellulose slurry was processed in a 
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high-pressure homogenizer to complete the manufacturing of CNF control samples. While 

increasing the cellulose concentration beyond 1% in control CNF sample production, the entangled 

fiber networks caused the clogging in homogenizer valve and prevented the CNF fibrilization. The 

cellulose slurry with 3% (w/v) concentration was able to process in the homogenizer for the test 

CNF sample production after CMC dispersion-ball milling and NaOH swelling-ball milling 

pretreatments. The pretreatment processes reduced the fiber dimensions and improved the 

dispersibility of cellulose fibers to increase the cellulose concentration to 3% (w/v) in the 

production of test CNF samples. The control and test sample input slurries were passed seven times 

to obtain stable CNF hydrogel. The initial temperature of cellulose slurry was 25° C and reached 

80° C during the completion of homogenization processes.  Three CNF replications were prepared 

from control and test type samples by homogenization treatments. Finally, all homogenized 

samples were centrifuged (5430 R Centrifuge, Eppendorf, Germany) at 6000 rpm at room 

temperature for 20 min to remove excess water from CNF hydrogel. The CNF samples were stored 

in a refrigerator at 4° C before using it for the characterization studies.  

Optical microscope imaging  

The dimensions of control and ball mill pretreated cellulose slurries were measured on 

DMLS2 optical microscope (Leica Microsystems, Germany). The samples were suspended in 

distilled water with 0.2% concentration and a drop was placed between the glass slide and 

coverslip. The images were captured for the magnification-20x, gain-1.0, and exposure time-100 

ms. The length and width of fibers were measured using ImageJ software for analysis 

(Nechyporchuk et al. 2015; Vanderghem et al. 2012).  
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Total Solid content  

The total solid content of the CNF was determined by drying the CNF samples in a convection 

oven. The oven temperature was set at 100 ± 5 °C. A known amount of CNF sample was weighed 

(𝑊𝑖) and dried in the oven for about 12 hrs or until no change in the dried sample weight. The 

dried CNF sample was taken out and weighed (𝑊𝑓) to determine the total solid content using the 

following equation. Each test was repeated three times. 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
 𝑊𝑓

𝑊𝑖
× 100 

𝑊ℎ𝑒𝑟𝑒 

 𝑊𝑓 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝑁𝐹 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑦𝑖𝑛𝑔  

 𝑊𝑖 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝑁𝐹 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑟𝑦𝑖𝑖𝑛𝑔 

Zeta potential 

The Zeta potential values of CNF samples were determined by the electrophoretic light 

scattering (ELS) technique employed in the NanoBrook 90Plus zeta instrument (Brookhaven 

Instruments Corporation, U.S.A). A solid-state laser with 35 mW and 660 nm wavelength was 

used as a light source. The CNF sample suspension with 0.1 wt.% concentration was used for the 

measurement of 5 sequential readings with four replications.    

Fourier-transformed infrared spectra (FTIR)  

The chemical structure of CNF samples was characterized by FTIR spectra. The CNF films 

were manufactured by the film casting method and dried in a desiccator for 24 h before FTIR 

spectra measurements. The FTIR spectra for each sample were collected in absorbance mode using 

a Nicolet 6700 VariGATRTM spectrometer (Thermo Electron Corporation, U.S.A.). The CNF 

films were scanned with a resolution of 4 cm-1 in the range of wavenumbers from 4000 to 600 cm-

1 and each test was triplicated. 
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X-ray diffraction (XRD) 

The crystalline structure of CNF samples was studied by the D8 Advance model XRD 

system (Bruker, U.S.A) having X-ray source-Co tube and wavelength-1.79037 Å. The system was 

operated at 35kV voltage and 40mA amperage. Three replications from each sample were analyzed 

for diffraction angle (2θ) in the range of 10 to 40° and with the rate of 6°/min.  The crystallinity 

index (CI) was calculated from crystalline peaks corresponding to the crystalline and amorphous 

regions as defined by International Center for Diffraction Data (ICDD) and using the following 

relationship for three replications. 

𝐶𝐼 =  
𝐼0 0 2− 𝐼𝑎𝑚

𝐼0 0 2
× 100…………. (1) 

𝐼0 0 2 = 𝑃𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑓𝑜𝑟 2𝜃 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 26° 𝑎𝑛𝑑 27° 

𝐼𝑎𝑚 = 𝑃𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑠 𝑟𝑒𝑔𝑖𝑜𝑛 𝑓𝑜𝑟 2𝜃 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 21° 𝑎𝑛𝑑 22° 

Scanning electron microscope (SEM) imaging 

The SEM images of CNF films were used to determine the width distribution of CNF 

samples manufactured. The CNF films were coated with gold-palladium in Leica Mikrosysteme 

GmbH sputtering unit (coating thickness: 15 nm). The images were obtained from Thermo Fisher 

Scientific (FEI) Teneo (Thermo Fisher Scientific, Hillsboro, OR, USA), a field emission scanning 

electron microscope with an accelerating voltage of 5kV and spot size of 8 nm for three 

replications.  

Thermal degradation analysis 

The thermogravimetric analysis (TGA) was performed to study the thermal degradation 

behavior of CNF samples. The SDTA851e thermogravimetric analyzer (Mettler Toledo, U.S.A.) 

and STARe data analysis software were used to determine the thermal degradation temperature of 
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each sample. The CNF samples were heated in the range of 25 to 600 °C with a rate of 10 °C/min 

under an inert atmosphere of nitrogen and with a gas flow of 50 mL/min. The sample mass between 

5 to 9 g was used. 

Tensile test 

The tensile properties of CNF films were determined by the film cast method. The dried 

CNF films were conditioned at 23° C and 50% RH for 24 h in a desiccator before tensile testing. 

The tensile tests were performed according to the ASTM D882 (Standard Test Method for Tensile 

Properties of Thin Plastic Sheeting). Five replications from each CNF sample were tested. A AGS-

X tensile tester (Shimadzu, Japan) with a 1 kN load cell was used at 50 mm/min crosshead speed. 

The tests were performed at ambient temperature. The ultimate tensile strength and Young’s 

modulus were recorded for the analysis. 

Statistical analysis 

The effect of ball milling time on fiber dimension reduction, solid content percentage, and 

fibril width was studied by the one-way ANOVA method. The multiple comparison method was 

also performed to determine which sample mean was different from others. The MATLAB 

software was used for statistical analysis and tests were conducted for the significance level of 5%.  

Results and discussion 

Effects of pretreatment on cellulose fiber dimensions  

The untreated and pretreated knife-milled cellulose powder sample images were captured 

using the optical microscope to measure the fiber dimensions. The untreated knife-milled cellulose 

powder had an average fiber width of 32.60 ± 5.80 µm and length of 308.52 ± 200.91 µm. The 

increase in ball milling time reduced the fiber dimensions with CMC and NaOH treatment as 
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shown in Figure 3-2a and 3-2b. When CMC was used as a dispersing agent to prevent fiber 

agglomeration, the increase in ball milling time gradually reduced the fiber dimensions. An 

extensive reduction in fiber dimension was achieved at the ball milling time of 75 min when treated 

with CMC. On the other hand, when the cellulose fibers were treated with 2% NaOH as a swelling 

agent, there was a drastic change in the fiber dimension at the initial ball milling time of 15 min. 

A further increase in ball milling time did not substantially change the fiber dimensions.  During 

ball milling, the collision of ball media on the treated cellulose fibers exerted repeated impact and 

shear load on them [40]. The continuous impact on cellulose fibers by the ball and mill-jar wall 

transferred kinetic energy to weak and break off hydrogen bonding and caused the reduction in 

fiber dimensions [18]. In overall, a combination of NaOH treatment with 15 min ball milling was 

effective in reducing the fiber dimensions before homogenization. The treatments of cellulose fiber 

by CMC dispersion/NaOH swelling along with ball milling reduced the fiber dimensions (width 

and length) up to 80% from the original dimensions.  

The one-way ANOVA test showed that there was a significant reduction in cellulose fiber 

dimensions by the combination of dispersing/swelling agent (CMC/NaOH) and ball milling 

pretreatment methods (See supplementary document - Table 3-S1 and 3-S2). The multiple 

comparison test on the cellulose fiber dimensions of control and ball-milled samples was 

significantly different from the control sample (see the supplementary document – Figure 3-S1 

and 3-S2). The mean fiber length of pretreated samples was significantly different among all 

combinations of pretreatment except for the 15MC sample (CMC dispersed and 15min ball 

milled). The CMC dispersion in the pretreatment process did not significantly change the mean 

width for 15- and 45-min ball milling times. Whereas, there was a significant reduction in the mean 

length of CMC dispersed slurries at all milling time. The hydrogen bonds of cellulose networks 
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were mainly affected by ball mill treatment in the CMC dispersion–ball milling pretreatment 

process. The swelling of cellulose fiber with NaOH followed by 15 min ball milling significantly 

reduced the fiber length. The cell wall reduction by NaOH swelling made the cellulose fibers more 

susceptible to weaken the intramolecular hydrogen bonds and to reduce width and length even for 

lower ball milling time. Most cellulose fiber bundles were cleaved by ball milling impacts as 

shown in Figure 3-2c. and 3-2d to enable efficient dimensional reduction.  

 

Figure 3-2. Fiber dimensions and optical microscope images of ball mill treated cellulose fibers. 

a) Comparison of cellulose fiber width with respect to different pretreatment conditions. b) 

Comparison of cellulose fiber length with respect to different pretreatment conditions. c) Optical 

microscope image of a cellulose fiber after CMC dispersion-75 min ball milling pretreatment. d)  

Optical microscope image of a cellulose fiber after NaOH swelling-75 min ball milling 

pretreatment. 

Effects of pretreatment methods on the homogenization of cellulose fibers. 

The refined CNFs were mainly fibrillated in a high-pressure homogenizer from pretreated 

cellulose slurries. The pretreatment processes determined the concentration of knife-milled 

cellulose slurries input to the homogenizer. The 1% knife-milled cellulose slurries with NaOH 
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treatment and without ball milling was not able to be processed in homogenizer. The swollen 

cellulose fibers which had poor dispersion abilities in slurry, clogged the homogenizer valve 

assembly. However, the CMC dispersed cellulose slurry without ball mill pretreatment (control 

sample), was able to process with a maximum concentration of 1%. Increasing the concentration 

of cellulose input slurry more than 1% resulted in pressure fluctuation and clogging of fibers in 

the homogenizer valve. The CMC dispersion-ball milling and NaOH swelling-ball milling 

pretreatment processes reduced fiber dimensions and thereby increased the dispersibility to enable 

the processing of 3% concentration cellulose slurries in a homogenizer for the production of test 

CNF samples. The turbulence, shear, and cavitation pressure exerted on cellulose fibers effectively 

fibrillated CNF in the homogenizer. While increasing slurry concentration beyond 3% 

concentration, the pumping ability of homogenizer decreased and CNF fibrilization reduced after 

few passes for the all test samples. It was observed that the increases in ball mill time from 15 min 

to 75 min did not play a significant influence in increasing the input slurry concentration beyond 

3%.  

The homogenized CNF samples were centrifuged to remove unattached free water in the 

CNF hydrogel and tested for solid content percentage (Table 3-2). The control sample (0MC) 

resulted with 4% solid content. The low cellulose concentration (1%) input slurry improved the 

dispersibility and avoided clogging during homogenization and resulted 4% solid content in 

control sample. The reduced fiber dimensions by the pretreatment methods played key role in 

increasing the solid content percentage in the CNF test samples. The CNF samples manufactured 

from CMC dispersion-15 min ball milling (15MC) and CMC dispersion-45 min ball milling 

(45MC) pretreatment methods resulted in 4% hydrogel after centrifuge as similar to control sample 

due to the minimal reduction (~20%) in fiber dimensions by pretreatment processes. The solid 
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content percentage of the CNF sample which was manufactured by CMC dispersion-75 min ball 

milling pretreatment (75MC) was increased to 6%, because of the substantial reduction (~80%) in 

fibers dimensions by the pretreatment method. The NaOH swelling-ball milling pretreated sample 

also showed a distinct solid content percentage than the control sample. The CNFs which were 

manufactured by NaOH swelling-15 min ball milling (15MN) and NaOH swelling-45 min ball 

milling (45MN) pretreatment method had 5% solid content as the pretreatment processes reduced 

the fibers dimensions more than 60% while compared to the control samples. The maximum solid 

content of 6% was found in CNF manufactured from NaOH swelling-75 min ball mill treated 

slurries (75MN) with fibers of ~ 80% reduced dimensions than the control sample.  

The one-way ANOVA test also confirmed the significant difference in solid content 

percentage due to the different pretreatment methods (Table 3-S3). Further, the multiple 

comparison test showed that the mean solid content percentage of samples manufactured by 

control sample (0MC), CMC dispersion-15min ball milling (15MC), and CMC dispersion-45min 

ball milling (45MC) pretreatment methods were significantly different from the rest of the samples 

(75MC, 15MN, 45MN and 75MN) (Figure 3-S3). The reduced fiber length in 75MC, 15MN, 

45MN, and 75MN samples decreased the entangled structure of CNF and reduced the water 

holding capacity of hydrogel [41-43].   

Dispersion stability  

The dispersion stability of CNF depends on the surface charge density of CNF emulsion. 

The strong repulsive forces would be generated by electric charges of CNF emulsion in water to 

prevent agglomeration [44, 45]. The surface charges of CNF samples were reported by zeta 

potential measurements. The nanocellulose suspension is stable while the absolute zeta potential 

value is greater than 15mV [46, 47]. The observed mean zeta potentials of Ref. and manufactured 
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CNF samples are presented in Table 3-2. The mean zeta potential values of CNF manufactured 

were close to -30 mV and were 60% higher than the Ref. sample. The higher electric charges of 

the cellulose chains indicated the higher Coulomb force between cellulose molecules. The higher 

repulsive forces between cellulose molecules  prevented the agglomeration and improved the 

dispersion stability. When the zeta potential values are higher than the absolute value of 15 mV, 

the CNF suspensions in an aqueous solution were considered stable. The dispersion of cellulose in 

water is due to the interaction of cellulose chains and water molecules through electrostatic forces. 

The electrostatic forces appear between hydrogen atoms with δ+ charge and a cellulose chain 

carrying δ- charge [44, 48]. The one-way ANOVA statistical test was conducted on zeta potential 

data of manufactured CNF samples and Ref. sample. The test showed a significant difference 

between the mean value of CNF samples (Table 3-S4). Further, it was found from the pairwise 

multiple comparison test that sample means of CNFs which were manufactured by CMC 

dispersion-ball milling and NaOH swelling-ball milling were significantly different from the mean 

value of control and Ref. sample (Figure 3-S4). The CNF isolation processes with the pretreatment 

processes reduced fiber dimensions and increased the surface area. The increased surface area of 

pretreated CNF samples resulted higher surface charges than the control and Ref. samples. The 

CMC dispersion-ball milling and NaOH swelling-ball milling pretreatments along with high-

pressure homogenization effectively controlled the CNF fibrilization with minimal variations in 

fibril dimensions to exhibit higher zeta potential.    
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Table 3-2. Solid content and zeta potential of manufactured and Ref. CNF samples 

Sample 

ID 
0MC 15MC 45MC 75MC 15MN 45MN 75MN Ref 

Solid 

content 

(%) 

4±0.5 4±0.1 4±0.3 6±0.2 5±0.6 5±0.5 6±0.7 3±1.0 

Zeta 

potential 

(mV) 

29±1.5 29±1.8 30±3.7 30±2.6 31±2.8 32±2.0 29±3.0 18±1.5 

FTIR analysis   

The chemical structure of CNF was verified by Fourier-transformed infrared (FTIR) 

spectroscopy. The spectra of CNF samples manufactured by different treatment plans and Ref. 

samples are shown in Figure 3-3. There was no significant change between FTIR spectra of CNF 

samples manufactured. Further, the absorbance intensity peaks of all manufactured CNF were the 

same as peaks of cellulose reported in the literature and the Ref. sample [49-51]. The combination 

of CMC/NaOH and ball milling pretreatment and main homogenization treatment did not produce 

any new chemical bonds or cellulose derivatives. It helped to liberate fibrils with reduced 

dimension by breaking the inter and intramolecular hydrogen bonds as reported by Nuruddin et al. 

2016 [52]. 

The characteristics peak with a broad region between 3,500 – 3,200 cm-1 corresponded to 

O-H groups' stretching vibrations. The stretching frequency at 2899 cm-1 was due to -CH groups. 

The mild peak around 1646 cm-1 frequency was attributed to the bending of -OH groups in 

absorbed water. The spectra peak of -CH2- and -C-H groups were indicated by 1430 and 1320 cm-

1 vibration frequencies [49-51]. The vibration frequencies of C-O stretching and C-OH have 

appeared in spectra at 1151 and 1112 cm-1. The peak at 1043 and 896 cm-1 were attributed to C-
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O-C skeletal vibration of pyranose rings and the deformation of β-glycosidic linkages respectively 

[53].  

 

Figure 3-3. FTIR spectra of CNF manufactured by different treatment methods 

Crystalline structure 

The crystallinity of CNF samples was studied from X-ray diffractograms and crystallinity 

index. The X-ray diffractograms of CNF samples are shown in Figure 3-4. It shows the peaks at 

2θ = 17 to 18° and 26 to 27° corresponding to cellulose crystallographic planes 1 0 1 and 0 0 2 

defined by International Center for Diffraction Data – ICDD [54]. It also implies that the cellulose 

type I was not changed into type II allomorph by any of the treatment processes. 
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Figure 3-4. XRD curves of CNF manufactured by different treatment methods  

The one-way ANOVA and multiple comparison tests inferred no difference in the mean 

crystallinity index of manufactured and Ref. CNF samples (Table and Figure 3-S5). The 

crystallinity of ~ 72 % was observed in control (0MC), Ref. and CMC dispersion-15, and 45 min 

ball mill pretreated CNF samples (15MC and 45MC). It further increased by 4% for 75 min ball 

milled sample (75MC). The impact and shear load applied over cellulose fibers were utilized 

during 75 min ball treatment to isolate fibers from the bundle and reduce amorphous regions 

without affecting the crystalline region as reported in the literature [18, 52, 55]. The NaOH treated 

samples showed slightly higher crystallinity than the CMC dispersed samples. The crystallinity 

was about 2 and 11% more for 15- and 45-min ball mill pretreated samples (15MN and 45MN) 

compared to the control sample. The NaOH swelling and ball milling processes decreased the 

surface amorphous regions of cellulose during the cell wall rupturing of the CNF fibrilization and 
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marginally increased the CI. The CI of NaOH swelling-75 min ball milling pretreated (75MN) 

sample was marginally less (2%) than the control sample. The NaOH and ball milling treatments 

disrupted only inter-fibrillar amorphous regions. However, the crystallinity was decreased by 2% 

while subjected to NaOH swelling-75 min ball milling pretreatment (75MN). The high ball mill 

time disrupted the crystalline plane and increased the amorphous regions of NaOH swollen 

cellulose fibers for the ball milling time of 75 min [39, 56].  The crystalline regions of the cellulose 

were affected by high shear and frictional forces of increased ball milling time and reduced 

crystallinity [57, 58].  

Morphological Structure 

The SEM images of CNF film samples were used to estimate the average width of cellulose 

fibrils as shown in Figure 3-5. A strong cellulose microstructure network with entangled fibrils 

was observed in the SEM images. The surface morphology of the fibrils was smooth in all the 

samples. The CMC dispersion, NaOH swelling and ball milling treatments affected the CNF fibril 

width. The control CNF sample (0MC)  had an average fibrils width of about 43±19 nm. The 

average width of fibrils in 15MC and 45MC was between 20 to 30 nm and in 75MC, 15MN, 45MN 

and 75MN less than 20 nm fibril width.   The reduction of cellulose fiber width and length to less 

than ~5 and 50 µm by pretreatment processes resulted smaller fibril width in 75MC, 15MN, 45MN 

and 75MN CNF samples.  

A one-way ANOVA analysis of fibril width on various pretreatment methods indicated 

that there was significant difference between the treated and the control CNF samples (see 

appendix -Table S6). It was also found from multiple comparison tests that the group mean of 

fibril width isolated with pretreatment processes was significantly different from the control and 

Ref. sample. The group mean of fibril width in CNF samples-15MC and 45 MC were also 
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significantly different from rest of the samples (see appendix -Fig. 3-S6).    The multi-comparison 

analysis confirmed that the reduction in fibril dimension by pretreatment processes such as CMC 

dispersion, NaOH swelling, and ball milling could significantly influence CNF fibril width. The 

impact and shear forces on cellulose fibers by the collision of balls broke the inter and intra 

molecular hydrogen bonds and reduced their dimensions in pretreatment processes. The 

consecutive pressurized flow of pretreated cellulose through nozzle ruptured the cell wall of the 

micro fibril bundles and liberated nanostructured fibrils of less than 30 nm in CNF isolation 

process at high-pressure homogenizer [59-61]. 
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Figure 3-5. SEM images of CNF manufactured by different treatment methods 

Thermal degradation analysis  

The thermal degradation behavior of CNF was studied from thermogravimetric (TG) and 

derivative thermogravimetric (DTG) curves presented in Figure 3-6. In all samples, an initial 
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weight loss of 5% was observed between 40 to 100 °C due to absorbed moisture. The second stage 

of weight was due to the thermal degradation of cellulose. The pretreatment methods comprising 

CMC dispersion-ball milling and NaOH swelling-ball milling affected the thermal degradation of 

CNF. The weight loss varied between 45 to 60% for different pretreatment methods. It occurred 

between 313 to 370 °C for all samples. The third stage of degradation continued beyond 370 °C 

and left residual masses after degradation at 650 °C. The residual masses were slightly higher for 

CNF manufacturing methods that adapted combinations of CMC dispersion and ball milling as 

pretreatment methods. The pretreatment process comprising NaOH swelling and 15- and 45-min 

ball milling produced loosely packed nanofibrils to leave reduced residual masses [62].     

The DTG curves showed the peak degradation temperature at 340°C for un-milled CNF 

(control sample-0MC) and 350 °C for all CNF manufactured by the combination of pretreatment 

methods and homogenization processes. This resembled the nanocellulose degradation behavior 

reported in the literatures [49, 63, 64]. Further, the improved thermal stability revealed the 

improvement in CNF fibrillation by the introduction of pretreatment processes [65]. The CNF, 

which was manufactured by NaOH-ball milling pretreatment process, showed improved thermal 

stability than CMC-ball milling pretreatment method. The NaOH ruptured the amorphous region 

and liberated smaller-sized particles to increase thermal stability [39].   
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Figure 3-6. Thermograms of CNF a) TG curves b) DTG curves  
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Tensile strength 

 

Figure 3-7. Comparison of tensile properties of Ref. and manufactured CNF films. a) Tensile 

strength. b)   Young’s modulus  

The comparison of maximum tensile stress and Young’s modulus of manufactured and 

Ref. CNF films are shown in Fig. 7. The deformation behavior of all CNF films was linear at a 

low strain rate of 1 to 2% and the maximum tensile stress was observed before the breaking point 

as reported in the literatures (Chun et al. 2011; Xu et al. 2018). The CMC and NaOH treatments 
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and ball milling time of the pretreatment processes affected the tensile properties of films. The 

maximum tensile stress and Young’s modulus of the control CNF sample were 57.5±6 MPa and 

4.6±0.7 GPa, respectively. The maximum tensile stress of CMC dispersion-ball mill treated CNF 

films were 65 to 73 % more than the control films. The 75MC CNF samples showed the maximum 

tensile stress of 99±5 MPa. The maximum tensile stress of NaOH-ball mill pretreated CNF samples 

were 39 to 72%  more than control films. The 75MN CNF samples exhibited the highest tensile 

stress of 105±14 MPa. The maximum tensile stress of CNF manufactured with pretreatment 

processes was within the range (80~104MPa) reported in different studies [66-69].  

The CMC/NaOH treatments and ball milling time also affected the Young’s modulus of 

the CNF films. It was 71 to 85% more than the control films for CMC/NaOH treatment with 

different ball-milling times. The CNF manufactured from CMC/NaOH treatment, and 75min ball 

milling pretreatment (75MC and 75MN) had the maximum Young’s modulus of 8 GPa. Moreover, 

the CNF samples manufactured with pretreatment processes showed about 30 and 15% higher 

tensile strength and Young’s modulus than the Ref. sample.  

The increased tensile properties of pretreated CNF samples indicated the presence of rigid 

nanofibril network structure in CNF films. The CNF fibrilization processes increased surface area 

of fibers for hydrogen bonding. The hydrogen bonded fibril network with reduced porosities 

increased the tensile strength of films prepared from pretreated CNF. It was evident from SEM 

images that a combination of CMC dispersion/NaOH swelling and ball milling effectively 

liberated nanostructured fibrils having a width up to 30 nm. The fibrils with reduced width exposed 

more hydroxyl groups for hydrogen bonding and enhanced entanglement of the network to resist 

deformation by higher tensile loading. The loosely packed network due to larger width fibrils 

resulted in lower tensile strength in control samples.   
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Conclusion 

CNF manufacturing approaches with the pretreatments comprised of CMC dispersion, 

NaOH swelling and ball milling and a homogenization main treatment was developed to 

investigate the effects of pretreatments on CNF produced from fluff pulp. The CNF was 

successfully fibrillated from the pretreated cellulose slurries with 3% concentration in a high-

pressure homogenizer at 700 bar operating pressure and seven passes.    The fiber width and length 

reduction by the pretreatment processes enhanced the dispersion abilities and prevented the 

clogging of cellulose micro bundles during homogenization process. The cellulose slurries with 

triple-fold higher concentration was able to process after subjecting to pretreatment processes. The 

CMC dispersion-75 min ball mill and NaOH-15, 45- and 75-min ball mill treatments achieved 

more than 80% fiber dimension reduction. The NaOH-15 min ball mill treatment was the most 

effective pretreatment that used least ball milling treatment time for the greater fiber size 

reductions. The CNF with maximum of 6% solid content was manufactured by CMC dispersion 

and NaOH swelling-75 min ball mill pretreatment methods. It was found from the SEM images 

that the fibrils having less than 30 nm width could be isolated with the combination of 

CMC/NaOH-ball milling pretreatment and homogenization processes. The pretreatment method 

did not influence the chemical structure and dispersion abilities. The crystallinity was increased 

by 6 and 10% for CMC-45 min ball milling and NaOH-45 min ball milling pretreatments. Thermal 

degradation study revealed marginal improvement in thermal stability by pretreatment methods. 

The tensile strength of CNF films manufactured from pretreated CNF samples was between 80 to 

105 MPa. Hence, CNF manufacturing methods with pretreatments such as CMC-ball milling or 

NaOH-ball milling and homogenization main treatment could be adapted to improve productivity 

and to obtain the consistent quality of CNF hydrogel. In the future, this manufacturing method will 
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be used to study the manufacturing of CNF from other cellulose resources such as cotton and 

agricultural waste. 
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Abstract 

The inferior water vapor permeability and water resistance properties are the major challenges that 

hindered the development of chitosan-CNF composites for packaging applications. In this study, 

the chitosan-CNF composite films were prepared with in situ crosslinking of Citric Acid (CA) to 

reduce the percent water uptake (WU) and water vapor permeability (WVP).  The composite films 

were produced by the solvent casting method with 10, 15, and 20% CNF as a reinforcement, 20, 

25, and 30% CA as a crosslinker, and 20% glycerol as a plasticizer. The crosslinking by CA is 

confirmed from the Fourier Transform Infra-Red (FTIR) spectra peak at 1710 cm-1. The lowest 

WU of 39 and WVP of 9.99 x10-7 g/Pa.s.m2 is obtained. The crosslinked composite films exhibited 

the lowest WU of 39% and WVP of 9.99 x10-7 g/Pa.s.m2 with reduced light transmittance due to 

CNF reinforcement. The scanning electron microscopy (SEM) study showed the smooth surface 

morphology of composite films. The CA crosslinking slightly decreased the tensile strength of 

composite films. However, the composite film with optimal CNF and CA concentration (25 and 

20 % respectively) exhibited comparable tensile strength with other synthetic and biopolymer 

composites and can be used as a potential biopolymer composite for packaging applications. 

 

Keywords: Biopolymer composites, Chitosan, Cellulose nanofibrils, Crosslinking, Water uptake, 

Water vapor permeability, Tensile strength. 
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Introduction 

Chitosan is the second most abundant biopolymer, next to cellulose on earth, and is a 

polysaccharide containing glycosidic bonded glucosamine monomers. It has excellent material 

properties such as optical transparency, biocompatibility, biodegradability, and nontoxicity [1, 2]. 

There is a growing interest to use chitosan-based polymers for packaging film production because 

of its attractive film forming and antimicrobial properties [3, 4]. However, the literature data 

showed that, despite these unique properties, the denser packing of chitosan molecular chains 

increased the brittleness during film formation and resulted in poor mechanical properties [5]. The 

cationic and hydrophilic characteristics of chitosan played a vital role in reducing water vapor 

barrier properties of chitosan films [6].  

The emergence of nanocellulose as potential reinforcement materials, increased the 

attraction on the development of nanocellulose based composites for the improvement of material 

properties. The most widely used nanocellulose reinforcement materials in biopolymer composite 

development are the cellulose nanofibrils (CNF) and cellulose nanocrystal (CNC). The 

nanostructured cellulose with both amorphous and crystalline regions are CNF [7, 8]. They are 

extracted from wood, plant and forest residue resources as an aqueous gel, have a width ranging 

from 5 to 30 nm and an aspect ratio greater than 50 [9]. The CNC are the crystalline form of 

nanocellulose often produced from CNF after the high concentration acid hydrolysis process. They 

have a width of 3 to 10 nm and less than 50 aspect ratios [10]. The high tensile strength, low 

thermal expansion, and reactive hydroxyl surfaces of CNF and CNC increased its functionality as 

reinforcement materials in composite materials production [11].  

The composite films of chitosan and CNF were found suitable for food and other general 

purpose packaging applications [1, 7, 12, 13]. The reinforcement of CNF having a high aspect 

ratio and specific surface area enabled numerous hydrogen bonds between chitosan and CNF and 
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increased the tensile strength [14-16]. However, the hydrophilic characteristics due to the polar 

groups of chitosan and CNF increased the hydration degree of composite film and increased the 

moisture absorbance and water uptake properties [17]. The chitosan-CNC composites were also 

developed for the improvement of chitosan material properties. The CNC reinforcement in 

chitosan improved the tensile and water uptake properties except water vapor permeability. The 

water vapor barrier properties chitosan composites were improved by reinforcing the surface 

modified CNC [18, 19]. Moreover, the production of CNC posed challenges such as high 

consumption of acids (64 %) and low yield (~50 %) to limit their use as nano reinforcement 

material and the commercialization in market [20, 21].  

The hydrophobicity of chitosan and CNF was improved by replacing hydrophilic polar 

groups with hydrophobic groups through physical and chemical reactions. The cations of 

polyelectrolytes were adsorbed into the CNF surfaces in physical CNF surface modification 

processes [22]. Whereas in chemical surface modification processes, the acyl groups (R-C=O) 

were primarily attached to the C6 hydroxyl group of cellulose molecules [23]. The CNF films 

reinforced with surface-modified nanocellulose exhibited improved hydrophobic behavior [24-

26]. 

Božič, Vivod et al. (2015) modified the hydroxyl groups of CNFs using acetic anhydride 

and Amano Lipase A enzyme and reported improvement in hydrophobicity with a contact angle 

of 84 ± 9 ° [24]. Willberg-Keyriläinen et al. (2017) studied barrier properties of CNF films, coated 

with cellulose esters. The CNF surfaces were modified by an esterification reaction using fatty 

acid chloride with anhydrous pyridine as a catalyst. The cellulose ester reduced water vapor 

transmission by 50 % [27]. Huang et al. (2017) synthesized cellulose nanocrystal (CNC) esters 

from the mixture of trifluoroacetic anhydride and fatty acids such as capric acid, lauric acid, and 
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stearic acid and reported an improved hydrophobicity (water contact angle ~ 88 to 112 °) of CNC 

films [25]. Similarly, the hydrophobicity of chitosan films was increased by modifying reactive 

groups of chitosan with acid chloride and acid anhydrides. The acyl groups (R-C=O) of carboxylic 

acid derivatives were substituted in amino group of glucosamine molecules to increase 

hydrophobicity to the significance level [28]. Trinh and Mekonnen (2018) modified CNC surfaces 

using lauroyl chloride and reinforced them in epoxy matrix phase material. The surface modified 

CNCs increased the tensile strength and contact angle of composite by 77 and 289 % respectively 

[29].  

The surface-modified CNF exhibited poor dispersibility in matrix phase polymer and 

required a two-step reaction process. Due to agglomeration and micro-voids formation at higher 

concentrations (1 & 3 %), the lowest concentration (0.5 %) of surface-modified CNF was able to 

reinforce in matrix phase polymer [30]. Further, the surface modifier and catalyst (acetic anhydride 

and pyridine) used in the esterification process were classified as extremely dangerous hazardous 

chemicals by a globally harmonized system (GHS) [31]. Limited studies in the literature have 

focused on crosslinking of chitosan-CNF composite with non-toxic and environmentally-friendly 

chemicals for the improvement of water vapor barrier properties and hydrophobicity [32, 33]. In 

this study, the chitosan-CNF composite was crosslinked using environment-friendly CA by an in 

situ approach to improve water vapor barrier property and hydrophobicity. The CA is an organic 

tricarboxylic acid having three carboxyl and one hydroxyl reactive groups for crosslinking [34].  

It formed strong ester bonds with many biopolymers and improved their functionality to use in 

various product applications [35-38]. The water resistance, water vapor permeability and 

mechanical properties of biopolymer such as protein, polyvinyl alcohols (PVA) starch, chitosan 

and cellulose were improved by CA crosslinking [39-41]. Moreover, the CA is non-toxic and safe 
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to use in food and drug administration [42]. Hence, in this study the CA was used as a crosslinking 

agent for the production of composite films.   The composite films were manufactured by the film 

casting method and characterized by FTIR, SEM, water uptake, water contact angle, water vapor 

permeability, and tensile test. Furthermore, the effects of percent CNF and CA on the hydrophobic, 

water vapor permeability, and tensile properties of composite films were studied by statistical 

method, and optimal CNF and CA mass fraction of best barrier and tensile performance was 

determined.  

Materials and methods 

Materials 

The 85 % deacetylated chitosan powder and anhydrous, American Chemical Society 

(ACS) grade, 99.5+ % crystalline citric acid were purchased from Alfa Aesar, Ward Hill, MA, 

U.S.A. The 3 % CNF was supplied by the University of Maine, Orono, Maine, U.S.A. Reagent 

Plus, ≥99 % Acetic acid, and ACS reagent, anhydrous ≥99.5 % glycerol were supplied by Sigma-

Aldrich, St. Louis, MO, USA. 

Citric acid in situ esterification process and film preparation 

The 2 % chitosan solution was prepared in a 2 % acetic acid aqueous solution [43]. The 

CNF aqueous gel was added in chitosan solution and dispersed well by mixing in a magnetic stirrer 

for 1h at room temperature (20±2 oC). The CA was added slowly to the chitosan-CNF solution and 

was heated at 80 °C for 15 min in a hotplate magnetic stirrer plate under continuous stirring to 

complete the crosslinking reaction. After the crosslinking reaction, glycerol (GLY) was added to 

the solution and was mixed for 30 min at room temperature. The mixed solution was cast in a glass 

petri dish and was dried for 24 h in the fume hood. The films were washed in deionized water to 
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remove unreacted CA and dried again in the fume hood. The dried films were stored in a desiccator 

at 23 °C and 50 % relative humidity (RH) before testing.  

A two-factor central composite design of the experimental method was used by varying the 

amount of CNF, and CA in the production of composite films. Based on the preliminary 

experiments, the mass fractions of CNF were 10, 15 and 20 % and the mass fractions of CA were 

20, 25 and 30 % considered for composite film production. A 20 % glycerol amount was kept 

constant for all variants of composite films, which change the amount of chitosan in the composite 

film as shown in Table 4-1. The chitosan films (CS) without CNF and CA were also produced 

with 20 % glycerol to compare the results. For each composite and chitosan film, an estimated film 

weight of about 0.72 g was maintained. For each experimental condition, at least five specimen 

films were produced for properties analysis.  

Table 4-1. The composite composition for the manufacture of 0.72 g packaging films with and 

without citric acid crosslinking. 

Film variants @CNF  

(%) 

#CA  

(%) 

$GLY  

(%) 

Chitosan  

(%) 

CS 0 0 20 80 

1CN 10 0 20 70 

2CN 15 0 20 65 

3CN 20 0 20 60 

1ACA 10 20 20 50 

1BCA 10 25 20 45 

1CCA 10 30 20 40 

2ACA 15 20 20 45 

2BCA 15 25 20 40 
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2CCA 15 30 20 35 

3ACA 20 20 20 40 

3BCA 20 25 20 35 

3CCA 20 30 20 30 

@CNF- Cellulose nanofibrils, #CA- Citric acid, $GLY- Glycerol 

 

FTIR spectroscopy 

The chemical structure modification of chitosan-CNF composite by the in situ crosslinking 

reaction was characterized using an FTIR instrument. The composite films were dried in a 

desiccator for 24 h and the FTIR spectra were collected using Thermo Scientific Nicolet 6700 

VariGATRTM spectrometer in absorbance mode. The spectra were recorded by scanning the 

sample in the range of wavenumbers from 4000 to 600 cm-1 with a resolution of 4 cm-1.  

Scanning electron microscope (SEM) 

The morphology of composite films was analyzed using a scanning electron microscopy 

(SEM) technique. The composite films were coated with gold-palladium for 15 nm thickness using 

Leica Mikrosysteme GmbH sputtering unit. The images were obtained from Thermo Fisher 

Scientific (FEI) Teneo (Thermo Fisher Scientific, Hillsboro, OR, USA), a field emission scanning 

electron microscope with an accelerating voltage of 5 kV and spot size of 8 nm.  

Water uptake test (WU)  

The water uptake test was conducted according to the ASTM D570-2005 (Standard Test 

Method for Water Absorption of Plastics) [44]. In this study, the five specimens from each variant 

were conditioned in a desiccator at 50 % RH and 23 °C for >24 h and weighed (Wi). The 

conditioned specimens were immersed in distilled water for 24 h at room temperature. After 24 h 

of immersion, the specimens were taken out from the water, all the surface water in the film was 



 

95 

wiped off and weights (We) were measured. The water uptake (WU) was calculated using 

following equation  

𝑊𝑈 =   [
(𝑊𝑒 − 𝑊𝑖)

𝑊𝑖⁄ ] × 100 %           

Where: 

𝑊𝑒  =  Equilibrium weight in g  

𝑊𝑖  =  Initial weight in g  

Water contact angle (WCA) 

The film sample was placed on a flat horizontal plate and 1 µl of a deionized water droplet 

was dropped on the film surface at room temperature [45]. The droplet image was recorded with a 

camera. The image analysis was performed using the contact angle plugin of ImageJ software.  

The WCA was determined from a sphere or ellipse fit on the image by selecting two points on the 

film surface and three points on the water droplet. The test was performed on four samples by 

placing the water droplet at least in three places. 

Water vapor permeability (WVP)  

The desiccant method of ASTM E96 (Standard Test Methods for Water Vapor 

Transmission of Materials) standard was used to determine the WVP of composite films [46]. Five 

specimens from each variant were conditioned at 50 % RH and 23 °C for >24 h before testing. The 

dried (at 200 °C) desiccants were filled in open mouth test cups with a mouth area of 140 mm2 up 

to the level of 6 mm from the mouth. The composite films were attached to the open mouth and 

were sealed with vinyl chloride plastic, pressure-sensitive insulating tape. All the test cup 

assemblies were placed in a test chamber maintained at 50 % RH and 23 °C. The weights of test 

cup assemblies were recorded every 24 h with an accuracy of 0.0001 g. The changes in the weight 
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of a test cup assembly over time were calculated by fitting a linear regression line on recorded 

weight data. The WVP was calculated from the following equation  

𝑊𝑉𝑃 =  𝐺
[𝑡 × 𝐴 × 𝑆 × (𝑅1 −  𝑅2)]⁄  g Pa. s. m2⁄         

𝑊ℎ𝑒𝑟𝑒: 

𝐺 =  Weight change in test cup assembly in g 

𝑇 =  Time during which G occurred in s  

𝐴 =  Test cup mouth area in m2 

𝑆 =  Saturation vapor pressure at 23 °C in Pa 

𝑅1 =  Relative humidity of chamber in fraction 

𝑅2 =  Relative humidity at the vapor sink in fraction 

Ultraviolet-visible spectrometry 

The translucence of chitosan and composite films was studied by ultraviolet-visible (UV-

Vis) spectrometry technique. The UV-Vis spectra of crosslinked and non-crosslinked films were 

obtained from Varian Cary® 50 spectrometer (Agilent Technologies, U.S.A.). The spectrometer 

was operated at 600 nm/min scan rate, 1 nm data interval and 0.1 s average time. The scan software 

version 3.0 (Agilent Technologies, U.S.A.) was used to acquire the UV-Vis data in the wave length 

range of 200 to 800 nm. The thickness of the films studied was 0.1 ± 0.01 mm. Three replications 

of each film were tested at ambient conditions. 

Tensile test 

The composite films were conditioned at 23 °C and 50 % RH for 24 h and the tensile tests 

were performed according to the ASTM D882 (Standard Test Method for Tensile Properties of 

Thin Plastic Sheeting) [47]. A Shimadzu (AGS-X) tensile tester with a 1 kN load cell was used at 
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50 mm/min crosshead speed for testing. The samples that failed at grips were ignored. The 

maximum tensile strength (TS) was recorded for the analysis.  

Statistical analysis  

The Minitab® software was used for the statistical analysis. The test results were analyzed 

using the response surface method (RSM) in the software. The goodness of fit was evaluated from 

the estimated R2 and F-values. The main effects and interaction plots were created to analyze the 

influence of CNF and CA on WU, WCA, WVP, and TS. The optimal values of the factors (CNF 

and CA) were determined by using – overlaid contour plot function. The lower and upper limits 

of all the responses were defined to the following criteria: 35 ≤ TS ≤ 45 MPa, 70 ≤ WCA ≤ 78 °, 

1.2 x 10-6 ≤ WVP ≤ 1.6 x 10-6 g/Pa.s.m2and 50 ≤ WU ≤ 54 % to determine optimum characteristics 

of the developed composite films.   

Results and discussion 

Film thickness 

The thickness of the film was measured by micrometer (PK-0505CPX, Mitutoyo 

Corporation, Japan) in five places of each replications and was 0.10 ± 0.01 mm. The change in 

CNF and CA did not change the thickness of the film. Further, all the film thickness was less than 

ASTM D4635-16 (Standard Specification for Plastic Films Made from Low-Density Polyethylene 

for General Use and Packaging Applications) specified thickness of 0.106 mm [48]. The weight of 

the solid content in biopolymer solutions which was prepared for the solvent casting was controlled 

without any variation to obtain the uniform film thickness [49].  
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FTIR spectra analysis  

 

Figure 4-1. FTIR spectra of crosslinked and non-crosslinked chitosan-CNF composite films 

showing ester bond formation at 1710 frequency for the composites with CNF reinforcement of 

10, 15, 20 % and CA crosslinking of 20, 25, and 30 %  

 

The FTIR spectra of all variants of crosslinked and non-crosslinked composite films are 

shown in Figure 4-1. The attachment of ester groups on CNF and chitosan was evidenced by the 

new peak at 1710 cm-1 due to the stretching of the aldehyde group (-C=O) in CA-treated films 

[33]. The concentration of CNF and CA influenced the esterification process. The ester bond peaks 

were short for the composite films with 10 and 15 % CNF and 20 % CA. They were sharper and 

larger for higher CA concentration treatment in all other CNF mass fractions. The CA has 
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tricarboxylic functional groups in its molecular structure. The carboxylic groups of CA and 

hydroxyl/ amino groups of CNF/ chitosan interacted with each other and crosslinking is developed 

through -C=O ester bonds. The esterification reaction was observed in composite films for more 

than 20 % of CA concentration and at 80 °C reaction temperature. Increasing the reaction time 

(more than 15 min) and temperature (more than 80 °C), reduced the absorbance peak (1030 cm-1) 

corresponding to -C-O-C bonds, indicating possible hydrolysis of chitosan and CNF.  

The other characteristic peaks that appeared at 3330, 2890, and 1030 cm-1 were consistent 

as discussed by the other authors [5, 50-52]. The peak region referred by the vibration frequency 

3330 cm-1 was wider and was attributed to the stretching of O-H and NH2 groups. This indicated 

the intermolecular hydrogen bonding of chitosan and CNF molecules and also the crosslinking of 

chitosan by CA [33]. The absorption peak frequency at 2890 and 1030 cm-1 have represented the 

bending of C-H and stretching of C-O-C groups of chitosan and CNF [52]. It appeared that the 

structure of crosslinked composite film comprised of chitosan-CNF molecular structure with 

hydrogen bond, chitosan-chitosan molecular structure with ester bond, and CNF-CNF molecular 

structure with ester bond as shown in Figure 4-2 [33, 40, 53]. 

 
Figure 4-2. The schematic representation of chitosan-CNF composite microstructure which was 

formed by the citric acid crosslinking of chitosan and CNF and the hydrogen bonding between 

chitosan and CNF 
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SEM  

Figure 4-3. SEM images of composite films for 10 and 20 % CNF reinforcement and 20 and 30 

% CA crosslinking a) non-crosslinked films with 10 % CNF reinforcement b) 20 % CA 

crosslinked films with 10 % CNF reinforcement c) 30 % CA crosslinked films with 10 % CNF 

reinforcement d) non-crosslinked films with 20 % CNF reinforcement e) 20 % CA crosslinked 

films with 20 % CNF reinforcement c) 30 % CA crosslinked films with 20 % CNF reinforcement 

 

The surface morphologies of the non-crosslinked and crosslinked composite films were 

obtained from SEM images and are shown in Figure 4-3. There was no debonding of fibrils from 
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chitosan matrix in all film surfaces. The increase in CNF and CA slightly changed the surface 

smoothness and waviness of the non-crosslinked and crosslinked composite films. While 

increasing CNF from 10 to 20% in non-crosslinked films, the interfacial adhesion of CNF with 

chitosan was also increased to improve the surface smoothness (Figure 4-3a and 4-3d). The 

dispersion of CNF network was high for the composite films with 10 % CNF reinforcement. It 

was decreased and dense fibril networked composite structure was appeared while increasing the 

reinforcement from 10 to 20 %. The increased hydrogen bonding between chitosan and CNF on 

the film surfaces resulted closely packed chitosan-CNF composite microstructure and increased 

the surface smoothness of the composite films in 20 % CNF reinforced composites [54]. The 

structural stiffness of the composite film was increased by the reinforcement and improved the 

strength of the composite for the increased CNF reinforcement [55]. This indicated that the 

chitosan and CNF were compatible to manufacture the composites for packaging products.  

The interconnected CNF network reinforced composite microstructure were prominently 

appeared on the surfaces of crosslinked composite films and attributed the waviness in film 

surfaces. The improved interfacial adhesion between chitosan and CNF and the dense molecular 

structure by crosslinking reactions may resulted this waviness and prominent appearance of CNF 

network in film surfaces [56]. It was increased while the CA was increased from 20 to 30 % as 

shown Figure 4-3b, 4-3c, 4-3e and 4-3f. The closely packed polymer chain network by the 

increased crosslinking exhibited smooth layered surfaces in composite films with the improved 

visibility of CNF networks (Figure 4-3c and 4-3f) [57].  

Water uptake (WU) 

The chitosan films (CS) showed extremely poor resistance to water. The films were 

dissolved in water in few minutes after immersion in DI water. The non-crosslinked films were 
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swollen and cleaved at some places whereas the crosslinked films were completely integrated 

without any damage. Figure 4-4a shows the percent water uptake of non-crosslinked and 

crosslinked composite films. The increase in CNF amount from 10 to 20 % decreased the present 

water uptake of non-crosslinked composite films from 306 to 164 with 46 % reduction. The 

reinforcement of CNF in the chitosan matrix has created the interlinking by the hydrogen bonds 

and thus reduced the reactive hydroxyl groups to weaken the adhesion of water molecules in the 

composite structure [58]. The increase in CNF substantially increased the hydrogen bonding 

between chitosan and CNF and reduced the hydroxyl groups to decrease the water uptake of non-

crosslinked films. However, the hygroscopic nature of unreacted chitosan and CNF surfaces 

attracted the water molecules and had swollen the non-crosslinked composite films.   

The present water uptake was drastically reduced in the CA crosslinked chitosan-CNF 

composite films while compared to the non-crosslinked composite films. In 10 % CNF reinforced 

composite films, the present water uptake was reduced from 306 to 40 with the 85 % reduction by 

the in situ crosslinking reactions with 20, 25, 30 % CA. Similarly, the present water uptake of 15 

and 20 % CNF reinforced films were between 39~50 and 46~55 respectively after in situ 

crosslinking reactions. It was about 80 and 71 % less than the non-crosslinked composite films. 

CA crosslinking has created a chemical network structure with an ester bond between chitosan-

CNF-CA molecules by esterification reaction [59]. The esterification reaction reduced the reactive 

hydroxyl groups in chitosan and CNF molecules and resisted the absorption of water molecules. 

The porosity of the composite structure was also reduced by the denser molecular structure created 

by crosslinking reactions. The CNF and CA have played a significant role to reduce the water 

uptake of chitosan-CNF composites. Figure 4-4b and 4-4c. depicts the main effects and interaction 

plots of CNF and CA on water uptake. It was evident from these plots that about 35 to 45 % of 
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WU could be achieved with less than 10 and 30 % of CNF and CA respectively or with less than 

20 and 25 % of CNF and CA respectively. The increase in the amount of CA for crosslinking from 

20 to 30 % slightly increased the percent water uptake due to excess availability of non-crosslinked 

hydroxyl and carboxyl groups, which attracts and retains water in the composite structure [41]. 

Overall, the CA crosslinking was effective in reducing the water update by up to 86 % on the 

composite films. 

 
Figure 4-4. Water uptake behavior of chitosan-CNF composite films a) comparison of crosslinked 

and non-crosslinked composite films. It shows that the water uptake of the crosslinked composite 

films was 70 to 85 % less than the non-crosslinked films b) main effect plots which shows the 

effect of changing CNF reinforcement from 10 to 20 % and CA crosslinking from 20 to 30 % c) 

interaction plots which shows the interaction of reinforcement and crosslinking for 10, 15 and 20 

% CNF and 20, 25 and 30 % CA 
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Water contact angle (WCA) 

Figure 4-5. The water contact angle of chitosan-CNF composite films a) comparison of 

crosslinked and non-crosslinked composite films. It shows that the contact angle was increased 

for 20 and 25 % CA crosslinking in 10 and 15 % CNF reinforced films and for 20 % CA 

crosslinking in 20 % CNF reinforced films b) main effect plots which shows the effect of 

changing CNF reinforcement from 10 to 20 % and CA crosslinking from 20 to 30 % c) 

interaction plots which shows the interaction of reinforcement and crosslinking for 10, 15 and 20 

% CNF and 20, 25 and 30 % CA 

 

The water contact angle measurement on the composite film indicated the wettability and 

the degree of hydrophobicity. Figure 4-5a shows the water contact angle for both crosslinked and 

non-crosslinked composite films. The contact angle of non-crosslinked chitosan-CNF composite 
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films was about 68  and a similar observation was reported in the literature [60]. It was about 20 

% lower than contact angle of the chitosan films (85 ± 2 ).  The addition of CNF decreased the 

contact angle of composite films due to the hydrophilic nature of CNF. However, the CA 

crosslinked composite film increased the contact angle up to 78  due to the formation of 

hydrophobic ester groups between chitosan-CNF-CA. An increase in a CA amount from 20 to 30 

% decreased the contact angle up to 8 % (60 to 67 ) due to excessive availability of free carboxyl 

and hydroxyl groups [61-63]. The statistical inference on the effect of CNF and CA on WCA is 

presented as main effect and interaction plots as shown in Figure 4-5b. and 4-5c. The increases in 

CNF to 20 % and CA to 30 % decreased the water contact angle due to the exposure of excessive 

hydroxyl groups on the film surfaces. Surface functionalization or pre-esterification of CNF could 

potentially improve the contact angle and the hydrophobicity of the composite films if more than 

15 % of CNF is used for reinforcement.  
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Water vapor permeability (WVP) 

Figure 4-6. Water vapor barrier behavior chitosan-CNF composite films a) comparison of 

crosslinked and non-crosslinked composite films. It shows the 5 to 50% less water vapor 

permeability in crosslinked composite films and the decreasing trend with increase in CA for 10 

and 15 % CNF reinforcement and increasing trend with increase in CA for 20 % CNF 

reinforcement. b) main effect plots which shows the effect of changing CNF reinforcement from 

10 to 20 % and CA crosslinking from 20 to 30 %.  c) interaction plots which shows the 

interaction of reinforcement and crosslinking for 10, 15 and 20 % CNF and 20, 25 and 30 % CA 

 

Figure 4-6a compares the water vapor permeability of crosslinked and non-crosslinked 

composite films. The WVP of non-crosslinked composite film with 10, 15 and 20 % of CNF 

reinforcement was 2.02x10-6, 1.87x10-6 and 2.09x10-6 g/Pa.s.m2, respectively which was 
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comparable to the data reported by Azeredo et al. (2010). It was slightly higher than the WVP of 

chitosan films (1.84x10-6 g/Pa.s.m2) without CNF and crosslinking. The hydrophilic nature of CNF 

marginally increased the WVP in non-crosslinked composite films. The WVP of crosslinked 

composite films was about 5 to 50 % less than that of non-crosslinked films with different CNF 

and CA mass fractions. It was between 1.93 to 1.63x10-6 g/Pa.s.m2 for the crosslinked composite 

films with 10 % CNF reinforcement, 1.44x10-6 to 9.98x10-7 g/Pa.s.m2 for the crosslinked 

composite films with 15 % CNF reinforcement and 1.63 to 1.36x10-6 g/Pa.s.m2 for the crosslinked 

composite films with 20 % CNF reinforcement.  

The significant reduction in WVP was attributed to the effective substitution of hydrophilic 

hydroxyl groups of chitosan and CNF by hydrophobic ester groups. This esterification reaction 

enabled the crosslinking between chitosan and CNF and made the composite structure denser to 

increase the water vapor barrier properties. However, the WVP of composite with 20 % CNF was 

increased while increasing CA amount from 25 to 30 % due to the plasticizing effect created by 

the excessive CA. The mobility and the interchain space of chitosan and CNF were increased by 

the free availability of CA molecules and increased the water vapor transfer abilities [64]. The 

main effect and interaction plot showed the effects of CNF and CA on WVP. They indicated that 

the composites constituted with 15 and 20 % of CNF and with 20 and 25 % of CA could achieve 

low WVP.  
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Transmittance of the composite films 

Figure 4-7. UV-Visible transmittance spectra of chitosan films and chitosan-CNF composite 

films with and without crosslinking a) comparison of chitosan and non-crosslinked composite 

films shows the decreased transmittance. b) comparison of non-crosslinked and crosslinked 

composite films with 10 % CNF and 20, 25 and 30 % CA c) comparison of non-crosslinked and 

crosslinked composite films with 15 % CNF and 20, 25 and 30 % CA d) comparison of non-

crosslinked and crosslinked composite films with 20 % CNF and 20, 25 and 30 % CA 

 

The Figure 4-7a shows the comparisons of UV-Vis light spectra of non-crosslinked 

composite films with chitosan films and the Figure 4-7b, 4-7c and 4-7d shows the comparison of 

10, 15, 20 % CNF reinforced non-crosslinked composite films with crosslinked films. The light 

transmittance of pure chitosan film was between 80 to 86 % for 590 to 800 nm wavelength and 50 

% at 480 nm wavelength. It was reduced drastically for the 10, 15 and 20 % CNF reinforcement 

in composite. For 590 to 800 nm wave length, the transmittance of 10, 15 and 20 % CNF reinforced 
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non-crosslinked composite films were 18~23, 10~13, 8~14 % respectively. In non-crosslinked and 

chitosan films, the transmittance was less than 1 % for the wavelength of 380 nm and below. The 

CNF fibril network in the chitosan matrix scattered the light and greatly reduced the transmittance 

[65]. The light transmittance of chitosan and composite films were slightly lower than values 

reported by Wu, Farnood et al. 2014 [17]. This may be due to the chitosan and fibril dimensions 

of CNF used in this study. 

The transmittance of crosslinked films was affected by the amount of CNF and CA in the 

composites. The transmittance was crosslinked films of 10, 15 and 20 % CNF reinforcement with 

20% CA was higher than the non-crosslinked films (Figure 4-7b, 4-7c and 4-7d). There was a 

marginal increase of transmittance in 10 % CNF reinforced composite and more than 100 % 

increase in 15 and 20% CNF reinforced composites. The transmittance of 25 and 30 % CA 

crosslinked films were less than the 20 % CA crosslinked films in all CNF reinforcement. It was 

less than the non-crosslinked films for 10 % CNF reinforcement and higher than the non-

crosslinked composites for 15 and 20 % CNF reinforcement. The increase in transmittance by 20 

% CA crosslinking was due to the increased pore volume of CNF fibril network in the composites. 

The citric acid cross linking formed the nanofiber bundles and increased the pore volume of CNF 

in the composites to increase the transmittance [66]. The closely packed molecular structure of 

chitosan and CNF fibril network by 25 and 30 % CA crosslinking reduced the transmittance [41, 

67]. 
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Tensile strength (TS) 

Figure 4-8. Tensile strength of composite films a) comparison of crosslinked and non-

crosslinked composite films shows the reduced tensile strength in crosslinked film b) main effect 

plots which shows the effect of changing CNF reinforcement from 10 to 20 % and CA 

crosslinking from 20 to 30 %.  c) interaction plots which shows the interaction of reinforcement 

and crosslinking for 10, 15 and 20 % CNF and 20, 25 and 30 % CA 

As shown in Figure 4-8a, the CNF and CA had a considerable influence on the tensile 

strength of the composite films. The tensile strength of non-crosslinked composite films was 

increased from 44 ± 1 MPa to 54 ± 3 MPa while increasing CNF loading from 10 to 20 %. It was 

about 200 to 300 % higher than the chitosan films which tensile strength was 13 ± 1MPa with 20 

% glycerol as plasticizer. The higher loading of CNF and the strong interlinking between the 
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hydroxyl groups of CNF and chitosan increased the tensile strength of non-crosslinked composite 

films [68-70]. However, the CA crosslinking decreased the tensile strength of composite films 

even with the increased loading of CNF. The crosslinking of chitosan and CNF with CA decreased 

the polymer chain displacement and reduced the tensile strength of composites [39, 64]. Although 

the use of CA decreased the tensile strength of composite films, it was comparable with the fossil-

based LDPE (8~30 MPa), PP (31~43MPa) polymers and bio-based Polylactic acid (PLA) (31 

MPa) polymer films [71, 72]. However, the increased loading of CNF up to 20 % moderately 

increased the tensile strength of crosslinked composite films.  

The CNF reinforcement and crosslinking in composite affected the percentage elongation 

at break (EB). The EB of chitosan films was 17.64 ± 6.90 % with 20% glycerol. The glycerol 

interacted with polymer chain, reduced its stiffness and provided flexibility to the film. It was 

decreased to ~11% for the non-crosslinked composite films with 10, 15 and 20 % CNF 

reinforcement. As studied by Azeredo et al. 2010, the increase in CNF reduced the EB. The strong 

interfacial adhesion of CNF with chitosan reduced the EB in non-crosslinked films as reported in 

the other literatures [73-75]. The EB of the crosslinked films were between 2 to 6 % for the CNF 

reinforcement of 10, 15 and 20 % and CA with 20, 25 and 30%. The closely packed chitosan and 

CNF molecules in crosslinked films restricted the molecular mobility and reduced the EB [76-78]. 

However, the glycerol in the composites provided sufficient flexibility to composite films which 

was affected by the CNF reinforcement and CA crosslinking. The EB of the crosslinked composite 

films are comparable with starch-CNF (5.7 %), chitosan-CNF (5~6 %), chitosan-CNC (6 %) and 

PLA films [15, 18, 41, 79]. 

The effects of CNF and CA amounts on the tensile strength of crosslinked composite films 

are presented in Figure 4-8b and 4-8c. The increase in CNF loading increased the tensile strength 
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of cross-linked composite films, while the increase in CA loading slightly increased and flattened. 

Furthermore, the interaction plot indicated that the tensile strength could be increased up to the 

group mean value of 40 MPa at a higher CNF loading of 10 % and the lower CA loading of 20 %. 

Therefore, the amount of CNF and the CA requirement for the improved tensile strength of 

composite films could be optimized.  

Optimization of composite composition 

 

Figure 4-9. Overlaid contour plot of the tensile strength (TS), water contact angle (WCA), water 

vapor permeability (WVP), and water uptake (WU). The shaded region is the optimal solution 

region which gives the amount of CNF and CA for the best performance. The composite film 

studied with 20 % CNF and 25 % CA was in the optimal solution region. 

 

The percent loading of CNF and CA were highly influenced by the water update (WU), 

water contact angle (WCA), water vapor permeability (WVP), and the tensile strength (TS) of 

composite films. The optimum value of CNF and CA were determined from the overlaid plot 

region by maximizing the TS and WCA while minimizing WU and WVP of crosslinked composite 

films as shown in Figure 4-9. The highlighted area in the plot represented the feasible optimal 
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solution region for all responses. It was formed by lower and upper contour lines of response 

surfaces corresponding to TS, WCA, WVP, and WU under optimal conditions. The limits of 

responses that bounded the overlaid region were between 35 to 45 MPa for TS, 70 to 78 ° for 

WCA, 1.2 x 10-6 to 1.6 x 10-6 g/Pa.s.m2 for WVP and 50 to 54 % for WU. The optimal change in 

TS, WCA, WVP, and WU responses were obtained with 18 to 20 % of CNF and 24 to 26 % of CA 

for the chitosan composites.  

The composite film was manufactured with 20 wt. % CNF, 25 wt. % CA and 20 wt. % 

GLY and remaining chitosan favored the defined optimum characteristics for packaging 

applications. The WU and WVP of crosslinked films with optimal composition were 70 and 50 % 

respectively lower than that of non-crosslinked composite films. The optimal composition of 

crosslinked films did not cause any significant change to the TS and WCA of composite films. 

Furthermore, TS and WVP of the crosslinked composite film with optimal compositions were 

comparable with some synthetic and biopolymers for packaging applications (Table 4-2).  

As natural polymers such as chitosan and CNF are highly hydrophilic, the WCA and WU 

were rarely discussed in the literature. The tensile strength of the crosslinked composite film was 

about 40 % higher than that of different synthetic polymers and PLA-CNF composites. Young’s 

modulus (YM) was also higher than that of synthetic and biopolymer films. The WVP of the 

crosslinked composite was significantly lower than that of non-crosslinked chitosan-CNF 

composites and was higher than that of PLA-CNF composites and synthetic polymers. But, the 

PLA-CNF composite manufacturing process uses harmful chemicals in the CNF acetylation or 

surface modification process. Hence, the CA crosslinked chitosan-CNF could be the best 

alternative for designing and developing sustainable packaging applications. 
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Table 4-2. Comparison of tensile and water vapor barrier properties of crosslinked composite films 

with synthetic and biopolymer films  

Polymer matrix TS@ 

(MPa) 

YM#  

(MPa) 

WVP$  

(g /Pa.s.m2) 

Remarks/ Reference 

Chitosan-CNF 

crosslinked 

composite  

43 2579 1.40 x 10-6 20 % CNF, 20 %CA, 

and 20 % GLY. 

(Current study) 

Chitosan-CNF non-

crosslinked 

composite  

30 1100 1.74 x 10-6 20 % CNF and 20 % 

Gly. (Azeredo et al. 

2010) 

PLA-CNF 

composite 

31 2120 2.38 x 10-11 5 % CNF. (Abdulkhani 

et al. 2014)  

LDPE 8~30 200~500 7.64 x 10-9 

~1.15 x 10-8 

(Azeredo et al. 2010) 

PP 31~43 1140~1550 6.64 x 10-9 (Azeredo et al. 2010) 

@Tensile Strength; #YM – Young’s Modulus; $WVP – Water Vapor Permeability  

Conclusions 

The increasing plastic waste on land and ocean surfaces motivated the use of biopolymers 

for the packaging products which is about 40 % of total plastic production (350 million tons) in 

the world. Almost 10% of plastic land litters are discharged into ocean through storm water, rivers 

and wind blow. Some of the living species in marine and land habitats are ingesting the leaked 

plastic debris and are loading harmful pollutants to their ecosystems. It is expected that 

biodegradable biopolymers from renewable resources could greatly bring down the environmental 

impacts caused by plastic waste disposal. Hence, the most abundant biopolymers such as chitosan 

and cellulose were extensively explored for the development of packaging material production.  
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The high brittle and moisture absorbance properties of chitosan and the emergence of 

nanocellulose as a potential reinforcement material motivated the development of chitosan-CNF 

composites for packaging application. The reactive hydroxyl groups in chitosan and CNF 

increased the hydrophilicity and imposed poor water resistance and water vapor barrier properties. 

The loss of material strength by moisture absorbance and poor water vapor barrier properties of 

CNF reinforced chitosan was highlighted as major challenges in developing chitosan-CNF 

composites as potential packaging materials.  

In this study, the reactive hydroxyl groups of chitosan and CNF were modified by the in-

situ crosslinking with CA and the hydrophobicity and water vapor permeability of the composites 

were improved to suggest them as potential packaging material. The chitosan-CNF composite 

films were successfully synthesized by an in situ crosslinking approach with CA as a crosslinker 

and glycerol as the plasticizer. The hydrophobicity, water vapor permeability, and tensile strengths 

of the crosslinked and non-crosslinked composite films were compared. The hydrophobicity of 

crosslinked films was improved with reduced water uptake (up to 86 %) and increased water 

contact angle (up to 15 %). Similarly, the water vapor permeability of crosslinked composite films 

was reduced by up to 50 % with different combinations of CNF and CA mass fractions. The tensile 

strength and elongation at break of the crosslinked composite film was decreased due to excess 

crosslinking of CA. However, the composite film with optimal CNF and CA displayed comparable 

tensile strength and water vapor permeability with synthetic and other biopolymer composites. The 

addition of glycerol as plasticizer prevented the films becoming brittle due to the CNF 

reinforcement and CA crosslinking. The in situ crosslinking of chitosan-CNF composite films with 

CA exhibited the enhanced hydrophobicity and water vapor barrier properties to manufacture 

sustainable packaging materials. While compared to the reinforcement of CNC or surface modified 
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CNF/CNC, the in situ crosslinking with CA would be a prospective approach in manufacturing 

chitosan-CNF composites for packaging applications. Further research is required to investigate 

the economic and environmental impact assessments of chitosan-CNF composite films for rapid 

commercialization.  
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CHAPTER 5 

COTTON NOIL BASED CELLULOSE MICROFIBERS REINFORCED POLYLACTIC ACID 

COMPOSITES FOR THE IMPROVEMENT OF WATER VAPOR AND UV BARRIER 

PROPERTIES IN PACKAGING FILMS3 

  

                                                 
3 Prabaharan Graceraj Ponnusamy, Suraj Sharma and Sudhagar Mani. To be submitted to Journal of Applied 

Polymer Science. 
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Abstract 

The cellulose reinforced polylactic acid (PLA) composites are one of the most widely 

explored biopolymer composites in packaging applications. The poor interfacial adhesion and 

dispersion of cellulose in PLA matrix pose huge challenges in tensile, water vapor, UV light barrier 

properties of the composites. The hydrophobic cellulose microfibers (CMF) which are isolated 

from the cotton noil by ball milling process are reinforced in PLA matrix phase biopolymers with 

polyethylene glycol (PEG) as a plasticizer by solvent casting method. The strong interfacial 

adhesion and enhanced dispersion of cotton noil CMF in PLA, increased the tensile, water vapor, 

UV light barrier properties of the composites. The ultimate tensile stress and Young’s modulus of 

1% CMF reinforced composites were 46% and 30% respectively higher than that of control films. 

A further increase in percent CMF reinforcement up to 10% slightly reduced the tensile strength 

of composites, but comparable to that of low-density polyethylene (LDPE) polymer. The increased 

CMF reinforcement increased the stress concentration regions on the film surfaces and decreased 

the tensile strength. The water vapor permeability was decreased while increasing the CMF 

reinforcement due to the increased diffusion path length by the dispersed CMF. The 20% CMF 

reinforcement in composite decreased the water vapor permeability by 29%. The UV light 

absorbance of the composite was improved up to 90% with the increase in CMF reinforcement by 

up to 20% due to the increased chromophore groups of cellulose. Hence, the PLA-CMF 

composites could be used as potential packaging materials in storing light and moisture sensitive 

products. 

Keywords: Polylactic acid, Cellulose microfibers, Biopolymer composites, Tensile strength, 

Water vapor permeability 
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Introduction 

There is a growing interest in developing biopolymer based to packaging materials to 

protect our environmental pollutions from solid wastes and to meet stringent environmental 

regulations. The growing interest in environmental protection and stringent environmental 

regulations increases the attraction of biopolymers for the manufacturing of packaging products. 

Polylactic acid (PLA) is one of the most widely explored biopolymers because of its excellent 

material properties such as high strength, transparency, and biodegradability [1, 2]. It is 

manufactured by polycondensation of lactic acid which is synthesized from the fermentation of 

renewable biomass such as corn, sugarcane, and cassava [3-5]. The tensile strength, Young’s 

modulus, and elongation at break of the PLA films were between 34~50 MPa, 1~5 GPa, and 2~4% 

respectively [6-8]. Due to the brittleness, higher moisture absorbance, and low thermal stability 

characteristics, the PLA films showed inferior tensile, barrier properties than that of fossil-based 

polymers and posed huge challenges to substitute as a potential polymer for packaging applications 

[9, 10]. 

The cellulose fibers are biodegradable fibril networks that are mainly extracted from 

renewable plant and wood-based biomass. They have a high aspect ratio and surface area to 

consider them as reinforcement materials in biopolymer composite manufacturing. The cellulose 

nanofibrils (CNF) and cellulose nanocrystals (CNC) with fibril width of less than 100 nm and 

cellulose microfibrils (CMF) with fibril width of few nanometers to microns were mainly studied 

to use as reinforcement materials in PLA biopolymer composites. The reactive hydroxyl groups of 

cellulose fibers caused intra and intermolecular hydrogen bonds and reduced their dispersion 

ability in PLA. The poor interfacial adhesion between reinforcement and matrix phase materials 

exhibited poor mechanical and barrier properties of the composites [11, 12].  
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One of the methods adopted to increase the interfacial adhesion of cellulose fibers and PLA 

is blending with the compatibilizers. The dispersion ability of CNC and CMF in the PLA matrix 

was improved by mixing with montmorillonite (MMT) [13, 14]. The hybrid cellulose composites 

with compatibilizer (MMT) decreased the tensile strength and Young’s modulus by 20% and 17% 

respectively and improved the water vapor permeability by 33% [14]. The MMT in PLA composite 

also decreased the degradation time of composites [15]. Similarly, the epoxidized soybean oil 

(ESO) was blended with PLA and CNF to develop biopolymer composites. Adding 10% of CNF 

reinforced composites, and 5% of ESO with PLA, increased the dispersibility the composite and 

played the role of plasticizer to increase the tensile toughness and ductility by 5 to 10 times more. 

The ultimate tensile strength of the composites was not changed due to the incompatibility of CNF 

with ESO [16].  

The recent approach in improving the compatibility of PLA and cellulose fibers was the 

surface modification of cellulose fibers by monomer grafting, silylation, acetylation, and 

esterification processes. The hydroxyl groups of cellulose fibers were modified with the 

hydrophobic monomers to avoid aggregation. The CNF grafted with hydrophobic monomer (butyl 

acrylate) improved the compatibility with PLA and produced a homogeneous structure with 5% 

reinforcement [17]. Similarly, the silanes and esters were also substituted with hydroxyl groups of 

cellulose fibers to enhance the interaction between cellulose and PLA [18, 19]. The attachment of 

hydrophobic groups in glucose rings by surface modification processes, generated a new 

amorphous region and decreased the crystallinity of cellulose (53%) [20]. The reduced crystallinity 

of surface-modified cellulose could not make a significant improvement in the material properties. 

Moreover, the tensile strength of polymer composites was decreased significantly with an increase 

in reinforcement [21-23].  
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The low production yield, high production cost, and environmental impacts of CNC and 

CNF disintegration processes increased the attention towards the use of CMF as a potential 

reinforcement material for PLA [24-26]. However, the CMFs still require a surface modification 

step to disperse CMF in the PLA matrix. The PLA-CMF composite films showed better water 

vapor barrier properties but did not show any significant improvement in tensile properties due to 

the poor adhesion between CMF and PLA [27]. Hence, the objective of this study was to improve 

tensile,  water vapor, and UV light barrier properties of PLA films by reinforcing hydrophobic 

CMFs without any surface modification step. The CMFs, extracted from cotton noil were used as 

reinforcement materials in this study. The cotton noil is shorter cotton fibers (~1.32 mm length) 

that are removed and discarded during the combing process of spun yarn production. They contain 

about 0.5 to 1 wt.% of natural wax on their surfaces [28]. These waxes provided hydrophobic 

nature to fibers and enhanced the interfacial adhesion of PLA and CMF. The cotton noil CMF 

reinforced PLA composite films were manufactured by solvent casting method and their tensile, 

water vapor, and UV barrier properties were investigated to develop them as potential biopolymer 

composites for packaging applications. 

Experimental 

Materials 

The cotton noil sample was received from a manufacturer in Georgia, U.S.A, and was used 

without any treatment to produce CMF. The matrix phase polymer for the composite was prepared 

from PLA pellets (2003D, food-grade thermoplastic resin, specific gravity 1.24), supplied by 

NatureWorks LLC. American chemical society (ACS) certified dichloromethane (DCM), and 

polyethylene glycol (PEG) 8000 (M.W. - 7000~9000, specific gravity - 1.2 ±0.1 and pH @ 5% 
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water - 6~7) were purchased from VWR International LLC and Fisher scientific respectively and 

used as solvent and plasticizer in composite manufacturing. 

Manufacturing of PLA- CMF composites 

The CMFs were manufactured from cotton noil by ball milling process. The cotton noil 

fiber was milled at 20 Hz vibration frequency using a steel ball of 25 mm diameter and a grinding 

jar of 50 ml volume in a mixer mill (Retsch GmbH, Germany). The CMF was obtained for the ball 

milling time of 150 min. The control (sample code - 0CMF) and composite films were 

manufactured by the solvent casting method. The CMF with 1, 3, 5, 10 and 20% masses (w/w of 

composite) were considered as reinforcement fractions in composite film production (sample 

codes- 1CMF, 3CMF, 5CMF, 10CMF and 20CMF respectively). The brittle behavior of pure PLA 

and CMF reinforcement in composites greatly challenged the flexibility and tensile toughness of 

the films. Hence, the PEG (5%, w/w of films) was added as a plasticizer in control and composite 

film samples.  

The PLA pellets and milled cotton noil were dried in an oven @ 55 °C for 48 h to evaporate 

absorbed moisture. The oven-dried PLA pellets (5% w/v) was added to DCM solvent and mixed 

vigorously in a magnetic stirrer plate at room temperature until it dissolved. The CMF and PEG 

were added in a completely dissolved PLA solution and were mixed for 2h. The solutions were 

poured in glass Petri dishes after degassing the solution for 30 min. The Petri dishes were covered 

with aluminum foil and DCM was slowly evaporated at room temperature in a fume hood. The 

dried films were peeled off from the Petri dishes after 24 h and stored in a desiccator @ 50% RH 

for more than 48 h before the characterization studies. Each treatment condition was repeated five 

times. 

  



 

132 

Fourier-transformed infrared (FTIR) spectra 

The Fourier-transformed infrared (FTIR) spectra were used to characterize the chemical 

structure of CMFs which were manufactured by ball milling. The CMF powder was dried in a 

desiccator for 24h before FTIR spectra measurements in Thermo Scientific Nicolet 6700 

VariGATRTM spectrometer. The FTIR spectra were recorded for three replications in absorbance 

mode for wave numbers 600 to 4000 cm-1 with a resolution of 4 cm-1.  

X-ray diffraction (XRD) 

The crystallinity of CMFs was evaluated from X-ray diffraction (XRD) patterns, obtained 

from Bruker D8 Advance model XRD system. The Co tube X-ray source with wavelength of 1.79 

Å, voltage and current setting of 35kV and 40mA were used in the testing. The XRD patterns were 

recorded for the diffraction angle (2θ) between 10 to 40° with the rate of 6°/min. The crystallinity 

index (CI) was calculated from the following equation [29, 30]. 

𝐶𝐼 =  
𝐼0 0 2− 𝐼𝑎𝑚

𝐼0 0 2
× 100 %          

Where  

𝐼0 0 2 = Diffraction 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 peak 𝑜𝑓  𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑝𝑙𝑎𝑛𝑒 (0 0 2) 𝑓𝑜𝑟 2𝜃 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 26 ° 𝑡𝑜 27 ° 

     𝐼𝑎𝑚 = 𝐷𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑟𝑒𝑔𝑖𝑜𝑛 𝑓𝑜𝑟 2𝜃 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 21 ° 𝑡𝑜 22 °   

Scanning electron microscope (SEM) study 

The dimensional characteristics of CMFs were studied from a scanning electron 

microscope (SEM) The 15 nm gold-palladium coating was applied on CMF powders in Leica 

Mikrosysteme GmbH sputtering unit. The images of sputter-coated CMF were captured for the 

spot size of 8 nm in a Thermo Fisher Scientific Teneo (Thermo Fisher Scientific, Hillsboro, OR, 

USA) field electron microscope, with 5kV accelerating voltage.  
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Tensile strength of composite films  

The tensile tests were performed according to the ASTM D882 (Standard Test Method for 

Tensile Properties of Thin Plastic Sheeting) standard [31]. The film specimens were loaded at 50 

mm/min crosshead speed in a Shimadzu (AGS-X) tensile tester with a 1 kN load cell. The tests 

were performed at ambient temperature. The ultimate tensile strength and Young’s modulus were 

recorded for the five replications of each sample. 

Water vapor permeability of composite films 

The water vapor permeability of films was measured by the desiccant method based on the 

ASTM E96 (Standard Test Methods for Water Vapor Transmission of Materials) standard [32]. 

The dried (at 200 °C) desiccants were filled up to the level of 6 mm from the mouth in the open 

mouth test cups with a mouth area of 240 mm2. Five films from each variant were attached to the 

test cups and were sealed with pressure-sensitive, vinyl chloride insulating tape. All the test cup 

assemblies were placed in a test chamber maintained at 50 ± 5 % RH and 23 ± 2 °C. The weights 

of test cup assemblies with an accuracy of 0.0001 g were recorded in a 24 h interval. The changes 

in the weight of a test cup assembly over time were calculated by fitting a linear regression line on 

the recorded data. The WVP of the films was calculated from the following equation. 

𝑊𝑉𝑃 =  𝐺
[𝑡 × 𝐴 × 𝑆 × (𝑅1 −  𝑅2)]⁄  g Pa. s. m2⁄            

Where: 

𝐺 =  𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑐𝑢𝑝 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 𝑖𝑛 g 

𝑇 =  𝑇𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑤ℎ𝑖𝑐ℎ 𝐺 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑑 𝑖𝑛 s  

𝐴 =  𝑇𝑒𝑠𝑡 𝑐𝑢𝑝 𝑚𝑜𝑢𝑡ℎ 𝑎𝑟𝑒𝑎 𝑖𝑛 m2 

𝑆 =  𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 23 °C 𝑖𝑛 Pa 

𝑅1 =  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
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𝑅2 =  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑣𝑎𝑝𝑜𝑟 𝑠𝑖𝑛𝑘 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

Ultraviolet-visible spectrometry 

The ultraviolet-visible (UV-Vis) spectra of PLA and composite films were studied to 

understand the effect of cotton noil CMF in light transmittance. The Varian Cary® 50 spectrometer 

(Agilent Technologies, U.S.A.) was operated at 600 nm/min scan rate and wavelength in the range 

of 200 to 800 nm. The scan software version 3.0 (Agilent Technologies, U.S.A.) was used to 

acquire the UV-Vis data at 1 nm data interval and 0.1 s average time. The thickness of the films 

studied was 0.05 ± 0.01 mm. Three replications of each film were tested at ambient conditions. 

Statistical analysis 

The one-way ANOVA test was conducted on the measured data to analyze the effect of 

CMF reinforcement on tensile and water vapor barrier properties of PLA films. The significant 

difference in mean tensile and water vapor barrier properties values of each film type was 

determined at 5 % significance levels in the MATLAB software. 

Results and discussions 

Chemical structure of CMF 

 
Figure 5-1. FTIR spectra of cotton noil and CMF 
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The FTIR spectra of cotton noil and CMF were compared as shown in Figure 5-1. The 

FTIR peaks confirmed that cellulose and non-cellulosic compounds such as pectin, protein, and 

wax were present in cotton noil and CMF [33-35]. The characteristics peaks in cotton noil and 

CMF have appeared at the same frequency and intensity. It revealed that the ball milling process 

did not affect the chemical structure of cellulose and non-cellulosic compounds presented in the 

cotton noil. The typical characteristic peaks corresponding to the cellulose chemical structure have 

appeared in both cotton noil and CMF. The broadband and strong peak at 3331 cm-1 were due to 

the stretching of cellulose -OH groups. The peaks at 2900, 1427, and 1314 cm-1 were attributed to 

the stretching and deformation frequencies of the O-C-H and H-C-H groups of cellulose. The peaks 

which were appeared at 1159, 1104, 1053, and 1030 cm-1 were assigned to the asymmetric C-O-C 

stretching, asymmetric in-plane stretching and C-O bond stretching respectively. The C-O-C 

stretching at β-(1→ 4) glycosidic bonds of the cellulose was confirmed from a small peak at 897 

cm-1. The characteristics peaks at 2916 and 1631 cm-1 in cotton noil and CMF spectra were 

corresponding to the asymmetrical stretching of CH2 groups and stretching of C=O bonds of waxes 

and proteins or pectin [33, 34, 36, 37]. 

Crystallinity of CMF 

The comparison of x-ray diffractograms of cotton noil and CMF are shown in Figure 5-2. 

The diffraction peaks have appeared for the same 2θ in cotton noil and CMF samples. The 

crystalline structure of cotton noil and CMF were confirmed by the appearance of diffraction peaks 

at 2θ = 17.48°, 19.16° and 26.52°. These peaks are corresponding to the crystallographic planes (1 

0 1), (1 0 1), and (0 0 2) of cellulose as specified by the International Center for Diffraction Data 

(ICDD) [29]. Further, the comparison of crystallinity peaks of CMF with cotton noil showed the 
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changes in the intensity of peaks. The crystallinity peaks at 2θ = 17.48° and 26.52° were increased 

by 50 and 60% respectively after the ball milling process. It was decreased by 20% at 2θ = 19.16°.  

 
Figure 5-2. XRD diffractograms of cotton noil and CMF 

 

The crystallinity index of cotton noil was 82.71 ± 0.47% and was marginally decreased to 

79.76 ± 0.47% in CMF samples. This may be due to the ball milling process. While increasing the 

milling time for more than 2h, the ball milling process tends to decrease the crystallinity of 

cellulose due to the application of high shear and impact forces [38-40]. However, the crystallinity 

of manufactured CMF was higher than the surface-modified CNF (CI-53%) and CNC (CI-70%) 

used in the production of PLA composites [20, 41]. The ball milling process fibrillated the cotton 
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noil into micron-sized fibers and increased the specific surface area. The highly ordered molecular 

structure in the smaller crystals of cellulose surfaces was increased by the ball milling and 

increased crystallinity [42]. The marginal increase in the amorphous region was due to the 

disruption of the crystalline region in the cellulose surfaces by ball milling process [43, 44].   

CMF width analysis 

 
Figure 5-3. Fiber size characterization of cotton noil and CMF from SEM images  

 

The width of CMFs and cotton noil fibers were measured from SEM images (Figure 5-3). 

The SEM images of cotton noil showed highly entangled fibers and posed challenges in measuring 

fiber length. Some of the fibers were twisted and bundled together. The width of the fibers was 

measured from SEM images. The mean width of fibers in cotton noil was16.90 ± 4.09 µm. The 

width of the fibers was substantially reduced (65%) by the ball milling process during the CMF 

production. The average fiber width of CMF was 5.93 ± 7.83 µm and about 90% of CMF width 

was distributed between 100 nm to 5.91 µm. The fiber width distribution confirmed the effective 

CMF fibrilization by ball milling treatment. Moreover, the SEM images evidenced the presence 

of CMF with fibrous surface morphology and without any agglomeration. The fibrous surface 

morphology of CMF was obtained by the application high of shear and impact loads in the ball 

milling process. The hydrophobic nature of fibers prevented the aggregation of fibers. The fibrous 
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surface morphology and the hydrophobic nature enabled the good dispersion ability in CMF during 

the composite manufacturing process. 

Effect of CMF reinforcement in translucency  

 
Figure 5-4. Effect of CMF reinforcement in PLA matrix composite film translucency a) 

qualitative assessment by visual observation b) UV-Vis spectrometry    

 

The dispersion of CMF in the PLA matrix was analyzed from the high-quality photographs 

of composite films having a uniform thickness of 0.05 ± 0.01 mm as shown in Figure 5-4a.The 

visual evaluation of composite films showed that the control PLA film (0CMF) was completely 

transparent and all the details of the emblem under the film were visible. The translucency of the 

films was slightly reduced with the reinforcement of 1 and 3% CMF (1CMF and 3CMF) and was 

moderately reduced for 5 and 10% of reinforcement (5CMF and 10CMF). The aggregation of 

CMFs was observed only in the composite films with 20% CMF reinforcement (20CMF) with a 

significant increase in opacity of the film. The details of the emblem were not clear in 20% CMF 

reinforcement (20CMF). The uniform translucency was evidenced in the entire surface area of all 

the films as discussed by Tang and Liu 2008 on highly transparent polyvinyl alcohol-CNF 

reinforced composite films [45]. The uniform dispersion of opaque CMFs in PLA matrix polymer 

reduced the transparency of composite films. The CMF fibers which width was larger than 400 

nm caused reflection and increased the light absorbance. The width of CMFs, the spatial distance 
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of fibers in the PLA matrix, and the adhesion of fibers with the PLA matrix determined the 

microstructure of composite and the specific translucency of the composites [46-48]. 

The UV-Vis spectra of PLA (0CMF) and CMF reinforced composite films (1CMF, 3CMF, 

5CMF, 10CMF, and 20CMF) are shown in Figure 5-4b and the present transmittance at 600, 400, 

and 233 nm are given in Table 5-1. The light absorbance behavior of PLA-CMF composite was 

similar to the composite films reinforced with CNC, CNF and nanoclay studied in the literature 

[14, 19]. The CMF reinforcement in composites reduced the transmittance consistently. It was 

90% at 600 nm for PLA films without CMF reinforcement and was reduced by 23 and 31% for 1 

and 3% CMF reinforcement. It was further reduced by 48, 65, and 84% for the increased CMF 

reinforcement with 5, 10, and 20% respectively. The reduction in transmittance of composite films 

was dependent on the amount of CMF reinforcement in the composite. The severe light refraction, 

scattering, and reflection at the interfaces of 5, 10, and 20% CMF reinforcement were the reason 

for poor transmittance at higher CMF loading [49]. The increase in CMF reinforcement increased 

the light scattering area in the composite and increased the number of optical interfaces [50]. The 

reflection of light in the areas of reinforcement material was the major factor that reduced the 

transmittance [51].  The transmittance at 400 nm was 41, 48, 63, 75, and 90% less than the control 

film for 1, 3, 5, 10, and 20% CMF reinforcement. The improvement in UV light barrier properties 

of composite films with CMF reinforcement was same as  the PLA-CNC composite and was better 

than the pure PLA films reported in the literature [52]. The self-assembled cellulose structure in 

the CMF improved UV absorbance in CMF reinforced composites [53]. The lowest transmittance 

of all films at 233 nm indicated that the films were good to absorb UVC light. 
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Table 5-1. Present transmittance of PLA and composite films at 600, 400 and 233 nm wavelength  

Wavelength 

(nm) 

Transmittance  

(%) 

0CMF 1CMF 3CMF 5CMF 10CMF 20CMF 

600 90.13 69.67 62.54 46.55 31.41 14.78 

400 86.51 51.04 44.80 31.93 21.84 8.74 

233 0.74 0.11 0.49 0.31 0.34 0.034 

 

Effect of CMF reinforcement in tensile strength 

 
Figure 5-5. Tensile test results of PLA films with and without CMF reinforcement a) Effect of 

reinforcement in ultimate tensile stress and Young’s modulus b) and c) Tensile fractured surface 

morphology of composite films with 3 and 10% CMF reinforcement 
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The effect of CMF reinforcement in ultimate tensile stress and Young’s modulus are shown 

in Figure 5-5a. The ultimate tensile stress and Young’s modulus of control (0CMF) film were 

36.43 ± 2.19 and 2265.80 ± 214.24 MPa respectively. Similar results were reported in the literature 

for the cast films produced from the PLA having molecular weight 100,000 and 130,000 gmol-1 

and without plasticizer [21, 24]. The composite films exhibited a significant increase in ultimate 

tensile stress and Young’s modulus for 1, 3, and 5% CMF reinforcement (ANOVA test results in 

Table 5-S1 and 5-S2). The ultimate tensile stress and Young’s modulus were increased by 46 and 

30% respectively for the 1% CMF reinforcement. Similarly, they were increased 27 and 18% for 

the reinforcement of 3% CMF and 15 and 14% for the reinforcement of 5% CMF in composites. 

At 10 and 20% reinforcement of CMF, the observed ultimate tensile stress and Young’s modulus 

were less than the tensile strength of the control sample. Even though the ultimate tensile stress 

was reduced, they were comparable with polyethylene (22-31 MPa) and polypropylene (31-38 

MPa) films [14]. 

Several literatures reported that the reinforcement of surface-modified CNF or CMF in 

PLA could increase the ultimate tensile stress and Young’s modulus by 14 to 25% and 8 – 40% 

respectively [8, 24, 54-59]. The tensile properties of the composites were mainly affected by the 

CNF/CMF surface modification processes adapted in the composite manufacturing method [60, 

61]. The CNF/CMF surface modifiers such as acetic anhydride, maleic anhydride, and saline 

reacted with the chain ends of crystallites regions and converted them into the amorphous region 

during chemical surface modification processes [62]. In addition to that the agglomeration of 

unmodified surfaces of cellulose decreased dispersion ability and reduced the tensile properties of 

the composite [63]. In this study, the increased tensile properties of composite films are attributed 
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to the hydrophobic nature of CMFs that improved the interfacial adhesion with PLA matrix and 

the high crystalline cellulose in the CMF. 

The tensile fracture surface morphology of composite films (Figure 5-5b and 5-5c) were 

studied to understand the interfacial adhesion of CMFs with PLA matrix. The SEM images of the 

fracture surface showed the broken fibers (places marked 1 to 5 in Figure 5-5b and 5-5c) without 

any pulling out from the PLA matrix and confirmed the strong interfacial adhesion of CMF with 

PLA. The PLA-CMF interfaces enabled the strong stress transfer region to withstand increased 

tensile loading in composites for lower CMF concentration [64, 65]. The Figure 5-5a. shows the 

fractured surface of a composite with lower CMF reinforcement (3%). The surface morphology of 

the fractured composite was rough and irregular. At the lower percentage of CMF reinforcement, 

highly dispersed fibers together with PLA matrix materials were pulled out and resulted in rough 

and irregular surface morphology [66-69]. The strong interfacial adhesion and highly dispersed 

fibers exhibited increased tensile stress while compared to the control films and the 10 or higher 

percentage of CMF reinforcement. At the higher percentage of CMF reinforcement (10% and 

more), the surface morphology was smooth due to the increased brittleness of the composite by 

the increased CMFs (Figure 5-5b). The debonding of fibers from the PLA matrix was also 

evidenced on the fibers which were close to the surfaces (Figure 5-5b with marking 2 to 4). More 

stress concentration regions were developed in those areas to initiate the rapid crack growth. The 

rapid planer crack propagation due to the increased reinforcement caused the brittle failure in the 

composites with more than 10% CMF reinforcement [70]. 
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Effect of CMF reinforcement in water vapor permeability  

 
Figure 5-6. Effect of CMF reinforcement in water vapor permeability of PLA matrix composite 

films 

 

The effect of CMF reinforcement in water vapor permeability (WVP) of composite films 

is shown in Figure 5-6. The WVP of control film was 5.90 x 10-11 g/Pa.s.m2. It was ~15% higher 

than the 100% PLA film which was manufactured from 2002D type NatureWorks® PLA [71]. The 

addition of plasticizer (5% PEG) in control type PLA films increased intermolecular spacing and 

thereby increased the WVP in the control film. The WVP of composite films was significantly 

changed with the increase in CMF reinforcement percentage (See ANOVA results in Table 5-S3). 

While increasing the CMF in the composite by 1, 3, 5, 10, and 20%, the WVP decreased by 7, 9, 

12, 18, and 29% concerning the control films (0CMF). The lowest WVP of 4.14 x 10-11 g/Pa.s.m2 

was obtained for CMF reinforcement of 20%. It was about 65, 208, 535, 1490, 2620% lower than 

the polycaprolactone, aliphatic polyester, polyester amide, cellulose acetate propionate, cellulose 
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acetate biopolymers respectively [72]. But, the WVP of fossil-based polymers such as low-density 

polyethylene and polypropylene was much lower than (up to 80%) the composite films studied. 

The improvement in water vapor barrier properties is in agreement with the study by Rhim et al. 

2009 on PLA-nano clay composite films. The limitation of nano clay reinforcement in PLA was 

the decrease in tensile strength due to their poor dispersion ability in PLA [14]. Similarly, in an 

attempt to increase the WVP of PLA composite with surface modified CNF, the WVP was 

increased for the 5% or higher reinforcement. The porous structure created by the hydrophobic 

fibrils and unmodified hydroxyl groups increased the transport of water vapor for the higher CNF 

reinforcement [17]. The WVP results of our study confirmed that the hydrophobicity of PLA and 

CMF and the increase in diffusion path length due to the improved dispersion of CMF in PLA 

increased the water vapor barrier properties of composite films with the increase in CMF 

reinforcement [73, 74].  

Conclusions 

The CMFs isolated from cotton noil by a ball milling process was reinforced in PLA to 

produce composite films by solvent casting method. The width of the isolated CMF was distributed 

between 100 nm to 5.91 µm. The analysis of chemical structure confirmed the presence of cellulose 

and hydrophobic wax in the isolated CMFs. It was also found that the crystallinity of cellulose did 

not affect by the ball milling process. The crystalline, hydrophobic and opaque CMFs dispersed 

uniformly in the PLA matrix and reduced the translucence for CMF reinforcement. The UV light 

absorbance of the CMF reinforced composites was increased from 41 to 90% for the reinforcement 

of 1% to 20% CMF. The strong interfacial adhesion between PLA and CMF increased the tensile 

strength of composite films. The ultimate tensile stress and Young’s modulus of 1% CMF 

reinforced composite film was 46 and 30% higher than the control films. The tensile strength was 
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decreased while increasing the CMF reinforcement from 3 to 20%. However, they were 

comparable with that of fossil-based polymer films such as polyethylene and polypropylene which 

are predominantly used in packaging applications. The good dispersion ability and strong 

interfacial adhesion of CMF with PLA increased the water vapor barrier properties of the 

composite films. The water vapor permeability was decreased with an increase in CMF 

reinforcement. It was reduced by 29% for the reinforcement of 20% CMF in the composite. Hence, 

the CMFs isolated from the cotton noil could be considered as potential reinforcement materials 

for the development of PLA composite and could be used as promising bio-based polymers for the 

packaging of UV light sensitive and moisture sensitive products.   
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CHAPTER 6 

LIFE CYCLE ASSESSMENT OF MANUFACTURING CELLULOSE NANOFIBRILS 

REINFORCED CHITOSAN COMPOSITE FILMS FOR PACKAGING APPLICATIONS4 

 

  

                                                 
4 Prabaharan Graceraj Ponnusamy and Sudhagar Mani. Submitted to The International Journal of Life Cycle 

Assessment. 
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Abstract 

Purpose 

Increased accumulation of fossil-based polymer packaging films on land and ocean 

surfaces posed significant environmental challenges to our ecosystem. Developing alternative 

packaging films with no or minimal environmental burdens is critically important to our society. 

Chitosan, a natural polymer reinforced with cellulose nanofibrils (CNF) can be the most promising 

bio-based alternatives as it possesses biodegradable, biocompatible, and antimicrobial properties 

for developing packaging films. This study evaluates the life cycle environmental impacts of 

chitosan-CNF composite films to identify the environmental hotspots that could be eliminated 

during large-scale production. 

Methods 

A cradle-to-gate life cycle assessment method was carrier out to assess the environmental 

impacts of manufacturing chitosan-CNF composite films for packaging applications. The main 

manufacturing operations include (i) production of chitosan from shrimp shell waste, (ii) CNF 

production from forest biomass, and (iii) production of citric acid crosslinked composite films 

using the solvent-casting method. Life cycle inventory data were obtained from published 

literature and laboratory experiments. The environmental impacts were evaluated by U.S. EPA’s 

TRACI 2.1 impact assessment method. The effects of key process parameters on the environmental 

impacts of composite films were also evaluated.  

Results and discussion 

The global warming potential (GWP) of chitosan-CNF composite films was about 3.91 kg 

CO2 eq./kg of the film, which was marginally lower than that of the fossil-based low-density 

polyethylene (LDPE) and bio-based poly(lactic acid) (PLA) films respectively. The production of 
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the citric-acid crosslinked composite film contributed up to 79% of the total CO2 emissions. 

Among the sensitive process parameters, the use of chemicals during the deproteination of shrimp 

shells was the most sensitive factor. The scenario analysis showed that an increase in the CNF 

loading rate to improve the mechanical and barrier properties did not substantially increase the 

global warming potential (GWP) and other environmental impacts.  

Conclusion 

A cradle-to-gate life cycle assessment of the chitosan-CNF composite film has 

demonstrated that the overall environmental impacts were comparable or lower than that of fossil-

based polymers and other biopolymers for flexible packaging applications. The development of 

renewable energy-based film dryers and environmentally benign methods to extract chitosan from 

shrimp shell waste could further reduce the GWP of composite films. When the end of life of 

fossil-based polymers is considered, the biodegradable nature of chitosan-CNF composite can be 

an environmentally attractive film for packaging applications.   

Keywords: Nanocomposite, shrimp shell, wood pulp, film-casting, citric acid, global warming 

potential 
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Introduction and background 

In recent years, the increasing environmental concerns related to the accumulation of non-

degradable plastic waste on land and ocean surfaces strive to develop biopolymers with the most 

efficient ecological footprint for packaging products. The biopolymers are a class of materials 

derived from natural resources and possess several extraordinary properties such as non-toxicity, 

biodegradation, bio-compatibility, and film-forming abilities [1-3]. The biopolymers that are 

directly extracted from animal and plant-based biomass resources are called natural polymers [4]. 

Cellulose, chitin, chitosan, and starch are some of the examples of natural biopolymers [5]. Other 

biopolymers such as polylactic acid (PLA), polyhydroxyalkanoates (PHA), polyhydroxy butyrate 

(PHB), etc. are synthesized as monomers from renewable biomass resources via 

biochemical/biocatalytic pathways [6, 7].  

Natural polymers such as starch, chitosan, and cellulose were investigated to produce 

biodegradable materials and packaging products [5]. Among the natural polymers, chitosan is the 

second most abundant polysaccharide containing β-(1→ 4) linked 2-amino-2-deoxy-D-glucan, 

generally derived from shrimp and crab shell wastes. It has excellent thermal stability, antifungal, 

and antimicrobial properties, and solvent stability properties to consider for food packaging, 

coating, agriculture, water engineering, cosmetics, tissue engineering, and pharmaceutical 

applications [8-10]. The biodegradable and biocompatible nature of chitosan prompted the 

exploration of its characteristics to use as a substitute for fossil-derived packaging products [10]. 

The brittle behavior and hydrophilic nature of chitosan reduced the barrier and mechanical 

properties and limited their use in packaging applications [11].  Therefore, the chitosan-based 

packaging films should be either cross-linked or surface modified to improve barrier properties 

and the mechanical properties can be improved by reinforcing it with high tensile materials such 



 

159 

as Cellulose Nanofibrils (CNF) in the polymer matrix to match with the properties of a synthetic 

polymer such as low-density polyethylene (LDPE) [12, 13]. 

The cellulose nanofibrils (CNFs) are nano-structured cellulose with an average diameter 

of less than 100 nm and a length of several micrometers. It is generally produced as hydrogels by 

mechanical fibrillation of bleached pulps manufactured from wood chips and plant biomass 

resources [14, 15]. CNFs exhibit excellent mechanical strength, a higher degree of crystallinity, 

and barrier properties and can be used as a reinforcing material for bio-based polymers [16, 17]. 

A recent study by Azeredo et al. (2010) investigated the use of CNF as a reinforcing material with 

chitosan to improve mechanical properties. The inherent hydrophilic nature of chitosan and CNF 

negatively influenced the functional characteristics of composite films while exposed under high 

relative humidity and moisture environment. The hydrophilic nature of chitosan-based composites 

was improved by the addition of inorganic nanoparticles (E.g., ZnO and Ag) or by reinforcing 

surface-modified nanocellulose materials [18-20]. However, the surfactants and inorganic 

nanofillers posed great technical challenges in achieving desired material properties and 

environmental performance of composite materials [21]. Hence, the nanocomposite with a 

crosslinker, plasticizer, and nanoscale reinforcement materials was investigated to improve 

mechanical and barrier properties of chitosan to develop them as potential alternate materials from 

renewable resources to replace LDPE polymer which is predominantly used in packaging product 

applications [12, 22].  

From the circular materials economy perspective, it is important to select environmentally 

benign functional enhancers that not only offer superior functional properties but also pose no 

threat to the environment [23]. The life cycle assessment (LCA) is a comprehensive tool that will 

not only quantify the environmental impacts of a product but also highlight the concerns in energy 
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consumption, toxic chemicals used, and the ecological footprints [24]. It was argued that the 

biopolymer manufacturing processes were less environmentally friendlier than that of the 

conventional polymer manufacturing processes [25, 26]. However, the biodegradation nature of 

biopolymers after their use phase provides unique opportunities to develop sustainable packaging 

materials [27].  Hence, there is a growing interest in the assessment of environmental performances 

of manufacturing biopolymers and their composites such as chitosan-CNF composites to develop 

them as potential alternative packaging materials.  

Earlier studies have focused on the LCA of manufacturing virgin monomers and other 

derivatives to compare with fossil-derived polymers. The life cycle environmental impacts of 

manufacturing chitosan from shrimp shells and crab shell wastes were investigated by Muñoz et 

al. (2018). They reported that the global warming potential (GWP) and water depletion impacts 

were higher from the European manufacturing plant whereas the acidification and eutrophication 

potentials were higher from the Indian manufacturing plant. The overall environmental impacts 

varied with how the shell wastes were considered to displace from their intended use such as 

landfilling and animal feed manufacturing. Although chitosan can be extensively studied in a wide 

range of fields from agriculture to biomedical applications, limited studies on the life cycle 

assessment of chitosan for packaging applications were investigated.  

The environmental impacts of manufacturing CNF from wood pulps by four different 

manufacturing routes (combinations of tempo-oxidation, esterification, sonication, and 

homogenization) were evaluated by Li et al. (2013). Based on the laboratory scale experimental 

data, they reported that the combination of tempo oxidation and homogenization treatment 

manufacturing route had up to five times less environmental impacts in Cumulative Energy 

Demand (CED) and Global Warming Potential (GWP) to produce CNF. They also demonstrated 
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that the excessive use of chemicals and electricity during pretreatment methods substantially 

contributed to the overall environmental impacts of CNF production [28]. The European 

Commission-funded project, SUNPAP investigated various pretreatment methods to produce CNF 

for paper coating applications and found that the use of chemical pretreatments outweighed 

enzymatic pretreatments and electricity use to produce cost-competitive CNF [29]. Arvidsson et 

al. (2015) evaluated the CNF manufacturing by the combinations of enzymatic, chemical, and 

mechanical pretreatment methods by life cycle assessment and reported that the combination of 

enzymatic and microfluidic pretreatment methods had up to 20- and 124-times fewer impacts in 

CED and GWP impact respectively. In general, reducing the size of the cellulose fibers before the 

mechanical fibrillation process has the substantial potential to reduce the overall energy 

consumption of CNF production [30]. A pilot-scale experimental study by Bilodeau and Paradis 

(2018) has demonstrated that the overall energy consumption of CNF manufacturing can be 

reduced by a series of mechanical pulp fibrillation processes while improving the quality of CNFs. 

Environmental performances of biopolymers have been studied to improve the 

manufacturing process efficiencies and to displace fossil-based polymers [31]. However, limited 

studies were focused on the environmental performances of biopolymer nanocomposite films 

which are recently explored for the manufacturing of packaging products. The LCA of the 

composite film manufacturing process at the product development stage can help to capture the 

environmental hotspots before the start of large-scale production. It can also help the decision-

makers to explore the implications of environmental burden, functionalities, and uncertainties. 

Furthermore, the manufacturers and other stakeholders along the supply chain can understand the 

material characteristics and their environmental profile at early-stage production. The potential 

environmental benefits of using bio-based composite films over fossil-based films can also be 



 

162 

explored to cover a wide range of product applications. Hence, in this study, the environmental 

impact assessment was performed on chitosan-CNF composite films crosslinked with citric acid 

as a proof-of-concept for large-scale production. The LCA model was developed in SimaPro 

software from lifecycle inventory data of large-scale chitosan and pilot-scale CNF manufacturing 

processes from literature data and scaling-up of film casting processes using the laboratory data.  

The main objective of this study was to conduct the life cycle assessment of manufacturing 

CNF reinforced chitosan composite films crosslinked with citric acid to evaluate the environmental 

performances. The specific objectives were to conduct the cradle to gate life cycle assessment of 

chitosan-CNF composite films to assess overall energy use, greenhouse gas (GHG) emissions, and 

other environmental impacts compared with fossil-derived polymer films, to assess the sensitivity 

of key parameters on the GHG and other environmental impacts of composite films and to evaluate 

the effects of CNF loading percent on the environmental impacts of composite packaging films.  

LCA methodology 

In this study, the LCA of manufacturing chitosan-CNF composite films for packaging 

application was performed according to the guidelines and framework model specified in ISO 

14040 and ISO 14044 standards. The chitosan manufactured from the shrimp shell wastes was 

considered in this study. The shrimp shells are the waste product from the shrimp processing plant. 

The environmental impacts of shrimp food were estimated based on the inventory flow in various 

life cycle stages such as transportation to processing unit, food processing, distribution, 

consumption, and waste management. The shrimp shell are inedible wastes with no functional or 

economic values and are often disposed of as municipal solid wastes (MSW). Therefore, shrimp 

shell waste carried no environmental impacts except from the end of use phase. The emissions due 

to the end-of-life disposal of shrimp shells by landfills were estimated and allocated to shrimp shell 
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waste. In this study, the chitosan is produced from shrimp shell waste that is otherwise disposed 

of in landfills. The production of the chitosan process also generated protein sludge and calcium 

carbonate as coproducts and were considered as a substitute for nitrogen fertilizer and inert landfill 

product respectively and the allocations were avoided.     

Goal, scope, and functional unit 

The primary goal of this study was to conduct the cradle-to-gate LCA of manufacturing 

chitosan-CNF composite films to evaluate the environmental impacts. The scope of the study 

comprised of the manufacturing of acetylated chitosan from shrimp shell wastes that were 

otherwise landfilled, obtained from gulf coasts, the manufacturing of CNF hydrogels from 

softwood in the northeastern U.S., and the large-scale production of composite films by film 

casting method. The production of chitosan from shrimp shell waste could avoid the disposal in 

municipal solid waste (MSW). A major fraction of MSW is landfilled although some portions are 

combusted and composted. Based on the disposal percentage of MSW in the U.S., the CO2 

emission from shrimp shell waste disposal was estimated using EPA emission factors 

corresponding to landfill, combustion, and composting of food waste and was used to define the 

shrimp shell waste LCI data. The fossil-based and bio-based polymer films were considered as 

reference systems for the comparative analysis of Global Warming Potential (GWP). The GWP of 

manufacturing packaging film by melt-blown film extrusion from fossil resource-based polymer 

materials such as polyethylene (low-density polyethylene, LDPE and high-density polyethylene, 

HDPE) and polypropylene (PP) and bio-based polymers such as starch and PLA were compared 

with the chitosan-CNF composite film manufacturing process. The tensile and barrier functions of 

the composites are determined by the mass fractions of CNF and citric acid in the composite films. 

Generally, the production unit of a typical polymer film plant is measured as the mass of the final 
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film rolls produced. Therefore, the functional unit of the study was chosen as one kg of chitosan-

CNF composite films.  

System boundary 

Figure 6-1 shows the overall system boundary with key unit operations related to the 

manufacturing of chitosan-CNF composite film. The manufacturing process consisted of 

manufacturing chitosan (matrix phase polymer), CNF (reinforcing agent), citric acid (cross-linking 

agent), glycerol (plasticizer), and composite films by solvent casting method. For the base-case 

analysis, the optimal composite composition of 15% CNF and 18%glycerol (plasticizer) was 

considered [32]. The crosslinking reactions were performed in our research laboratory for 15, 20, 

and 25% citric acid concentrations as proof of study and were further confirmed by The Fourier 

transform infrared (FTIR) spectral data [33]. Based on our preliminary study, it was decided that 

about 20% of citric acid as a cross-linking agent was sufficient to improve the hydrophilic nature 

of the composite films. Therefore, the composition of composite film for the base case consisted 

of 15% CNF, 18% glycerol, 20% citric acid, and the rest from chitosan. We assumed that both 

citric acid and glycerol were derived from typical chemical manufacturing processes in the U.S., 

while the chitosan and the CNF were produced from shrimp shells and bleached wood pulp 

respectively.  

The shrimp shell wastes discarded in municipal solid waste (MSW), which eventually 

reaches landfills was considered as a primary source for chitosan manufacturing. First, the shrimp 

shell wastes were immersed in hydrochloric acid solution (HCl) to remove inorganic minerals. 

Then, the demineralized shells were treated with sodium hydroxide solution to initiate 

deproteination to extract chitin. Then, the chitin was treated with concentrated sodium hydroxide 
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to produce deacetylated chitosan. The resulting chitosan from the deacetylation process was 

separated, dried in the air, and ground to powder to use for different applications [34]. 

Cellulose nanofibrils (CNFs) can be produced from the chemical pulping of wood chips 

followed by a mechanical fibrillation process as similar to the pilot-scale plant operation at the 

University of Maine (UoM), U.S.A. The softwood chips were processed by a kraft pulping process 

to manufacture pulp. The kraft/sulfate pulp was bleached and washed to remove excess lignin. 

Then, it was subjected to mechanical pretreatment by valley beating followed by series of 

fibrillation in the disc refiner. The fibrillated pulp in the form of hydrogels has a final solid 

concentration of about 3% with an average cellulose fibril diameter of 50-100 nm [35]. The CNF 

hydrogel was used as a reinforcing agent in the chitosan polymer matrix. 

In this study, we assumed a solvent-based film-casting method to manufacture composite 

films. As the matrix phase and other additives are water-soluble, composite polymer mixtures in 

water solvent can be molded as sheets on the moving rolls and dried to produce composite films. 

The composite film manufacturing process consisted of polymer mixing and heating, roll casting, 

drying, and film winding [36]. The operating conditions for the key processes were estimated from 

the published literature [37-39].  
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Figure 6-1. The system boundary of CNF reinforced chitosan composite film manufacturing 

process for environmental impact assessment 
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Life cycle inventory (LCI) data sources and analysis 

The mass and energy input data and emission output data for each sub-process of composite 

film production were either obtained from US-LCI & eco-invent databases, literature sources, or 

estimated. The LCI data for chitosan and CNF manufacturing processes were obtained from the 

literature. The composite film production data were estimated from scaled-up laboratory 

experimental data. The datasets from US-LCI and eco-invent databases were used to model the 

unit processes of composite film production. The U.S geographical region-specific manufacturing 

activities and material resources were considered for LCI data analysis of composite film 

production. The heat source was either produced from biomass or natural gas sources at various 

stages of composite film production. The U.S. low voltage electricity mix at the grid was used to 

represent the electricity consumption in all stages of LCA.  

The LCI data for the chitosan manufacturing process were obtained from (i) emission 

potential of shrimp shell disposal as food waste, (ii) materials and energy used for demineralization 

and deproteination treatment process for the production of chitin, and (iii) materials and energy 

used for the deacetylation treatment process to produce chitosan from chitin. About 217,000 MT 

of shrimps and lobster are harvested every year in the U.S. for domestic consumptions. They 

contain approximately 50% of inedible mass as shells which are disposed of as food waste in 

municipal solid waste (MSW) [40].  The fractions of food waste disposed of in MSW are 

composted, combusted, and landfilled. The greenhouse gas (GHG) emission potential from one kg 

shrimp shell waste was estimated from the food waste disposal fractions in MSW and the U.S. 

EPA’s waste reduction model (WARM) food waste emission factors [41, 42]. The mass and energy 

balance data for converting shrimp shell waste into chitosan were obtained from Bristow (2012) 

and Muñoz et al. (2018). The shrimp shell waste contains approximately 16% protein, 3% chitin, 



 

168 

and 5% CaCO3. The protein and CaCO3 were recovered as protein sludge and calcium waste by-

products during the chitin manufacturing process. The calcium waste was discarded as inert 

landfill waste and 6% of protein sludge was used to replace nitrogen fertilizer [43]. The LCI data 

related to air emissions, wastewater, and chitosan yield (~70%) from chitin were obtained from 

Bristow (2012) and Muñoz et al. (2018).  It was assumed that the shrimp shell waste was directly 

supplied to chitosan manufacturing plants by shrimp food production industries instead of 

disposing at the landfill and transportation for the collection of shrimp shell waste was not 

accounted for. The detailed mass and energy balance data for manufacturing chitosan from shrimp 

waste were presented in the supplementary datasheet (Table 6-S4 to 6-S12).  

Table 6-1. Summary of LCI input data used for manufacturing one kg of the chitosan-CNF 

composite films.  

Composite film 

manufacturing 

stages 

Input-Material 

/ Energy  

Amount Unit Remarks 

/Reference 

CNF production Bleached kraft 

pulp 

1.06 kg (Lee 2016) 

Electricity - 

Valley Beater 

0.39 kWh (Vaz et al. 2019) 

Electricity- 

Refiner 

1.45 kWh (Bilodeau and 

Paradis 2018) 

Chitin 

production 

(Demineralizati

on and 

deproteination) 

Water 198.00 l (Bristow 2012) 

Shrimp shell 

waste 

33.00 kg (Muñoz et al. 

2018) 

HCl  4.70 kg (Bristow 2012) 

NaOH  6.27 kg (Bristow 2012) 

Electricity 1.30 kWh (Muñoz et al. 

2018) 

Chitosan 

production 

(Deacetylation) 

Demineralized 

and 

deproteinized 

shrimp shell 

waste- (Chitin) 

1.41 kg (Muñoz et al. 

2018) 

Water  70.42 l (Bristow 2012) 

NaOH 0.67 kg (Muñoz et al. 

2018) 
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Heat from 

biomass 

31.3 MJ (Muñoz et al. 

2018) 

Electricity 1.06 kWh (Muñoz et al. 

2018) 

Film-casting Water 20.67 l 

 

 

 

Estimated 

 

 

 

 

 

Acetic acid 0.21 kg 

Chitosan 0.47 kg 

CNF 0.15 kg 

Glycerol 0.18 kg 

Citric Acid 0.20 kg 

Electricity- 

Mixing 

0.004 kW 

Heat energy-

Drying 

51.00 MJ 

Electricity - 

Film winding  

0.00021 kW 

 

The LCI data for sulfate wood pulp used in CNF production were obtained based on the 

softwood forest management operations followed in northeastern and north-central (NE/NC) 

regions of the U.S.A. Natural forest regeneration without any planting model is practiced in 

NE/NC regions for softwood forest management operations. As for the harvesting system is 

considered, a mechanized timber harvesting system was used in these regions. The logs and timber 

are processed at the landing site with a large feller-buncher, a medium-sized grapple skidder, and 

in a mechanized processor to produce woodchips [44]. The softwood chips are digested in sodium 

sulfide and sodium hydroxide aqueous solution and kraft pulp are manufactured. Further, the 

residual lignin in the digested kraft pulp is removed by the bleaching process. The LCI data for the 

forest management operations and bleached kraft pulping process were obtained from US-LCI and 

eco-invent databases on the SimaPro software (see supplementary information, Table 6-S1). The 

LCI data of CNF isolation from softwood pulp process was estimated from the specific energy 

consumption of bleached softwood pulp processing in valley beater and disc refiner (see 

supplementary information. Table 6-S2 and 6-S3) [35, 45]. 
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The manufacturing of flexible packaging film with a standard size of 300 x 250 x 3 mm 

and the production output rate of 400,000 films/day were considered for LCI data modeling of the 

film-casting process [37]. The hourly production rate was calculated from the packaging film size, 

the production output of a day, and the density of the chitosan-CNF composite film. The details 

on the type and the amount of materials required and the energy consumption data for water-based 

film-casting were estimated from the hourly production output and were summarized in the 

supplementary information. The specific energy consumption rate for mixing, drying, and winding 

operations were calculated (see supplementary information, Table 6-S13, and 6-S18) [46, 47]. The 

summary of input and output LCI data for one kg of the chitosan-CNF composite film are presented 

in Table 6-1 & 6-2 respectively. 

Table 6-2. Summary of LCI output data for manufacturing one kg of the chitosan-CNF composite 

films.  

Composite film 

manufacturing 

stages 

Output 

Material / 

Energy  

Amount Unit Remarks 

/Reference 

Shrimp shell 

waste treatment 

Carbon dioxide 0.42 kg Estimated 

Chitin 

production 

(Demineralizati

on and 

deproteination) 

Protein sludge 

(Substitute for 

nitrogen 

fertilizer) 

0.24 kg 

(Muñoz et al. 

2018) 

CO2 fossil 0.7 kg 

Ammonia 0.12 kg 

Dinitrogen 

monoxide 

0.006 kg 

Nitrogen oxides 0.06 kg 

CO2 biogenic 6.88 kg 

Calcium waste 1.50 kg 

Wastewater 198.00 l 

Chitosan 

production 

(Deacetylation) 

Wastewater 70.42 l (Bristow 2012) 
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The LCI data for the comparative analysis of the composite film with fossil-based and bio-

based films were determined from eco-invent databases. A typical blown film process that is used 

in the production of synthetic resin packaging films was considered for LCI analysis. In the blown 

film processing method, the granular solid resins are first melted in the extruder. The molten resins 

are forced through an annular die unit to manufacture blown film [48]. The LCA model comprising 

polymer granulate material, extrusion, and blown film process was created in SimaPro software 

from LCI datasets of Ecoinvent databases. The Ecoinvnent database used European plastics 

industries data to define material, energy, and emission data of fossil-based resin granulates 

extruder and blown film processes. It used the production data of NatureWorks LLC and product 

declaration data of Materbi, Italy to model LCI data sets of PLA and starch polymer. The amount 

of material processed in the extruder and blown film unit was estimated using a 98% process 

conversion efficiency factor [49].     

Lifecycle impact assessment (LCIA) and interpretation 

The ISO 14042 provides guidelines that the environmental impact of a product system shall 

be assessed in climate change, human health, and resource depletion impact categories to describe 

their environmental profile.  The environmental impacts of manufacturing CNF and chitosan by 

chemical and mechanical processes were assessed on global warming potentials, cumulative 

energy demand, ecosystem quality, and human health impact categories [28, 43, 50]. The obtained 

results on these categories exhibited a comprehensive and comparative environmental profile of 

material systems portrayed by various chemicals and electricity used in the process. In this study, 

the composite film manufacturing system consumed a considerable amount of chemicals and 

energy during pulp manufacturing, CNF extraction, chitosan manufacturing, and film casting 

processes and caused environmental impacts by the emission of pollutants and depletion of energy 
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resources. Fossil fuel use in electricity production and heat generation is the major contributor to 

climate change and resource depletion. The nitrogen and ammonia emission from the chemical 

recovery process of pulp production would increase acidity in air and water and could damage the 

respective ecosystem. The production process of hydrochloric acid and sodium hydroxide 

chemicals emitted substances such as chlorine, tetrachloromethane, and particulate matter, and 

waste heat. These emissions would cause ozone depletion, respiratory, carcinogenic, and non-

carcinogenic illness. To quantify the impacts on these categories and to comply with the 

environmental impact assessment regulation of the U.S. Environmental Protection Agency (EPA), 

the TRACI 2.1 (Tool for Reduction and Assessment of Chemicals and Other Environmental 

Impacts) assessment method was considered for characterization of environmental impacts. The 

TRACI 2.1 assessment method include ozone depletion (OD), global warming potential (GWP), 

acidification (AD), eutrophication (EP), smog formation (SF), carcinogenic (CG), ecotoxicity 

(ET), non-carcinogenic (NCG), respiratory effects (RE) and fossil fuel depletion (FFD) impact 

categories for the assessment of environmental impact [51]. The interpretations of results were 

presented by contribution, comparative analysis methods to disclose the environmental impacts 

generated by the composite film manufacturing process. The contribution analysis was used to 

investigate the environmental impact contribution by the materials and energy consumed by 

chitosan, CNF, and film sub-manufacturing processes for the manufacture of one kg of the 

chitosan-CNF composite film. According to ISO 14044, the comparative analysis in LCIA is 

intended to disclose a competing or equivalent product system that  performs the same functions. 

The GWP of manufacturing packaging film from polymer materials such as polyethylene (low-

density polyethylene, LDPE and high-density polyethylene, HDPE) and polypropylene (PP) and 
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bio-based polymers such as starch and PLA were compared with the chitosan-CNF composite film 

manufacturing process by comparative analysis.  

Sensitivity analysis 

The amount of chemicals and energy used in the production of composite film were the 

average values obtained from the literature and or estimates to assess the environmental impacts 

[50]. The amount of chemicals used in pulp production process and demineralization, 

deproteination and deacetylation processes of chitosan manufacturing process, the electricity 

consumed in the CNF fibrilization process, chitin, chitosan film casting process, and heat energy 

used in chitosan and film casting process were critical factors that would influence the 

environmental impacts of the composite film production process. To investigate the uncertainties 

of these factors on environmental impacts, the sensitivity analysis was conducted on the variations 

of the amount of chemicals used during chitosan production, overall energy use, and the CNF yield 

from kraft pulp on the overall energy use, GHG emissions, and other environmental impacts of 

composite films. The amount of pulp used in CNF manufacturing was changed by ± 6% from the 

base-case values [50, 52]. The energy flow in all the processes was changed with ± 20% from the 

base-case values [53, 54]. The recommended chemical use range by Bristow et al. (2012) was 

considered for the sensitivity analysis study (see supplementary information, Table 6-S19). 

Scenario analysis 

The CNF reinforcement in the chitosan matrix was more effective in improving 

mechanical, barrier, and thermal properties. The chitosan and CNF have functional hydroxyl 

groups in their glucose units to create strong molecular network structure by hydrogen bonds [55]. 

The intra and inter-molecular hydrogen bonds between the reactive hydroxyl groups can be 

increased while reinforcing the CNF in chitosan.  The dispersion ability of CNF with a specific 
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loading percentage in the chitosan polymer matrix could improve the mechanical properties of 

composite films as studied elsewhere [32, 56]. Hence, in this study, the effect of the CNF loading 

rate on the environmental performance of the composite film was evaluated from the baseline 

loading rate of 15% CNF. The three CNF loading rates considered for the scenario analysis were: 

i) 10%, ii) 15% and iii) 20%.  

Results and discussion 

Contribution analysis  

 
Figure 6-2. Contribution analysis of all environmental impacts of manufacturing one kg of 

Chitosan-CNF composite film (base case). Note: OD-Ozone Depletion in kg CFC-11 eq., GWP-

Global Warming Potential in kg CO2 eq., SF-Smog Formation in kg O3 eq., AD-Acidification in 

kg SO2 eq., EP-Eutrophication in kg N eq., CG-Carcinogenic in CTUh, NCG-Non-Carcinogenic 

in CTUh, RE-Respiratory Effects in kg PM2.5 eq., ET-Ecotoxicity in CTUe and FFD-Fossil Fuel 

Depletion in MJ surplus 

 

Figure 6-2 shows the overall environmental impacts of chitosan-CNF composite films with 

relative contributions from sub-processes. Among the three sub-processes, the CNF manufacturing 
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process has the lowest environmental impact contributions, which is due to the limited use of CNF 

(15% by mass) for reinforcing purposes. Overall, the CNF manufacturing process contributed less 

than 7% of the total emission to produce composite films. The largest environmental impact 

contributions from the CNF manufacturing process were Global Warming Potential, GWP (7%), 

Smog Formation, SF (2%), Respiratory Effects, RE (1%), and Fossil Fuel Demand, FFD (1%). 

The relative percent contributions of material and energy used in manufacturing CNF on various 

environmental impacts are shown in Figure 6-3. The electricity use for the mechanical 

pretreatment and fiber defibrillation to produce CNF from the kraft pulp had a larger contribution 

to GWP. Overall, the GHG emission potential of the mechanical pretreatment method considered 

in this study (1.84 kg CO2 eq./ kg of CNF) was much lower than that of the combination of 

chemical and mechanical treatment methods evaluated by Li, Q., et al. (2013) (190-1160 kg CO2 

eq./ kg of CNF) and Arvidsson, R., et al. (2015) (1.20-99 kg CO2 eq./ kg of CNF). However, the 

fibrillation quality of CNF varies widely from each pretreatment method to utilize for a wide range 

of applications. Standardization of CNF properties and other quality parameters are important for 

commercial production. For flexible packaging applications, the mechanical and barrier properties 

are important and can be achievable through mechanical pretreatment methods.  
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Figure 6-3. The percent contributions of environmental impacts from the CNF manufacturing 

process in one kg of the composite film production. Note: GWP – Global Warming Potential in kg 

CO2 eq., SF-Smog Formation in kg O3 eq., RE-Respiratory Effects in kg PM2.5 eq. and FFD-

Fossil Fuel Depletion in MJ surplus 

 

The chitosan manufacturing process had a relatively larger contribution to all 

environmental impacts except GWP and FFD (Figure 6-2).  The larger contribution of the 

environmental impacts such as - OD, ET, RE, NCG, CG, AD, EP and SF was due to the use of 

chemicals during chitosan extraction from shrimp shell wastes (Figure 6-4). In this study, the 

shrimp shell waste which would otherwise be landfilled was diverted for the production of 

chitosan. The avoided CO2 emission by the production of chitosan from shrimp would be captured 

in the chitosan-CNF composite. As the chitosan and CNF are biodegradable polymers, the CO2 

can be sequestrated after use and disposal as composts. Also, the chitosan manufacturing process 

produces a co-product, protein sludge, which was assumed to displace nitrogen fertilizer and the 

corresponding displacement savings or credits on different impact categories were also accounted 
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for. These savings or credits in different impact categories were shown as negative emissions in 

Figure 6-4. The other wastes generation streams, limestone residues, and wastewaters were 

disposed of as wastes. The chemicals such as sodium hydroxide and hydrochloric acid used in 

deproteination and demineralization processes were major contributors to the environmental 

impacts of chitosan as observed by Muñoz et al., 2018. To reduce or limit the chemicals used in 

the deproteination and demineralization processes, several laboratory-scale alternate treatment 

methods such as the use of organic acid, biological fermentation process, dehydration, and 

temperature-induced fermentation by hot glycerol and enzymatic treatments were explored by 

several researchers [57-62]. Recently, Yang, et al. (2019) proposed a novel method that uses hot 

water and carbonic acid for demineralization and deproteinization of shrimp shell waste [63]. Hu 

et al., (2020) employed an instant catapult steam explosion method along with weaker acids to 

effectively demineralize and deproteinize shrimp waste to produce chitin. If such environmentally 

friendly methods can be soon commercialized, the environmental impacts of composite film 

production can also be substantially reduced. 
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Figure 6-4. The percent contributions of environmental impacts from the chitosan manufacturing 

process in one kg composite film production. Note: OD-Ozone Depletion in kg CFC-11 eq., GWP-

Global Warming Potential in kg CO2 eq., SF-Smog Formation in kg O3 eq., AD-Acidification in 

kg SO2 eq., EP-Eutrophication in kg N eq., CG-Carcinogenic in CTUh, NCG-Non-Carcinogenic 

in CTUh, RE-Respiratory Effects in kg PM2.5 eq., ET-Ecotoxicity in CTUe and FFD-Fossil Fuel 

Depletion in MJ surplus 

 

The film-casting process contributed 90% of GWP and 50% of FFD to produce composite 

films, while the other impact categories contributed less than 10% (Figure 6-2). Figure 6-5 shows 

the detailed breakdown of various processes that contributed to the overall environmental impacts 

of the film-casting process. The heat supplied for drying of film and the citric acid used in the 

crosslinking process had substantially contributed to all environmental impact categories. As the 

composite films are soluble in acidic water, a water-based casting method should be followed to 

produce flexible films and the thermal drying process can be unavoidable. To mitigate the emission 

contribution by the drier, the fossil-based energy resources could be displaced by renewable 

resources to reduce overall GHG emissions. Currently, the dryers used in fabric industries, paper 
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industries, and biomass production industries are shifting to renewable energy resources to 

mitigate the fossil energy use [64-66]. Technological advancement and environmental awareness 

are major motivational factors for the use of renewable energy resources for the drying process. 

Hence, the biopolymer dryer with a biomass heating source would be a potential emission 

reduction strategy for the film casting process. Similarly, the environment-friendly CNF surface 

modifier such as oxalic acid can be used to increase the barrier properties while reducing the 

environmental impact of composite films [67]. The biodegradable nature of all the constituents in 

the composite films.  

 
Figure 6-5. The percent contributions of environmental impacts from the film-casting process in 

one kg composite film production. Note: OD-Ozone Depletion in kg CFC-11 eq., GWP-Global 

Warming Potential in kg CO2 eq., SF-Smog Formation in kg O3 eq., AD-Acidification in kg SO2 

eq., EP-Eutrophication in kg N eq., CG-Carcinogenic in CTUh, NCG-Non-Carcinogenic in CTUh, 

RE-Respiratory Effects in kg PM2.5 eq., ET-Ecotoxicity in CTUe and FFD-Fossil Fuel Depletion 

in MJ surplus 

   

Impact comparison with fossil-derived polymer films 

Figure 6-6 shows the carbon footprints of chitosan-CNF composite film and compared 

them with fossil and other biopolymer-based films. The film-casting process contributed the 
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largest carbon footprint (GWP - 3.57 kg CO2 eq./ kg of the composite film) of chitosan-CNF 

composite films, but the carbon footprint of chitosan-CNF composite material production was 

much lower (0.34 kg CO2 eq./ kg of the film) than that of other competitive fossil and biopolymer-

based resin production. A closer examination of all the input materials showed that heat energy 

supplied for the drying process contributed 2.20 kg CO2 eq./ kg of the film, which is expected from 

the process run by fossil fuels. However, opportunities exist to replace dryer fuels with renewable 

sources (e.g., biomass, solar energy) to further reduce the GWP of composite films. Renewable 

energy resources reduce CO2 emissions to a greater extent. They are emerging as efficient and 

clean alternate energy resources for the fossil-based resources. About 23% of energy use from 

renewable resources would bring down the CO2 emission by 74%. Hence, the composite film 

dryer which uses renewable energy resources can cut down the CO2 emission during the drying 

process. In addition, the manufacturing of biopolymers such as PLA and starch polymers had a 

larger GWP than that of fossil-derived polymers and our composite films. Overall, if natural 

polymers such as chitosan, CNF can be effectively blended and functionalized to improve 

mechanical and barrier properties, they can be environmentally more benign than other 

competitive biopolymers. 
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Figure 6-6. Carbon footprint of the chitosan-CNF composite film along with fossil and 

biopolymer-based films and the environmental impact contribution by the film casting process. 

Note: LDPE-Low Density Polyethylene, HDPE-High density polyethylene, PP-Polypropylene, 

PLA-Polylactic Acid 

 

Sensitivity analysis 

Figure 6-7 shows the sensitivity of key parameters influencing the environmental impacts 

of chitosan-CNF composite films. The process parameters with more than 10% change from 

baseline results were identified as the most sensitive process parameters that would affect the 

environmental impacts of composite films [68]. The deproteination process parameter was the 

most sensitive process parameter affecting all the environmental impacts, although it had the 

highest impact on the GWP with the sensitivity factors of 28%.  It was also relatively sensitive to 

other environmental impact categories such as ET, CG, NCG, OD, RE, and EP with the sensitivity 

factor of 13%, 12%, 10%, 10%, 10%, and 9% respectively. Therefore, future research could be 
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directed to develop, optimize, and commercialize environmentally friendly deproteination 

methods to replace the NaOH-based method for shrimp wastes to produce chitosan. The 

demineralization and overall energy use parameters were the other parameters that influenced the 

GWP potential of composite films. Although the demineralization process parameter was the 

second most sensitive parameter, it did not substantially influence any of the other impact 

categories. The overall energy use, deacetylation, and CNF yield from wood pulp did not 

significantly affect any of the impact categories.     

 
Figure 6-7. Sensitivity analysis on the major environmental impact categories of the chitosan-

CNF composite film. Note: GWP-Global Warming Potential, ET-Ecotoxicity, CG-Carcinogenic, 

OD-Ozone Depletion, RE-Respiratory Effects, and EP-Eutrophication.  

  

Scenario analysis 

The CNF loading percent on the chitosan matrix can determine the achievable tensile and 

barrier properties of composite films. The maximum tensile strength of 55 MPa and water vapor 

barrier properties of 14 g.mm/kPa.d.m2 were obtained for chitosan-CNF composite with 10 to 20% 

CNF and 20% glycerol [32]. The effect of the CNF loading percent on the impact of GWP was 
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evaluated at three different loading rates and compared with PLA and starch-based biopolymer 

films. The ± 5% change in CNF loading percent showed marginal change (± 2%) in GWP. Hence, 

increasing the CNF loading rate of up to 20% to improve the overall mechanical and barrier 

properties of composite films did not substantially increase the GWP. Furthermore, the increased 

GWP was lower or comparable to that of other biopolymer-based films such as PLA (4.53 kg CO2 

eq./kg) and starch (4.22 kg CO2 eq./kg). Therefore, CNF reinforced chitosan films can be the most 

environmentally benign flexible composite films for packaging applications.  

Conclusions 

A cradle-to-gate life cycle assessment of chitosan-CNF composite films was conducted to 

evaluate the environmental impacts and compare them with other fossil-derived and biopolymers-

based flexible films for packaging applications. The GWP of manufacturing chitosan-CNF 

composite film was about 3.91 kg CO2 eq./kg of composite film and was comparable or lower 

than that of fossil-derived and other biopolymer-based flexible films. The water-soluble nature of 

composite polymers required more energy to evaporate water to produce composite films. Thus, 

the energy required for the film drying was the major contributor of GWP followed by citric acid 

use for in-situ crosslinking of composite films. Therefore, developing an energy-efficient film 

drying technology would be critical to further reduce the GWP of composite films.  The sensitivity 

analysis study revealed that the use of sodium hydroxide during deproteination of shrimp shell 

waste was the most sensitive parameter that influenced all the environmental impact categories 

evaluated. Therefore, the development of novel demineralization and deproteination of shrimp 

shell waste to produce chitosan could further reduce the overall environmental impacts of 

composite films. The scenario analysis demonstrated that the change in loading percent of CNF as 

a reinforcing agent did not substantially increase the GWP of composite films. In addition, the 
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biodegradability of all the constituents on the composite films could have huge potential for the 

commercial production of flexible packaging films.  The emergence of chitosan-CNF composite 

films would also have the potential to replace fossil-derived packaging films accumulated on land 

and ocean surfaces to a greater extent. However, the current study has also identified potential 

environmental hotspots in the large-scale production of chitosan-CNF composite films. The use of 

NaOH, HCl, and fossil energy during the composite film manufacturing process were identified 

as the critical factors that could contribute to higher environmental impacts. Hence, it would be 

appropriate to explore the alternate routes to extract chitosan from shrimp shell wastes and 

alternative film drying processes to avoid greater environmental consequences during the 

manufacturing of composite films. The chitosan-CNF composite films are biodegradable and can 

be composted and used as fertilizer replacement. Furthermore, the end of life of chitosan-CNF 

composite films by composting should be further studied. In addition, the functional unit 

considered in this study was based on the mass fractions which would determine the composite 

material properties such as tensile and barrier properties. The change in the functional unit could 

also potentially alter the environmental performance. Future research is directed to evaluate the 

economic potential of composite films over commercial fossil-derived films and to promote the 

acceleration of scale-up and commercial production of chitosan-CNF composite films for 

packaging applications.   
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CHAPTER 7 

CONCLUSION AND RECOMMENDATIONS 

Conclusion 

The accumulation of plastic packaging waste in the ocean and on the land have raised 

serious environmental concerns and necessitated the development of environmentally friendly 

packaging materials from renewable resource. The cellulose Nanofibrils (CNF), a nanostructured 

cellulose and its composites were extensively studied to use them as potential packaging materials 

due to their biodegradability, biocompatibility, excellent physical and mechanical properties. This 

dissertation was aimed to address the research gap in the production of nanocellulose and their 

composites for packaging applications. The specific objectives of this dissertation were to develop 

novel methods to produce high-solid content CNF hydrogels, to develop chitosan-CNF composites 

with improved water vapor barrier and hydrophobic properties, to develop PLA-cellulose 

microfibril (CMF) composite with enhanced tensile, and water vapor barrier properties and to 

assess the life cycle environmental impact of manufacturing chitosan-CNF composite film to 

present as proof – of – concept for large scale production. The key findings from this research 

work are as follows. 

To produce high solid content CNF, the cellulose fibers were pretreated by two chemical 

pretreatments (with 2% CMC and 1% NaOH) with various mall milling time before high-pressure 

homogenization. The ball milling after the knife mill pretreatment processes significantly reduced 

the fiber dimensions, enhanced the dispersion ability and prevented clogging of cellulose fibers 

during the homogenization process. The processing ability of homogenizer was also improved 
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three times while compared to the control sample without ball milling treatment. The CNF 

hydrogel with the maximum of 6% solid content was able to achieve by this CNF manufacturing 

method. The manufacturing method did not affect the chemical structure and other properties of 

CNF hydrogel, but marginally increased the thermal stability. The crystallinity of CNF was 

increased by up to 10% at 45 min ball milling treatment time.  The CNF fibrillation increased more 

fiber surface area for hydrogen bonding, entanglement in fiber network structure and the tensile 

strength of CNF films. Moreover, the CNF fibril width distribution from 20 to 40 nm proved that 

the fibrillization process could able to produce consistent quality fibrils from knife milled cellulose 

powder.   

The CNF emerged as potential reinforcement materials due to their high aspect ratio, 

stiffness and specific area. The CNF were reinforced in natural biopolymers such as chitosan and 

starch and synthetic biopolymers such as PHA, PHB, PLA, etc. to develop biopolymer composites 

for packaging applications. In this work, the chitosan-CNF composite was manufactured using 

citric acid as a crosslinker by in-situ approach to study the mechanical and barrier properties of 

natural biopolymers for packaging applications. The citric acid crosslinking was confirmed from 

the FTIR peak at 1710 cm-1 wavenumber corresponding to the ester bonds. The water uptake and 

water vapor permeability of composite films were reduced by up to 86 and 50% respectively due 

to the effective crosslinking of chitosan-chitosan and chitosan-CNF molecules. The 20% of CNF 

and 25% of citric acid in chitosan composite was determined as an optimal amount of 

reinforcement and crosslinker that maximized the tensile strength, hydrophobicity and minimized 

water vapor barrier properties of composite film. The improvement of chitosan properties with 

CNF as reinforcement and citric acid as crosslinker demonstrated that chitosan-CNF composite 

can be potential alternative to displace fossil-based polymers for packaging applications. 
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To develop synthetic biopolymer-cellulose composites for packaging application, cellulose 

microfibrils (CMF) produced from cotton noil was reinforced with PLA biopolymer to produce 

composite films. The hydrophobic nature of noil fibers played a key role in improving the 

dispersion stability and the interfacial adhesion of composite films. Further, the crystallinity of 

CMFs did not affect the interfacial adhesion with PLA biopolymer matrix. The tensile and water 

vapor and UV light barrier properties were improved by the CMF reinforcement in PLA 

biopolymer. The ultimate tensile stress and Young’s modulus of 1% CMF reinforced composites 

were 46% and 30% higher than that of the control films. The tensile strength of 1, 3, 5 and 10% 

CMF reinforced composites was decreased with further increase in CMF percent, but was 

comparable with that of low-density polyethylene (LDPE) polymer which is predominantly used 

in packaging applications. The water vapor barrier properties were improved while increasing the 

CMF reinforcement on the composites.   

A cradle-to-gate life cycle assessment of chitosan-CNF composite films were conducted to 

assess the environmental impacts of composite films for packaging applications. The proof-of-

concept approach was adapted to estimate the environmental impacts of large-scale production 

from laboratory film casting process. The LCA study revealed that about 79% of environmental 

impacts were caused by the citric acid and heat energy used during the film casting step. The 

carbon footprint of composite film was 7 and 16% less than that of the fossil-based low-density 

polyethylene (LDPE) and poly (lactic acid) (PLA) biopolymer films respectively. The sensitivity 

analysis identified that the use of sodium hydroxide used in the deproteination was the most 

sensitive process parameter influenced that global warming potentials (GWP) of composite films. 

An increase in CNF loading rate by up to 20% did not affect the GWP of composite films. 
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Recommendations 

The future research can be focused on scaling up and commercial production of CNF from 

NaOH pretreated short cellulose fibers for producing highly dispersible and consistent quality 

CNFs for various applications. In addition, the scaling up of water based solvent casting method 

should be further investigated to optimize the casting temperature, film quality and energy 

consumption of large-scale production plant.  

The environmental impacts of biopolymer composites are scare in the literature. Therefore, 

a comprehensive life cycle assessment tools should be developed to screen biopolymers that are 

not only environmentally benign, but also economically competitive to commercial fossil-based 

polymers for packaging applications. Therefore, the life cycle assessment should be combined with 

techno-economic assessment of biopolymer composites to promote the market penetration of both 

natural and synthetic biopolymers on the sustainable packaging industry.  
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APPENDIX A 

SUPPLEMENTARY INFORMATION- PRODUCTION AND CHARACTERIZATION OF 

HIGH SOLID CONTENT CELLULOSE NANOFIBRILS FROM PRETREATED FLUFF 

PULP 

Statistical analysis  

The one-way ANOVA test was performed to study effect of pretreatment process on 

feedstock cellulose fiber dimension (width and length) reduction, CNF solid content percentage, 

zeta potential, crystallinity, and fibril width. The data for statistical tests were obtained from optical 

microscope images, moisture test, zeta potential measurements, XRD test and SEM images. The 

hypotheses of the statistical tests were defined and tests were performed in MATLAB software. 

The anova1() function was used to return ‘p’ value and ANOVA table. The variation between 

samples and within samples (Error) were listed in ANOVA table. The significant difference across 

the mean value of samples were determined from returned ‘p’ value and conclusion about null 

hypothesis was reported. The multcompare () function was used make pairwise comparison of 

sample means and to study pretreatment effects on CNF samples manufactured. The Tukey’s 

honestly significant difference procedure was used to test hypothesis.  

Effect of pretreatment process on feedstock cellulose fiber width 

The following hypothesizes were tested to investigate effect of pretreatment process on 

width of feedstock cellulose fibers. 

Null hypothesis: The mean width of cellulose fibers produced by different pretreatment methods 

are same. 
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Alternate hypothesis: The mean width of cellulose fibers produced by different pretreatment 

methods are not same.   

Inference: The ‘p’ value is less than 0.05.  Hence, null hypothesis was rejected. The multiple 

comparison test indicated that pretreated sample means were different from control sample 

Table 3-S1. One-way ANOVA significance test results of fiber width 

Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value Prob > F 

Variation 

between CNF 

samples 

32880.6 6 5480 301.53 8.7787x10-115 

Error 4779.8 263 18.17   

Total 37660 269    

 

 

Figure 3-S1. One-way ANOVA multiple comparison test of pretreated cellulose fiber width  

Effect of pretreatment process on feedstock cellulose fiber length 

The following hypothesizes were defined to investigate effect of pretreatment on length of 

feedstock cellulose fiber. 
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Null hypothesis: The mean length of cellulose fibers produced by different pretreatment methods 

are same. 

Alternate hypothesis: The mean length of cellulose fibers produced by different treatment methods 

are not same.   

Inference: The ‘p’ value in ANOVA table is less than 0.05. Hence, the null hypothesis was rejected. 

The pairwise multiple comparison test results are presented in Figure 3-S2. The effect of all 

pretreatments on fiber length reduction were significantly different from control sample.  

Table 3-S2. One-way ANOVA significance test results of fiber length 

Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value Prob > F 

Variation 

between CNF 

samples 

4.54028x106 6 756713.5 68.73 5.3745x10-51 

Error 2.88452x106 262 11009.6   

Total 7.4248x106 268    

 

Figure 3-S2. One-way ANOVA multiple comparison test of pretreated cellulose fiber length  
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Effect of pretreatment process on CNF hydrogel solid content 

The following hypothesizes were tested to investigate effect of pretreatment on solid 

content percentage in CNF hydrogel. 

Null hypothesis: The mean solid content of CNF hydrogel produced by different pretreatment 

methods are same. 

Alternate hypothesis: The mean solid content of CNF hydrogel produced by different treatment 

methods are not same. 

Inference: The ‘p’ value in ANOVA table is less than 0.05. Hence, null hypothesis was rejected. 

The means values of CNF samples such as 0MC, 15MC and 45MC are different from other 

samples.  

Table 3-S3. One-way ANOVA significance test results of solid content percentage in CNF 

hydrogel 

Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value Prob > F 

Variation 

between CNF 

samples 

0.0032 6 0.00053 21.59 5.89984x10-35 

Error 0.00138 56 0.00002   

Total 0.00459 62    
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Figure 3-S3. One-way ANOVA multiple comparison test of CNF hydrogel solid content 

percentage  

Effect of pretreatment process on zeta potential 

The null and alternate hypothesis of zeta potential parameter were defined for one-way 

ANOVA test.  

Null hypothesis: The mean zeta potential of CNF hydrogel produced by different pretreatment 

methods are same. 

Alternate hypothesis: The mean zeta potential of CNF hydrogel produced by different treatment 

methods are not same. 

Inference: The ‘p’ value in ANOVA table is less than 0.05. Hence, the null hypothesis was rejected. 

The mean values of Ref. CNF samples are different from other samples.  

Table 3-S4. One-way ANOVA significance test results of zeta potential 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value Prob > F 
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Variation 

between 

CNF 

samples 

2774.31 7 396.33 9.48 6.86928x10-10 

Error 6980.25 167 41.798   

Total 9764.55 174    

 

Figure 3-S4. One-way ANOVA multiple comparison test of zeta potential 

Effect of pretreatment process on crystallinity 

The null and alternate hypothesis of crystallinity index parameter were defined for one-

way ANOVA test.  

Null hypothesis: The mean crystallinity index of CNF hydrogel produced by different pretreatment 

methods are same. 

Alternate hypothesis: The mean crystallinity index of CNF hydrogel produced by different 

treatment methods are not same. 

Inference: The ‘p’ value in ANOVA table was greater than 0.05. Hence, null hypothesis was 

accepted. The mean values of crystallinity index were same for all samples.  

Table 3-S5. One-way ANOVA significance test results of crystallinity index 
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Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value Prob > F 

Variation 

between CNF 

samples 

195.429 7 27.9186 1.16 0.376 

Error 384.361 16 24.0226   

Total 579.79 23    

 

Figure 3-S5. One-way ANOVA multiple comparison test of crystallinity index 

Effect of pretreatment process on CNF width 

The following hypothesizes tested to investigate effect of pretreatment on CNF hydrogel 

fibril width. 

Null hypothesis: The mean fibril width of CNF hydrogel produced by different pretreatment 

methods are same. 

Alternate hypothesis: The mean fibril width of CNF hydrogel produced by different treatment 

methods are not same. 

Inference: As the p<0.05, null hypothesis was rejected. The mean width of control and Ref. 

samples were different from pretreated samples. 
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Table 3-S6. One-way ANOVA significance test results of CNF width 

Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value Prob > F 

Variation 

between CNF 

samples 

71503.6 7 10214.8 99.04 1.53109x10-103 

Error 81168.8 787 103.1   

Total 152672.4 794    

 

Figure 3-S6. One-way ANOVA multiple comparison test of CNF width  
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APPENDIX B  

SUPPLEMENTARY INFORMATION - COTTON NOIL BASED CELLULOSE 

MICROFIBERS REINFORCED POLYLACTIC ACID COMPOSITES FOR THE 

IMPROVEMENT OF WATER VAPOR AND UV BARRIER PROPERTIES IN PACKAGING 

FILMS 

Statistical analysis  

Table 5-S1. One-way ANOVA table of ultimate tensile stress 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value Prob > F 

Variation 

between samples 

1862.56 5 372.512 39.3 8.56x10-11 

Error 227.51 24 9.48   

Total 2090.07 29    

Table 5-S2. One-way ANOVA table of Young’s modulus 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value Prob > F 

Variation 

between samples 

1.73x106 5 346207 6.32 0.0007 

Error 1.31x106 24 54776.30   

Total 3.05x106 29    

Table 5-S3. One-way ANOVA table of water vapor permeability 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value Prob > F 

Variation 

between samples 

8.97x10-22 5 1.79x10-22 4.95 0.003 

Error 8.70x10-22 24 3.62x10-23   

Total 1.77x10-21 29    
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APPENDIX C  

SUPPLEMENTARY INFORMATION - LIFE CYCLE ASSESSMENT OF 

MANUFACTURING CELLULOSE NANOFIBRILS REINFORCED CHITOSAN 

COMPOSITE FILMS FOR PACKAGING APPLICATIONS 

LCI data 

CNF production 

Table 6-S1. LCI data of pulp production 

Process stages Input/output Inventory details Amount Unit 

Softwood chips 

production for 

pulp 

manufacturing 

Forest 

Operation 

Process output Softwood, Low 

intensity 

management 

119.61 m3 

Input from 

Nature and 

Technosphere 

Carbon dioxide 83272.00 kg 

Felling 4.67 h 

Chain sawing 10.61 h 

Loading 8.28 h 

Skidding 11.22 h 

Wood 

Chips 

Process Output Softwood Chips 1 m3 

Input from 

Nature and 

Technosphere 

Wood Chopping 169.00 kg 

Pulpwood, 

softwood, average, 

low intensity 

management, NE-

NC NREL/RNA 

U-Modified 

0.36 kg 

Pulp Production Pulp Process Output Bleached sulfate 

pulp 

1.00 kg 

Biomass 

Resource 

for Pulp 

Input from 

Nature and 

Technosphere 

Softwood Chips 0.004 m3 

Water Water 0.06 m3 
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Digester Sodium hydroxide, 

without water, in 

50% solution 

0.02 kg 

Sodium sulfite  0.00003 kg 

Magnesium sulfate  0.003 kg 

Sulfur dioxide, 

liquid  

0.0004 kg 

Recovery Sodium sulfate, 

anhydrite 

0.0003 kg 

Quicklime, milled 0.008 kg 

Calcium carbonate 0.002 kg 

Sulfur  0.00007 kg 

Digester sludge  -0.00023 kg 

Bleaching Hydrogen 

peroxide, without 

water, in 50% 

solution state 

0.01 kg 

Oxygen, liquid  0.02 kg 

Sodium chlorate, 

powder  

0.01 kg 

Ozone, liquid  0.00003 kg 

Sodium formate  0.0008 kg 

Sodium 

hypochlorite, 

without water, in 

15% solution state 

0.0002 kg 

Sulfuric acid  0.027 kg 

Other 

Chemicals 

Chemical, 

inorganic  

0.0001 kg 

Chemical, organic  0.002 kg 

EDTA, 

ethylenediaminetet

raacetic acid  

0.0005 kg 

Malusil  0.0004 kg 

Electricity 

and Heat 

Electricity, high 

voltage  

0.037 kWh 

Heavy fuel oil  0.006 kg 

Light fuel oil  0.004 kg 

Natural gas, high 

pressure  

0.0001 m3 
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Natural gas, high 

pressure  

0.008 m3 

Methanol  0.0001 kg 

Methanol, from 

biomass 

0.002 kg 

Waste packaging 

paper  

-0.0005 kg 

Waste paper, 

unsorted  

-0.00003 kg 

Wood chips, dry, 

measured as dry 

mass  

0.49 kg 

Wood pellet, 

measured as dry 

mass  

0.008 kg 

Transport Transport, freight 

train  

0.33 tkm 

Transport, freight, 

lorry >32 metric 

ton, euro5  

0.26 tkm 

Infrastructu

re 

Pulp factory 4.07E-11 p 

 

Table 6-S2. LCI dataset of CNF isolation process 

Data Type Value Units Reference 

Specific energy 

consumption of 

valley beater 

0.386 kWh/kg (Vaz et al. 2019) 

Specific energy 

consumption of 

refiner 

1.45 kWh/kg (Bilodeau and Paradis 2018) 

 

Table 6-S3. LCI data used in SimaPro to represent the CNF production from softwood bleached 

sulphate pulp by Valley Beater and Disc Refiner 

Process Input 

Material / 

Energy 

Amount Unit SimaPro Dataset 

Used 

Reference 

Inputs from Technosphere (materials/fuels) 

Bleached 

Sulphate Pulp 

1.06 kg Sulfate pulp, 

bleached | sulfate 

pulp production, 

from softwood, 

Table 6-S1 
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bleached | Cut-

off, U-Modified 

Inputs from Technosphere (electricity/heat) 

Electricity - 

Valley Beater 

0.386 kWh Electricity, at 

grid, US/US 

Table 6-S2 

Electricity- 

Refiner 

1.45 kWh Electricity, at 

grid, US/US 

Table 6-S2 

Process Output 

Material / Energy Amount Unit SimaPro Dataset 

Used 

Reference 

Outputs to Technosphere (Products and co-products) 

CNF 1 kg CNF-Valley 

Beater - Modelled 

  

 

Chitosan production 

Table 6-S4. Emission factors for food waste end of life management options from EPA WARM 

model                                                                                              

Food waste end of 

life options 

Emission factors (kgCO2 eq./ 

kg) 

Reference  

Composting -0.198415979 (EPA 2019) 

Combustion   -0.143300429 

Landfilling 0.595247937 

 

Table 6-S5. CO2 Emission from shrimp shell waste disposed as MSW and managed by different 

end of life options 

Shrimp shell waste 

end of life options 

Disposal 

fraction 

Emission 

(kgCO2 eq. / kg) 

Remarks 

Composting 0.047385 -0.009402 Disposal fraction was 

estimated from 10 years data 

of food waste disposal for 

different end of life options 

(EPA 2017) 

Combustion   0.184614 -0.026455 

Landfilling 0.768000 0.457151 

Total 1.000000 0.421293 Emission = Disposal fraction x 

Emission factors 
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Table 6-S6. Composition of Shrimp Shell (Muñoz et al. 2018) 

Dry matter Protein Chitin CaCO3 

(kg/kg shrimp waste) (kg/kg dm) (kg/kg dm) (kg/kg dm) 

0.25 0.65 0.15 0.2 

 

Table 6-S7. Data resource for LCI data of chitosan manufacturing process (Ref. 1) (Bristow 

2012) 

Process Material 

Input 

Amount Liquid to Solid Ratio 

Chitin Manufacturing 

Wash Water   6L/kg of shrimp shell 

Demineralization  HCl  0.9 to 1.1 M 

(HCl: 0.0365 

kg/mole) 

4L/kg of shrimp shell 

Deproteination  NaOH  4 to 6 % w/v 4L/kg of demineralized shell  

Chitosan Manufacturing 

Deacetylation  NaOH 45 to 50 % w/w 50L/kg of chitin 

 

Table 6-S8. Resource for LCI data of chitosan manufacturing process (Ref. 2) (Muñoz et al. 

2018) 

A. Manufacturing of 1 kg chitin 

Input / Output 

Material & Energy  

Amount Unit SimaPro Dataset  

Avoided Product  

Protein sludge  4 kg Protein sludge  

Calcium waste 1.5 kg Calcium carbonate, 

precipitated {RER}| calcium 

carbonate production, 

precipitated | Cut-off, U 

Infrastructure 

Technosphere (Materials and Energy) 

Shrimp shell 33 kg  Shrimp shell - Modelled 

Electricity 1.3 kWh Electricity, medium voltage, 

certified electricity, at 

grid/US* US-EI U 

Emissions 

CO2 fossil 0.7 kg Carbon dioxide, fossil 

B. Manufacturing of 1 kg chitosan 
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Technosphere (Materials and Energy) 

Chitin  1.41 kg   

Heat from biomass 31.3 MJ Combustion, dry wood residue, 

AP-42/MJ/RNA 

Electricity 1.06 kWh Electricity, medium voltage, 

certified electricity, at 

grid/US* US-EI U 

 

Table 6-S9. LCI data resource for 1 kg of protein sludge production (Muñoz et al. 2018)  

Input / Output category Amount Unit SimaPro Dataset 

Avoided products/services: 

Protein sludge  1 kg Protein sludge - Modelled 

Technosphere (Materials and Energy) 

N fertilizer -0.06 kg Nitrogen fertilizer, as N 

{GLO}| market for | Cut-

off, U 

Emissions to air: 

Ammonia 0.03059 kg Ammonia 

Dinitrogen monoxide 0.00144 kg Dinitrogen monoxide 

Nitrogen oxides 0.01461 kg Nitrogen oxides 

CO2 biogenic 1.72 kg Carbon dioxide, biogenic 

 

Table 6-S10. LCI Data - Shrimp shell waste 

Process Input  

Material / Energy Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Process Output 

Material / Energy Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 

Shrimp shell as MSW 

waste 

1.00 kg     

Outputs to Technosphere (Emissions to Air) 

Carbon dioxide 0.42 kg   Table 6-

S5 
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Table 6-S11. LCI Data - Chitin manufacturing -base case 

Process Input  

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Water 198.00 l Water, unspecified natural 

origin, US 

Table 6-S7 

Inputs from Technosphere (materials/fuels) 

Shrimp Shell 33.00 kg Shrimp shell - Modelled Table 6-S8 A 

HCl for 

demineralization 

4.70 kg Hydrochloric acid, 30% in 

H2O, at plant/US- US-EI U 

Table 6-S7 

NaOH for 

deproteination 

6.27 kg Sodium hydroxide, without 

water, in 50% solution state 

{GLO}| market for | Cut-off, U 

Table 6-S7 

Inputs from Technosphere (electricity/heat) 

Electricity 1.30 kwh Electricity, medium voltage, 

certified electricity, at 

grid/US* US-EI U 

Table 6-S8 A 

Process Output 

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 

Chitin 1.00 kg Chitin - Modelled   

Outputs to Technosphere (Avoided Products) 

Nitrogen 

fertilizer 

0.24 kg Nitrogen fertilizer, as N 

{GLO}| market for | Cut-off, U 

Table 6-S8 

A& Table 6-

S9  

Emission to Air 

CO2 fossil 0.7 kg Carbon dioxide, fossil Table 6-S8 A 

Ammonia 0.12236 kg Ammonia Table 6-S8 A 

& Table 6-S9 Dinitrogen 

monoxide 

0.00576 kg Dinitrogen monoxide 

Nitrogen oxides 0.05844 kg Nitrogen oxides 

CO2 biogenic 6.88 kg Carbon dioxide, biogenic 

Outputs to Technosphere (Waste and Emissions to Treatment) 

Calcium waste 1.50 kg Disposal, limestone residue, 

5% water, to inert material 

landfill/US* US-EI U 

Table 6-S8 A 
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Waste water 198.00 l Treatment, sewage, to 

wastewater treatment, class 

1/US* US-EI U 

  

 

Table 6-S12. LCI Data - Chitosan manufacturing - base case 

Process Input  

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Chitin 1.41 kg Chitin - Modelled Table 6-S8 B 

Water 70.42 l Water, unspecified natural 

origin, US 

Table 6-S7 

Inputs from Technosphere (materials/fuels) 

NaOH-

deacetylation 

0.67 kg Sodium hydroxide, without 

water, in 50% solution state 

{GLO}| market for | Cut-off, U 

Table 6-S7 

Inputs from Technosphere (electricity/heat) 

Heat from 

biomass 

31.3 MJ Combustion, dry wood residue, 

AP-42/MJ/RNA 

Table 6-S8 B 

Electricity 1.06 kWh Electricity, medium voltage, 

certified electricity, at 

grid/US* US-EI U 

Table 6-S8B 

Process Output 

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 

Chitosan 1.00 kg Chitosan - Modelled   

Waste water 70.42 l Treatment, sewage, to 

wastewater treatment, class 

1/US* US-EI U 

  

 

Film casting process 

Table 6-S13. Packaging film size, production output-base case 

Parameter Value Unit Reference 

Packaging film size 300x250x.3 mm x mm 

x mm 

(Choi et al. 2018) 

Production rate 400000 Pieces/day 
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Chitosan -CNF density 1.1 g/cm3 Measured from the citric acid 

cross linked CNF reinforced 

chitosan film manufactured in 

lab 

Packaging film mass 

output/day (Dry film) 

9900 kg/day Packaging film mass output/day 

= Volume of film produced in 

day x density of the film 

Packaging film mass output/ 

hour (Dry Film) 

412.5 kg/h Packaging film mass output/ 

hour = (Packaging film mass 

output/day) / 24  

Surface Area of packaging 

film production / hour 

1250 m2/h Total area of film produced in 

one hour 

Cast film roll dimension 

(WxL) 

1.98 x 

631.31 

m x m Width of the roll assumed is 78 

inches 

Table 6-S13A. Packaging film size, production output- scenario-1 

Parameter Value Unit Reference 

Packaging film size 300x250x.3 mm x mm 

x mm 

(Choi et al. 2018) 

Production rate 400000 Pieces/day 

Chitosan -CNF density 1.1 g/cm3 Measured from the citric acid 

cross linked CNF reinforced 

chitosan film manufactured in 

lab 

Packaging film mass 

output/day (Dry film) 

9900 kg/day Packaging film mass 

output/day = Volume of film 

produced in day x density of 

the film 

Packaging film mass output/ 

hour (Dry Film) 

412.5 kg/h Packaging film mass output/ 

hour = (Packaging film mass 

output/day) / 24  

Surface Area of packaging 

film production / hour 

1250 m2/h Total area of film produced in 

one hour 

Cast film roll dimension 

(WxL) 

1.98 x 

631.31 

m x m Width of the roll assumed is 78 

inches 

 

Table 6-S13B. Packaging film size, production output- scenario-2 

Parameter Value Unit Reference 

Packaging film size 300x250x.3 mm x mm 

x mm 

(Choi et al. 2018) 

Production rate 400000 Pieces/day 



 

215 

Chitosan -CNF density 1.1 g/cm3 Measured from the citric acid 

cross linked CNF reinforced 

chitosan film manufactured in 

lab 

Packaging film mass output/day 

(Dry film) 

9900 kg/day Packaging film mass 

output/day = Volume of film 

produced in day x density of 

the film 

Packaging film mass output/ 

hour (Dry Film) 

412.5 kg/h Packaging film mass output/ 

hour = (Packaging film mass 

output/day) / 24  

Surface Area of packaging film 

production / hour 

1250 m2/h Total area of film produced in 

one hour 

Cast film roll dimension (WxL) 1.98 x 

631.31 

m x m Width of the roll assumed is 

78 inches 

 

Table 6-S14. Hourly production of chitosan- 15% CNF composite film manufacturing by solvent 

casting - Mass flow calculations-base case 

Materials Amount Unit Remarks 

Chitosan  193.875 kg 47% in composite composition 

CNF dry mass 61.875 kg 15% CNF loading in composite film  

CNF hydrogel with 

3% dry mass 

2062.5 kg CNF with 3% concentration- 

Determined based on present 

commercial / pilot scale CNF 

production from University of Maine  

Citric Acid 82.5 kg 20% in composite film- Determined 

based on experiment 

Glycerol 74.25 kg 18% w/w of composite film 

(Azeredo et al. 2010) 

Water 6462.5 l 3% w/v chitosan solution - 

Determined based on composite 

films manufactured in lab by solvent 

casting 

Acetic acid 64.6 l 1% w/v aqueous solution is used to 

dissolve chitosan  

 

Table 6-S14A. Hourly production of chitosan- 20% CNF composite film manufacturing by 

solvent casting - Mass flow calculations- scenario-1 

Materials Amount Unit Remarks 

Chitosan  173.25 kg 42 % in composite composition 
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CNF dry mass 82.5 kg 20% CNF loading in composite film  

CNF hydrogel with 

3% dry mass 

2750.0 kg CNF with 3% concentration- 

Determined based on present 

commercial / pilot scale CNF 

production from University of Maine  

Citric Acid 82.5 kg 20% in composite film- Determined 

based on experiment 

Glycerol 74.25 kg 18% w/w of composite film 

(Azeredo et al. 2010) 

Water 5775.0 l 3% w/v chitosan solution - 

Determined based on composite 

films manufactured in lab by solvent 

casting 

Acetic acid 57.8 l 1% w/v aqueous solution is used to 

dissolve chitosan  

 

Table 6-S14B. Hourly production of chitosan- 20% CNF composite film manufacturing by 

solvent casting - Mass flow calculations- scenario-2 

Materials Amount Unit Remarks 

Chitosan  214.5 kg 52 % in composite composition 

CNF dry mass 41.25 kg 10% CNF loading in composite film  

CNF hydrogel with 

3% dry mass 

1375.0 kg CNF with 3% concentration- 

Determined based on present 

commercial / pilot scale CNF 

production from University of Maine  

Citric Acid 82.5 kg 20% in composite film- Determined 

based on experiment 

Glycerol 74.25 kg 18% w/w of composite film 

(Azeredo et al. 2010) 

Water 7150.0 l 3% w/v chitosan solution - 

Determined based on composite 

films manufactured in lab by solvent 

casting 

Acetic acid 71.5 l 1% w/v aqueous solution is used to 

dissolve chitosan  
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Table 6-S15. Mixing power / kg polymer calculation-base case 

Parameter Value Unit Remarks Reference 

Volume of 

mixture 

used in 

reactor 

(Batch 

Volume) 

(V) 

8525 l Calculated from the 

volume of water and 

CNF hydrogel used in 

the reactor 

  

Reactor 

nominal 

volume  

12500 l Reactors overall volume 

with 50% more free 

volume is assumed 

Pfaudler DIN BE Reactors 

catalogue 

Agitator 

diameter 

/Reactor 

diameter  

0.4   

CNF 

density 

1000.0 kg/m

3 

  The University of Maine 

product specification 

datasheet 

CNF 

viscosity 

100.0 cP (Moberg et al. 2017) 

Scale of 

agitation 

5.0   Followed in most 

chemical industry 

https://checalc.com/solved/a
gitator.html? 

Mixing 

motor 

power 

1.8 kW   

Mixing 

power / kg 

polymer 

composite 

film 

0.004 kWh     

 

Table 6-S15A. Mixing power / kg polymer calculation- scenario 1 

Parameter Value Unit Remarks Reference 

Volume of 

mixture 

used in 

reactor 

(Batch 

Volume) 

(V) 

8525 l Calculated from 

the volume of 

water and CNF 

hydrogel used in 

the reactor 

 

Reactor 

nominal 

volume  

12500 l Reactors overall 

volume with 

50% more free 

Pfaudler DIN BE Reactors catalogue 

https://checalc.com/solved/agitator.html?
https://checalc.com/solved/agitator.html?
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Agitator 

diameter 

/Reactor 

diameter  

0.4 
 

volume is 

assumed 

CNF 

density 

1000.0 kg/m3 
 

The University of Maine product 

specification datasheet 

CNF 

viscosity 

100.0 cP (Moberg et al. 2017) 

Scale of 

agitation 

5.0 
 

Followed in most 

chemical 

industry 

https://checalc.com/solved/agitator.html? 

Mixing 

motor 

power 

1.8 kW 
 

Mixing 

power / kg 

polymer 

composite 

film 

0.004 kWh 
  

 

Table 6-S15B. Mixing power / kg polymer calculation- scenario 2 

Parameter Value Unit Remarks  Reference 

Volume of 

mixture 

used in 

reactor 

(Batch 

Volume) 

(V) 

8525 l Calculated from 

the volume of 

water and CNF 

hydrogel used in 

the reactor 

 

Reactor 

nominal 

volume  

12500 l Reactors overall 

volume with 50% 

more free volume 

is assumed 

Pfaudler DIN BE Reactors catalogue 

Agitator 

diameter 

/Reactor 

diameter  

0.4   

CNF 

density 

1000.0 kg/m3    The University of Maine product 

specification datasheet 

CNF 

viscosity 

100.0 cP  (Moberg et al. 2017) 

Scale of 

agitation 

5.0   Followed in most 

chemical industry 

https://checalc.com/solved/agitator.html
? 

https://checalc.com/solved/agitator.html?
https://checalc.com/solved/agitator.html?
https://checalc.com/solved/agitator.html?
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Mixing 

motor 

power 

1.8 kW   

Mixing 

power / kg 

polymer 

composite 

film 

0.004 kWh     

 

Table 6-S16. Heat energy required for the evaporation of solvent (q) (kJ/s) from 1 kg of dry 

composite film-base case 

Parameter Value Unit Remarks 

Latent heat of water (hw) 2282.5 (kJ/kg)  @ 90° C 

Mass water to be 

evaporated (W) 

20.67 kg 3% w/v concentration of CNF and 

Chitosan was estimated for 1 kg of film 

Heat energy needed for 

drying (Q) 

47171.67 kJ Q=W x hw 

Dryer efficiency 80.00 %   

Heat energy needed for 

drying 

58965 kJ   

Heat energy required for 

heating 1 kg film 

51.00 MJ   

 

Table 6-S16A. Heat energy required for the evaporation of solvent (q) (kJ/s) from 1 kg of dry 

composite film- scenario 1 

Parameter Value Unit Remarks 

Latent heat of water    (hw) 2282.5 (kJ/kg)  @ 90° C 

Mass water to be 

evaporated (W) 

20.67 kg 3% w/v concentration of CNF and 

Chitosan was estimated for 1 kg of film 

Heat energy needed from 

steam for drying (Q) 

47171.67 kJ Q=W x hw 

Dryer efficiency 80.00 %   

Heat energy needed for 

drying 

58965 kJ   

Heat energy required for 

heating 1 kg film 

51.00 MJ   
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Table 6-S16B. Heat energy required for the evaporation of solvent (q) (kJ/s) from 1 kg of dry 

composite film- scenario 2 

Parameter Value Unit Remarks 

Latent heat of water (hw) 2282.5 (kJ/kg)  @ 90° C 

Mass water to be 

evaporated (W) 

20.67 kg 3% w/v concentration of CNF and 

Chitosan was estimated for 1 kg of film 

Heat energy needed from 

steam for drying (Q) 

47171.67 kJ Q=W x hw 

Dryer efficiency 80.00 %   

Heat energy needed for 

drying 

58965 kJ   

Heat energy required for 

heating 1 kg film 

51.00 MJ   

 

Table 6-S17. Power required for winding 1 kg of composite film in a roll-base case 

Parameter Value Unit Remarks 

Composite film winding amount 1 kg 1 kg of composite film was 

considered for winding 1 turn 

in roll 

Length of composite film which 

weigh 1 kg 

0.653 m   

Diameter (D) of the roll which make 1 

turn roll with 1kg composite film 

0.208 m π x D= Length of 1 kg 

composite film 

Torque required to wind 1kg of 

composite film  

2.041 NM   

Power required for winding 1 kg of 

composite film with 1 rpm speed 

0.214 W   

 

Table 6-S17A. Power required for winding 1 kg of composite film in a roll- scenario 1 

Parameter Value Unit Remarks 

Composite film winding amount 1 kg 1 kg of composite film was 

considered for winding 1 turn 

in roll 

Length of composite film which 

weigh 1 kg 

0.653 m   
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Diameter (D) of the roll which make 1 

turn roll with 1kg composite film 

0.208 m π x D= Length of 1 kg 

composite film 

Torque required to wind 1kg of 

composite film  

2.041 NM   

Power required for winding 1 kg of 

composite film with 1 rpm speed 

0.214 W   

 

Table 6-S17B. Power required for winding 1 kg of composite film in a roll- scenario 2 

Parameter Value Unit Remarks 

Composite film winding 

amount 

1 kg 1 kg of composite film was 

considered for winding 1 turn 

in roll 

Length of composite film which 

weigh 1 kg 

0.653 m   

Diameter (D) of the roll which 

make 1 turn roll with 1kg 

composite film 

0.208 m π x D= Length of 1 kg 

composite film 

Torque required to wind 1kg of 

composite film  

2.041 NM   

Power required for winding 1 

kg of composite film with 1 

rpm speed 

0.214 W   

 

Table 6-S18. LCI data of chitosan-CNF composite film casting-base case 

Process Input  

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Water 20.67 l Water, unspecified natural 

origin, US 

3% w / v 

concentration 

solution 

Inputs from Technosphere (materials/fuels) 

Acetic acid 0.21 kg Acetic acid, 98% in H2O, at 

plant/US- US-EI U 

1% w/v Acetic acid 

to dissolve chitosan 

Chitosan 0.47 kg Chitosan - Modelled Table 6-S14 

CNF 0.15 kg CNF - Modelled Table 6-S14 

Glycerol 0.18 kg Glycerin, at biodiesel 

plant/kg/RNA 
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Citric Acid 0.20 kg Citric acid {RNA}| 

production | Cut-off, U 

  

Inputs from Technosphere (electricity/heat) 

Heat energy-

Drying 

51.00 MJ Heat, district or industrial, 

natural gas {GLO}| market 

group for | Cut-off, U 

Table 6-S16 

Electricity- 

Mixing 

0.004 kW Electricity, at grid, US/US Table 6-S15 

Electricity - Film 

winding  

0.00021 kW Electricity, at grid, US/US Table 6-S17 

Process Output 

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 

Chitosan - CNF 

composite film 

1.00 kg     

 

Table 6-S18A. LCI data of chitosan-CNF composite film casting-scenario 1 

Process Input  

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Water 20.67 l Water, unspecified natural 

origin, US 

3% w / v 

concentration 

solution 

Inputs from Technosphere (materials/fuels) 

Acetic acid 0.21 kg Acetic acid, 98% in H2O, at 

plant/US- US-EI U 

1% w/v Acetic acid 

to dissolve chitosan 

Chitosan 0.42 kg Chitosan - Modelled Table 6-S14A 

CNF 0.20 kg CNF - Modelled Table 6-S14A 

Glycerol 0.18 kg Glycerin, at biodiesel 

plant/kg/RNA 

  

Citric Acid 0.20 kg Citric acid {RNA}| production | 

Cut-off, U 

  

Inputs from Technosphere (electricity/heat) 

Heat energy-

Drying 

51.00 MJ Heat, district or industrial, 

natural gas {GLO}| market 

group for | Cut-off, U 

Table 6-S16A 
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Electricity- 

Mixing 

0.004 kW Electricity, at grid, US/US Table 6-S15A 

Electricity - 

Film winding  

0.00021 kW Electricity, at grid, US/US Table 6-S17A 

Process Output 

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 

Chitosan - CNF 

composite film 

1.00 kg     

 

Table 6-S18B. LCI data model of chitosan-CNF composite film casting- scenario 2 

Process Input  

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Inputs from nature (resources) 

Water 20.67 l Water, unspecified natural 

origin, US 

3% w / v 

concentration 

solution 

Inputs from Technosphere (materials/fuels) 

Acetic acid 0.21 kg Acetic acid, 98% in H2O, at 

plant/US- US-EI U 

1% w/v Acetic acid 

to dissolve chitosan 

Chitosan 0.52 kg Chitosan - Modelled Table 6-S14B 

CNF 0.10 kg CNF - Modelled Table 6-S14B 

Glycerol 0.18 kg Glycerin, at biodiesel 

plant/kg/RNA 

  

Citric Acid 0.20 kg Citric acid {RNA}| production 

| Cut-off, U 

  

Inputs from Technosphere (electricity/heat) 

Heat energy-

Drying 

51.00 MJ Heat, district or industrial, 

natural gas {GLO}| market 

group for | Cut-off, U 

Table 6-S16B 

Electricity- 

Mixing 

0.004 kW Electricity, at grid, US/US Table 6-S15B 

Electricity - Film 

winding  

0.00021 kW Electricity, at grid, US/US Table 6-S17B 

Process Output 

Material / 

Energy 

Amount Unit SimaPro Dataset Used Reference 

Outputs to Technosphere (Products and co-products) 
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Chitosan - CNF 

composite film 

1.00 kg     

 

Table 6-S19 Sensitivity analysis - Process parameters and parameter values 

Process 

Parameters 

Low High Unit Remarks 

Mass flow parameters 

Bleached sulphate 

pulp  

1 1.12 kg ± 6% from baseline values 

HCl for 

demineralization 

4.23 5.17 kg 0.9 to 1.1 M (Bristow 2012) 

NaOH for 

deproteination 

5.02 7.52 kg  4 to 6 % w/v (Bristow 

2012) 

NaOH for 

deacetylation  

0.64 0.71 kg 45 to 50 % w/w (Bristow 

2012) 

Energy flow parameters (electricity/heat) 

Electricity-Valley 

beater 

pretreatment 

0.31 0.46 kWh ± 20% from baseline values 

Electricity- 

Refiner 

1.16 1.74 kWh 

Electricity- Chitin 

manufacturing 

1.04 1.56 kwh 

Heat from biomass 

-Chitosan 

manufacturing 

25.04 37.56 MJ 

Electricity - 

Chitosan 

0.85 1.27 kWh 

Heat energy- Film 

drying 

40.8 61.2 MJ 

Electricity- 

Mixing 

0.004 0.005 kW 

Electricity- Film 

winding  

0.0002 0.0003 kW 

 


