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And once the storm is over, you don’t remember how you made it 

through, how you managed to survive. You won’t even be sure, whether 

the storm is really over. But one thing is certain. When you come out of 

the storm, you won’t be the same person who walked in. That’s what 

this storm’s all about. 

Haruki Murakami 
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RÉSUMÉ 
La production de matériaux cellulosiques est en forte augmentation et doit évoluer vers des 

matières premières renouvelables, durables et respectueuses de l'environnement. La cellulose est 

souvent considérée comme l'une des ressources naturelles les plus importantes. Avec l'avènement 

de la nanotechnologie, les chercheurs et les industries se concentrent dans la production de 

nanocellulose en très grandes quantités. L‘intérêt des recherches sur la nanocellulose repose sur 

ses propriétés prometteuses telles que sa faible densité et sa grande résistance mécanique. Les 

nanofibrilles de cellulose (FNC), également connues sous le nom de cellulose nanofibrillée (NFC), 

de cellulose microfibrillée (MFC) ou nanofibres de cellulose et la cellulose nanocristalline (NCC) 

sont des matériaux aux propriétés barrières, mécaniques et colloïdales importantes. De telles 

propriétés rendent la nanocellulose prometteuse pour des applications telles que la fabrication du 

papier, les composites, les emballages, les revêtements et la biomédecine. 

 La cellulose se trouve dans différentes sources telles que le bois, les fibres naturelles (biomasse 

agricole), les animaux marins (tuniciers), les algues et les champignons. La composition de cette 

biomasse lignocellulosique est différente pour chaque source. Avec la demande croissante en 

ressources renouvelables, la récupération des déchets de récoltes est appropriée en permettant de 

protéger l'environnement et de bénéficier d’une matière à faible coût. La biomasse des déchets 

agricoles est une ressource importante car elle est respectueuse de l’environnement, ne coûte 

presque rien, est très résistante, facilement disponible et renouvelable. Ces déchets, de sources 

variables (ex. tiges de coton, feuilles d’ananas, paille de riz, de lin, de chanvre, d’asclépiade, de 

carottes, de soja, de balles de riz) contiennent une quantité abondante de fibres naturelles.  

L'accent est actuellement mis sur le marché des NFC en raison de l'attention accrue portée par les 

gouvernements, les industries, les agences de financement et les universités. La bioéconomie croît 

rapidement, ce qui entraîne des investissements plus importants. Les industries qui produisent les 

NFC sont Paperlogic, l’Université du Maine, Borregaard Norvège, American Process, Nippon 

Paper Japon, Innventia Suède, CTP / FCBA France, Oji Paper, Japon. 

Cette étude est dédiée à l'extraction de la nanocellulose à partir de fibres naturelles telles que celles 

de carotte, de lin, de chanvre et d'asclépiade. La biomasse a été purifiée à l'aide d'un procédé à 
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étape unique qui comprend par ailleurs divers traitements avec de nombreux produits chimiques, 

ce qui est discuté dans la revue bibliographique.  

La toute première étape de l'extraction de la nanocellulose est la purification de la biomasse afin 

d'éliminer toute trace de contaminants comme la lignine et les cires. Dans une étude typique, cela 

inclurait de nombreuses étapes telles que les traitements à l'acide et aux alcalis et le blanchiment. 

Dans l’étude présentée, la biomasse (lin, chanvre et asclépiade) purifiée a été obtenue en une seule 

étape à l’aide du peroxyde d’hydrogène. La longueur des fibres est restée inchangée pendant le 

processus. Les résultats de DRX ont montré que la cristallinité des fibres n'était pas affectée lors 

de la purification. 

Les NFC et les NCC ont été extraits des déchets de carottes par un broyage à billes suivi d’une 

hydrolyse acide. L'effet du temps de broyage à billes sur la fibrillation et la morphologie des NFC 

a été étudié. Les propriétés mécaniques des NFC issus de la carotte ont également été étudiées. 

Les films de nanocellulose (NF) ont également été préparés en coulant les suspensions extraites 

(NFC et NCC). Les propriétés mécaniques, fonctionnelles et thermiques, ainsi que la cristallinité 

des NFC et des NCC obtenus ont été caractérisées. Les résultats ont montré que la longueur et le 

diamètre des NCC préparés à partir de la carotte étaient compris entre 54 et 610 nm. Une 

amélioration significative de la cristallinité a été observée pour NFC (69 %) et NCC (78 %) par 

rapport à celle des fibres brutes (36 %). Par ailleurs, les propriétés optiques et la morphologie  des 

films nanocellulosiques préparés en utilisant les NFC et les NCC ont été analysées. Les films ont 

montré une amélioration significative en termes de transparence et d’homogénéité avec une 

augmentation du temps de broyage. 

En général, les films de nanocellulose ont une faible perméabilité à l'oxygène et une grande 

résistance à l'huile en raison de leur structure en toile dense ressemblant à un réseau. Cependant, 

ces films ne sont pas stables dans des milieux à humidité élevée. Afin d'améliorer leur caractère 

hydrophobe, les films ont été recouverts d'un revêtement TiO2 par technique sol-gel avec et sans 

oxydation TEMPO. Les NCF purs et oxydés ont été revêtus de dioxyde de titane (TiO2) via 

approche sol-gel par revêtement par immersion. Les NCF revêtus de TiO2 ont été séchés à 65 °C 

pendant deux heures, puis traités à 95 °C pendant une heure pour former du TiO2 à la surface des 

films. L'effet du revêtement de TiO2 sur les NCF purs et oxydés a été caractérisé afin de 

comprendre les propriétés morphologiques, optiques, fonctionnelles et barrière. La mesure de 
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l'angle de contact a montré que la nature hydrophobe des films revêtus de TiO2 non oxydé et ceux 

revêtus de TiO2 oxydé augmente considérablement, avec un angle de contact passant de 89 ° à 

respectivement 41 ° et 29 °. En particulier, l’hydrophobicité et les propriétés optiques des films 

revêtus ont été considérablement améliorées par rapport à celles des films de NCF purs. 

ABSTRACT 

The production of cellulosic materials is increasing tremendously in need to change towards the 

renewable raw materials and eco-friendly sustainable material. Cellulose is often considered one 

of the most important natural resource. With the advent of nanotechnology, the researchers and 

industries focus in the production of nanocellulose in huge quantities. The trailing purpose behind 

the growth of research in nanocellulose lies in their promising properties such as low density and 

high mechanical strength. Cellulose nanofibrils (CNF), otherwise known as nanofibrillated 

cellulose (NFC), micro fibrillated cellulose (MFC) or cellulose nanofibers and Nanocrystalline 

cellulose (NCC) are the materials with significant barrier, mechanical and colloidal properties. The 

above properties make nanocellulose promising for applications in such fields as papermaking, 

composites, packaging, coatings and biomedicine. 

 Cellulose can be found in different sources like wood, natural fibers (agriculture biomass), marine 

animal (tunicate), algae and fungi. The composition of this lignocellulosic biomass is different for 

each source. With the ever-increasing demand in renewable resource, the crop waste is meant to 

be an appropriate material. The recovery of waste makes it possible to protect the environment and 

to benefit from low cost reinforcements. Agriculture waste biomass is significant resource for the 

reason it is environmentally friendly, cost next to nothing, high in strength, readily available and 

renewable. The crop waste constitutes abundant natural fiber. The agriculture waste can be 

obtained from cotton stalk, pineapple leaf, rice straw, flax, hemp, milkweed, carrot, soy pods, rice 

husk etc. These materials can be used in multitude applications like paper and textile industry, 

composites, building, furniture and medical fields.  

The NFC market is currently emphasized because of the augmented focus of the governments, 

industries, funding agencies and Universities. The bio-based economy is rapidly increasing 

resulting in the higher investments. The industries producing NFC are Paperlogic, University of 
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Maine, Borregaard Norway, American Process, Nippon Paper Japan, Innventia Sweden, 

CTP/FCBA France, Oji Paper, Japan. 

This study is dedicated to the extraction of nanocellulose from nat6ural fibers viz carrot, flax, hemp 

and milkweed. The biomass was purified using single step process which otherwise includes 

various treatments with many chemicals which is discussed under literature review. The very first 

step in the extraction of nanocellulose is the purification of biomass to remove any traces of lignin, 

waxes etc. In a usual study, this includes many stages like acid and alkali treatments, bleaching 

etc. In this research work, the purification of biomass (flax, hemp and milkweed) was achieved in 

single step using Hydrogen peroxide. The fiber length remained unaffected during the process. 

The XRD results showed that the crystallinity of the fibers was not affected when purified.  

NFC and NCC was extracted from carrot waste by ball milling and acid hydrolysis respectively. 

The effect of ball grinding time on the fibrillation and morphology of the NFC was studied. The 

mechanical properties of carrot NFC was also studied. The nanocellulose films (NFs) were also 

prepared by casting the extracted NFC and NCC suspensions. The structural, functional, crystalline 

and thermal properties of resulted NFC and NCC was characterized. The results exhibited that 

length and the diameter of the NCC prepared from carrot was in the range of 54 - 610 nm. 

Significant improvement in crystallinity was observed for NFC (69 %) and NCC (78 %) compared 

to that of raw fibers (36 %). The nanocellulosic films prepared by using NFC and NCC, optical 

and morphological properties were analyzed. The films exhibited the significant improvement in 

the transparency and homogeneity with increase in the grinding time. 

Generally, the nanocellulose films has low oxygen permeability and high oil resistant due to their 

dense web like network. However, these films are not stable at high moisture medium. In order to 

improve the hydrophobic nature of the films, coated with TiO2 sol-gel coating with and without 

oxidation of TEMPO. The neat and oxidized NCF were coated with Titanium dioxide sol-gel 

(TiO2) by dip coating. The TiO2 coated NCF was dried at 65 ºC for two hours and then treated at 

95 ºC for one hour to form the TiO2 on the surface of the films. The effect of TiO2 coating on neat 

and oxidized NCF was characterized to understand the morphological, optical, functional, and 

barrier properties. The contact angle measurement showed that the hydrophobic nature of the non-

oxidized TiO2 coated and oxidized TiO2 coated films were increased drastically from 89° to 41° 

and 29° respectively. Notably, the barrier and optical properties of the coated films were 
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significantly improved compared to that of the neat NCF films. Importantly, the tensile strength 

and elasticity of the TiO2 coated NCF films were improved considerably compared to neat NCF. 
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order to understand the mechanical and barrier properties of the coated films were analysed by 

tensile test and oxygen transmission rate tester. Chapter 5 the single stage purification of different 

agricultural biomass (flax, hemp and milkweed) procured from Canada was reported. Finally, the 

thesis work was concluded with future perspectives. 
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Table 2. 1 Chemical composition of different sources on dry basis. 

 

 

Source Cellulose 

(wt.%) 

Hemicellulose 

(wt.%) 

Lignin 

(wt.%) 

Reference 

Pine (softwood)  44.0 27.0 28.0  

 

 

(29) 

Yellow birch 

(hardwood) 

47.0 31.0 21.0 

Jute 73.2 13.6 13.4 

Wheat straw  48.8 35.4 17.1 

Rice husk  45.0 19.0 19.5 

Bagasse 55.2 16.8 25.3 (30) 



 

  
14 

 



 

  
15 

 



 

  
16 



 

  
17 



 

  
18 

https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjTl7igitnTAhWl34MKHcOCCeEQjRwIBw&url=/url?sa%3Di%26rct%3Dj%26q%3D%26esrc%3Ds%26source%3Dimages%26cd%3D%26cad%3Drja%26uact%3D8%26ved%3D0ahUKEwjTl7igitnTAhWl34MKHcOCCeEQjRwIBw%26url%3Dhttp://pubs.rsc.org/-/content/articlehtml/2015/ra/c5ra13485d%26psig%3DAFQjCNGKZJEwPkhp5FQv1CAhkew-d2Y_hg%26ust%3D1494084885557664&psig=AFQjCNGKZJEwPkhp5FQv1CAhkew-d2Y_hg&ust=1494084885557664


 

  
19 



 

  
20 



 

  
21 



 

  
22 



 

  
23 



 

  
24 



 

  

25 

 

Figure 2. 11 Different methods of nanocellulose production. Reprinted with permission. 
© 2015 Rojas J, Bedoya M, Cito Y. Published in Intech under CC BY 3.0 license. 

Available from: http://dx.doi.org/10.5772/61334 

Since the mechanical treatment involves high energy consumption pre-treatments like chemical/ 

enzymatic are carried prior mechanical treatments. Table 3 presents the extraction of NC from 
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different crop biomass, method of purification, pre-treatments, their production methods, type of 

NC obtained is reported.  

Table 2. 3 Agriculture biomass source, purification method, Pre-treatments, mechanical 
treatments, type of nanocellulose and references. 

Biomass Purification 

technique 

Pre-treatment Extraction method Type of 

nanocellulose 

Refere

nces 

Sugar beet pulp  Sodium hydroxide,    

sodium chlorite 

treatments 

homogenization Blending                             

Cryocrushing,  

Cellulose 

microfibrils 

      

(75) 

Hemp/spring flax,                         

/rutabaga 

Sodium hydroxide, 

hydrochloric acid                

treatments/kraft 

process 

  

         -                                                 Cryocrushing Cellulose 

nanofibers 

      

(78) 

Soybean pods  Sodium hydroxide, 

hydrochloric acid,                                       

chlorine dioxide 

treatments  

Refining (PFI mill) Homogenization Nanofibers       

(79) 

Banana rachis Sodium hydroxide, 

Hydrogen peroxide, 

Potassium 

hydroxide 

Sodium chlorite 

treatments 

Biological retting / 

mechanical 

processing 

Chemical and 

mechanical 

treatments 

Cellulose 

microfibrils 

      

(80) 

Peel of prickly 

pear fruits 

Bleaching Toluene, 

ethanol 

- Homogenization Cellulose 

microfibrils 

      

(81) 

Mulberry barks Sodium hydroxide 

treatment 

- Acid hydrolysis Cellulose 

whiskers 

      

(32) 

Pineapple leaf 

 

 

Sodium                 

hydroxideAcetic 

acid, Sodium 

                     - 

 

 

Steam 

explosion 

Blending 

 Nanocellulose (82) 
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hypochlorite, Oxalic 

acid treatments       

 

                 

 

Coconut husk 

fiber                     

Sodium hydroxide 

Acid hydrolysis  

Bleaching with 

Sodium chlorite and 

glacial acetic acid 

            - Acid hydrolysis Cellulose Nano       

whiskers 

(83) 

Cassava bagasse   -                     - Acid hydrolysis Cellulose 

whiskers 

(84) 

Banana Sodium hydroxide                             

Acetic acid 

                    - Steam explosion, 

Sodium hypochlorite 

and oxalic acid 

treatments  

Cellulose 

nanofibers 

(85) 

Oat straw                                      -           Quarterisation Homogenisation Nanofibrillated 

cellulose 

(86) 

Jute fibers    -           Mercerisation  Ball milling Nanocellulose (87) 

Rice husk Sodium hydroxide 

treatment, Bleaching 

      - Acid hydrolysis Cellulose 

nanocrystals 

(88) 

chardonnay grape 

skins 

Toluene, ethanol           - Acid hydrolysis Cellulose 

nanocrystals 

(89) 

Sugar cane 

bagasse 

Sodium hydroxide 

treatment 

Ionic liquid Homogenization Nanocellulose (90) 

Sesame husk Sodium hydroxide, 

Bleaching                     

sodium chlorite 

treatments 

      - Acid hydrolysis Cellulose 

nanocrystals 

(91) 

Sugar cane 

bagasse 

Sodium hydroxide 

treatment 

Ionic liquid Homogenization Nanocellulose (90) 

Potato peel waste Sodium hydroxide 

treatment, Bleaching 
- Acid hydrolysis Cellulose 

nanocrystals 

(92) 
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Raw cotton linter - - Acid hydrolysis Cellulose 

nanowhiskers 

(93) 

Bleached  

Eucalyptus  

Pulp 

 Bleaching                             - Grinding Nanofibrillated  

cellulose 

(94) 

Rice straw Toluene, ethanol,                                     

sodium chlorite,                                      

potassium hydroxide 

treatments  

Carboxylation 

(TEMPO) 

Blending  Cellulose 

nanocrystals  

and cellulose 

nanofibers 

(95) 

Maize straw Soxhlet extraction 

using hexane, ethyl 

alcohol and DI water 

Bleaching with H2O2 

and TAED solution.  

Acetic acid and nitric 

acid treatment 

Acid hydrolysis  Cellulose 

whiskers 

(96) 

Oil palm biomass 

residue 

- - Acid hydrolysis 

followed by NH4OH 

treatment  

Microcrystalline 

cellulose 

(97) 

 

Pomelo (Citrus 

grandis) Albedo 

Sodium hydroxide 

treatment, Bleaching 
- Acid hydrolysis Cellulose 

nanocrystals 

(98) 

Kenaf bast fibers Sodium hydroxide, 

Bleaching and 

anthraquinone 

treatment 

- Grinding Cellulose 

nanofiber 

(99) 

Mango seed Sodium hydroxide 

treatment, Bleaching 

- Acid hydrolysis Cellulose 

nanocrystals 

(100) 

Orange waste Sodium hydroxide,               

sodium chlorite 

 treatments 

- Sonification Nanocellulose (101) 

Alfa and 

sunflower 

Sodium chlorite,                                   

Acetic acid                                                                                                                         

Sodium hydroxide 

treatments 

Carboxylation 

(TEMPO) 

Blending 

Homogenization 

Nanofibrillated 

cellulose 

(53) 
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Corn cob Sodium hydroxide  

Treatment, Bleaching 

- Acid hydrolysis Cellulose 

nanocrystals 

(102) 

Wheat Straw Hydrogen peroxide 

treatment 

Acetic acid/formic 

acid, water 

Grinding Cellulose 

nanofibrils 

(103) 

Agave tequilana 

and barley  

Sodium hydroxide, 

Bleaching                

sodium chlorite and 

acetic acid treatments 

- Acid hydrolysis Cellulose 

nanocrystals 

(104) 

Garlic skin Alkali treatment - Acid hydrolysis Cellulose 

nanocrystals 

(36) 

Corn husk Benzene, ethanol 

Bleaching 

- Ultra-sonication Nanofibrillated 

cellulose 

(58) 

Chilli leftover Sodium hydroxide, 

acetic acid, 

Bleaching 

- Acid hydrolysis Cellulose 

nanocrystals 

(76) 

Citrus waste Sodium hydroxide 

and Sodium chlorite 

- Enzymatic 

hydrolysis 

Cellulose 

nanofibers 

(105) 

Lotus leaf stalk Toluene, ethanol,  

Bleaching                                      

sodium chlorite,                                 

potassium hydroxide 

treatments  

- High intensity ultra-

sonication 

Nanocellulose (106) 

Tomato peel Sodium hydroxide,  

Bleaching and 

Sodium chlorite 

- Acid hydrolysis Cellulose 

nanocrystals 

(107) 

Flax fibers Sodium hydroxide,  

Bleaching,sodium 

chlorite,                                      

potassiumhydroxide 

treatments  

   - Ultrasonication and 

acid hydrolysis 

Cellulose 

nanowhiskers 

(108) 

Carrot residue Sodium hydroxide                        

Treatment, Bleaching 

- Grinding nanofibers (109) 
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2.13.2.2 MICROFLUIDIZATION 
Microfluidization is another mechanical treatment to manufacture NFC and this method was first 

used by Zimmermann et al. (125) In this method, the cellulosic suspension is passed through a Z 

or Y- shaped chamber as shown in figure 2.12b with channel sizes usually 200-400 µm and by 

applying high pressure through intensifier pump, the fibers are delaminated by the resulting shear 

forces against the colliding suspension and the channel walls. Ferrer et al. extracted NFC from 

empty palm fruit bunch fibers (EPFBF) using microfluidizer.(137)The clogging of fibers in 

homogenizer can be overcome in micro fluidization process because it has no in-line moving parts, 

and it can easily be resolved by reverse flow through the chamber.(138)  

2.13.2.3 GRINDING 
Another method to produce NFC is grinding process in which the sample slurry is passed through 

an ultrafine grinder as in figure 2.12c. The principle is that the fibers are ground between a static 

and a rotating stone (disc) rotor. The distance of the discs can be adjusted based on the type of the 

raw material. The cell wall structure, bonds are cleaved down by the shear forces produced during 

grinding causing the NFC production. In 2012, Wang et al. produced NFC for first time from 

bleached eucalyptus pulp using Super Mass-Colloider (Model: MKZA6-2, Disk Model: MKGA6-

80#, Masuko Sangyo Co., Ltd, Japan) grinder at 1500 rpm. They used the energy input from 5 and 

30 kWh/kg to study the relation between consumed energy and the fibrillation by means of 

crystallinity and degree of polymerisation.(94) Karimi et al., Jossel et al., Siquiera et al. extracted 

cellulose nanofibers from kenaf bast fibers, wheat straw and carrot residue respectively using 

grinding process.(34,99,103) 

2.13.2.4 CRYO CRUSHING 
In 1997, Dufresne et al. isolated NFC from sugar beet pulp using cryocrushing.(75) In this 

treatment, the cellulosic fibers are frozen in liquid nitrogen and then crushed by high shearing 

forces which causes the release of exert pressure of ice crystals on the cell wall breakdown leading 

to the nanofiber formation. Figure 2.12d shows the working principle of Cryocrushing. Bhatnagar 

and Sain extracted NFC from hemp, flax and rutabaga in 2005 using cryocrushing.(78) 
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It is worth noting that size and morphology of NC varies much depending on the source from 

which they are extracted. The sizes of NFC and CNC produced from various agri-biomass sources 

are listed in the table 4. 

Beside source, the morphology of NFC depends on the number of passes (cycle time) and pre-

treatments involved in the isolation. As stated earlier, the homogenization is repeated for different 

passes to get maximum fibrillation. On that note, Lee et al. in 2009 studied the effect of cycle time 

(1-20 passes) of homogenization on the size of NFC obtained from commercial microcrystalline 

cellulose. With the 1-5 passes they reported that the fibrillation was limited only to the surface as 

shown in figure below. However, with mechanical treatment of 10-15 passes the fibrils were split 

into smaller fibrils with increased aspect ratio. When passed the suspension further for 20 passes, 

the fibrils were more chopped into thinner fibers. Having said that, the fibers tend to aggregate due 

to the higher surface area and high density of hydroxyl groups. Hence the authors concluded that 

increasing the cycle time may result in the decreased mechanical strength.(141) 

Zuluaga et al. (2009) investigated the effect of pre-treatments of banana rachis on the morphology 

of NFC obtained using TEM. They pre-treated the banana rachis using peroxide alkaline (PA), 

peroxide alkaline-HCL (PA-HCL), 5 and 18 wt.% potassium hydroxide (KOH). The PA and 5 

wt.% KOH treated sample showed loose networks whereas PA-HCL treatment resulted in shorter 

fibrils and finally with 18 wt.% KOH the microfibrils were even shorter and interestingly part of 

cellulose I was changed into cellulose II.(80) 

CNC 

Source Diameter (nm) length (nm) References 

Coconut husk 5.5 ± 1.4  58 (83) 

Chilli leftover 4-6  90-180 (140) 

Garlic straw 6 480 (33) 

Groundnut shells 5-18 111 (35) 

Mulberry bark 25-30 400-500 (32) 
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Table 2. 5 Crystallinity of raw, NFC and CNC obtained from various biomass. 

NFC 

Source Crystallinity (%) References 

Rice straw (Stem) 

Original fibres 

Purified cellulose fibers 

Cellulose nanofibers 

 

50.9 

63.8 

63.4 

 

 

(114) 

Corn husk 

Original corn husk 

Corn husk NFC 

 

35.9 

64.8 

 

(58) 

Oil palm residue 

OPEFB-pulp  

OPEFB-MCC  

 

80 

87 

 

(97) 

Pineapple leaf 

Raw 

Steam exploded 

Bleached  

Acid treated 

 

– 

35.97 

54.18 

73.62 

 

(82) 

Oat straw 

Starting cellulose material 

Non-modified CNC 

 

70 

64 

 

(142) 
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residues of pulp remained huge problem even though part of them is used as feed stocks for the 

animals.(34)  

 The residue of carrot comprises the minimal amount of alpha and beta carotene, lipids, proteins, 

pectin’s and some minerals like Ca, Fe and Mg. It has the low lignin and hemicellulose content 

2.5 and 9 % respectively.(34)  Upon delignification process, pure cellulose can be valorized. 

Cellulose is a nature derived polymer, consisting the glucose as a monomer. Cellulose is present 

in the plant cell wall in bundles of the rigid microfibers surrounded with the hemicelluloses, lignin 

and pectin.(167,168) The nano sized cellulose fibers resulting from biomass, demonstrate the 

excellent optical, mechanical, barrier properties and they are completely biodegradable in the end 

use. These materials are the best choice to replace the inorganic materials like glass, 

hydroxyapatite,(169) nano clays (170–174) and carbon nano tubes.(175)  

Nanocellulose (NC) is a remarkable material given by nature. If either length or diameter of the 

cellulose is in nanoscale, then it is called NC. It can be classified as microfibrillated cellulose 

(MFC)/nanofibrillated cellulose (NFC)/cellulose nanofibrils (CNF) and cellulose nanocrystals 

(CNC). NC has great attention from academic researchers and industries.(176) According to the 

market experts, by 2019 the NC turnover may exceed $250 million dollars. Several methods were 

previously reported to prepare micro and nano fibrillated cellulose like mechanical disintegration 

with homogenizer,(62,177) Cryo-crushing,(75) ball milling(178) and steam explosion.(82) 

In some other studies, to avoid the high energy consumption for the production of the NFC, 

different pre-treatments like enzymatic and chemical treatment were carried, for example, TEMPO 

oxidation,(179) Per-iodate oxidation(180,181) with subsequent mechanical treatment. Recently, 

extraction of NFC from carrot fibers was reported by using two different mechanical process 

(grinding and homogenization).(34)  

In the present study, authors reported the isolation of the NFC and NCC from carrot pulp. To the 

best of authors knowledge NCC was extracted from carrot pulp for the first time thus far. Firstly, 

the raw carrot fibers were washed with hot water and bleached using hydrogen peroxide. The 

bleached fibers were characterised by using FT-IR, XRD, TGA and SEM to understand the 

functional, crystalline, thermal and morphological properties. The NFC and NCC were then 

prepared by ball milling (mechanical) and acid hydrolysis (chemical treatment) process 

respectively. The size, morphology and surface analysis of the derived NC were investigated. 
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3.4.2.4 TRANSMISSION ELECTRON MICROSCOPY (TEM) 
The length and diameter of the individual NCC and the structural morphology of the NFC was 

analyzed by using TEM. Initially, one drop of diluted samples of NFC and NCC was placed on 

the copper grid (400mesh with a film of formvar-carbon), dried for one hour at room temperature, 

and analysed at 80KV. H-7500 transmission electron microscope (Hitachi, Japan) at 80Kv was 

used.  

3.4.2.5 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR) 
Fourier-transform infrared spectroscopy (FTIR) was performed on the raw, hot water washed 

(H.W washed), bleached and air-dried NFC and NCC of carrot fibers to understand the functional 

groups present in the carrot fibers in terms of wavenumber (cm-1). JASCO 4600 Spectrometer 

(Japan) equipped with an ATR PRO ONE reflection accessory was used. Spectra were recorded 

with a resolution of 4cm-1 in the range of 4000 to 600 cm-1. 

3.4.2.6 THERMOGRAVIMETRIC ANALYSIS (TGA) 
The thermal degradation of all the samples was monitored by thermogravimetric analysis (TGA) 

with TA instruments-Q500. The weight loss was recorded for 10-20mg of sample as a function of 

temperature. At a heating rate of 10oC/min in the temperature range of 20–900oC under oxidizing 

atmosphere.  

3.4.2.7 X-RAY DIFFRACTION (XRD) 
X-ray diffraction (XRD) was performed on all the samples after each stage of the treatment. The 

fibers were ground by using ball miller and the resultant powder were analysed by using the A 

Philips X’Pert diffractometer equipped with a general area detector diffraction system with Copper 

Kα radiation (λ = 1.542 Ao), 2θ (Braggs angle) was from 8 to 40o. The Crystallinity index, Ic, was 

evaluated using the Buschle-Diller And Zeronian Equation.(182)  

Ic =1-I1/ I2 

where, I1 is the intensity at the minimum (2θ =18.5◦) and I2 Is the intensity associated with the 

crystalline region of cellulose (2θ =22◦). 
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3.4.2.8 BALL MILLER 
Never dried carrot pulp (4 wt.%) was defibrillated by using RESTCH ball mill mixer MM 400 

with zirconium ball at the rate of 2400RPM at room temperature. The fibrillation was performed 

for samples at three different grinding time namely 1.5, 3 and 5min and are referred to as 1.5NFC, 

3NFC and 5NFC respectively. 

3.4.2.9 NANO ZETA SIZER 
Malvern Zetasizer Nano ZS was used to determine the zeta potential of the NCC separately. Each 

sample was measured 12 times to check the reproducibility. 

3.4.2.10 ULTRAVIOLET-VISIBLE (UV-VIS)SPECTROPHOTOMETRY 
Spectra max plus 384 UV vis spectrometers (from molecular devices, Canada) was used to 

investigate the transmittance of the NFC and NCC nano films separately within the range of the 

200-800nm. Each sample was inserted in cuvette and measured. The transmittance spectra were 

attained by means of cuvette as background. 

3.4.2.11 TENSILE TEST 
Tensile properties of the nanocellulosic films were measured according to ASTM D-638 by using 

a Zwick/Roell z050 machine equipped with 5N load cell. The tensile tests were conducted at 

crosshead speed of 2 mm/min, at relative humidity of 35% and room temperature (25ºC). The 

samples were prepared by cutting 10 mm length strips of the nanocellulosic films.  
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bleached pulp was quantified (4.6% on dry content) and detailed procedure is explained in the 

supporting information. (9) 

3.5.1.1 FIBRILLATION PROCESS BY BALL MILLING 
The final concentration of the obtained NFC was 2wt.%. While increasing the fibrillation time 

homogeneity of the nanofibrils was increased. It is note worthy that the fibrillation was done in 

the presence of the hemicelluloses (HC). Elsewhere reported that HC can play vital role to facilitate 

the fibrillation due to the hydrogen bonding and negative charges on HC.(52,136) In detail, HC 

surrounds cellulose microfibrils through abundant hydrogen bonding which in turn seals the gap 

between the microfibrils and protect the fibrils from aggregation. In addition, hemicelluloses 

contain glucuronic acid with carboxyl groups, which enables the delamination of fibers by means 

of electrostatic repulsion forces.(136) The HC present in the NFC suspension was difficult to 

measure since the full recovery of the NFC was not possible by the ball grinding process. It is 

worth to note that this work is containing of preliminary study, future research will be conducted 

on the influence of the HC on the fibrillation, dispersion up on drying and mechanical properties 

at different concentrations of the HC will be studied.  

3.5.1.2 ACID HYDROLYSIS 
Initially, carrot pulp was treated with 2% NaOH at 50°C to remove the hemicelluloses and further 

the pulp was washed and filtered with plenty of water to remove the unreacted sodium hydroxide 

and stored in refrigerator. 5g of this pulp was dispersed in water and treated with 64 wt.% sulphuric 

acid solutions for 1.30h at 50ºC. Then the reaction was stopped by quenching with cold water. The 

resulted solution was centrifuged few cycles to remove the unreacted acid and further nano 

crystalline cellulose (NCC) was dialyzed for one week, until the pH of the solution was close to 

5-6 and then few drops of chloroform was added to the solution of NCC (to avoid fungal 

development) and refrigerated. 

3.5.1.3 MORPHOLOGY OF CARROT FIBERS BEFORE AND AFTER 

TREATMENT 
Figure 3.2 shows the scanning electron micrographs of the carrot fibers before and after hot water 

treatment and delignification. Before hot water wash (H.W) the raw material showed the unusual 

spring and classical fibers (can be seen in figures a, b and c). Fibers were completely cemented 
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Figure 3. 2 a), b) and c SEM images of carrot fibers: raw, d), e) and f) H.W treated; g), h) 
and i) bleached spring fibers; j), k) and l) bleached classical fibers and m), n) and o) cross 

section of the spring fibers 

water wash can also dissolve the fractions of HC.(183) Nevertheless, the surface of the fibers was 

still rough due to the presence of lignin. 

After hydrogen peroxide treatment, the spring and classical fibers were individualized, (as seen in 

the figures 3.2g) and j)) due to the delignification process, which prompted the separation of the 

fibers from the bundles. The micrographs from figures 3.2g), 2n) and 2m), have two different kinds 

of spring fibers i) window oval spring ii) continuous oval spring fibers (can be seen in marked 

places in figure 3.2m)). Irrespective of the fiber, cell wall was poised with millions of thin micro 

fibers. The cross section of the spring fibers is shown in figures 3.2n) and 2o), the diameter was in 

the range of 2-4µm (seen in marked places). The cross section was composed with very thin 

microfibers. Collectively, cellulose rich carrot has different kind of fibers. The surface and cross 

section have the nature knitted microfibers regardless of the fiber. The length and diameter of the 

individual fibers was determined by SEM. The length and diameter of the spring and classical 

fibers were in the range of the 200-215, 400-415µm and 10-14 and 2-10µm respectively.  

3.5.1.4 ASSESSMENT OF FIBRILLATION 
The fibrillation of NFC was assessed by using SEM. The fibrillation was studied at different ball 

milling times. The fibrillation was monitored at different time intervals and was started at 1.5 mins. 

With respect to the SEM study, the fibrillation time of 3 and 5 mins was effective. Hence, to 

optimize the fibrillation of carrot fibers, different ball grinding times (i.e. 1.5, 3 and 5min) were 

tried at constant frequency. Figure 3.3 shows the micrographs of the NFC after 1.5min (a and d), 

3min (b and e) and 5min (c and f) of grinding time at low and high magnification. While increasing 

the ball grinding time, the nanofibers were individualized and thus homogeneity is also increased. 

The partially fibrillated bundles of nanofibers can be seen after 1.5 min of fibrillation (1.5NFC), 

the fibrils were not homogeneous in size. However, after 3min (3NFC) of grinding time the fibers 

morphology was changed. Several individual nanofibrils started to peel off from the bundles with 

increasing time, though few of them remained partially attached to the bundles.  The 5NFC 

exhibited the classical mesh like entangled network structure was observed as seen in the figure3.3 

(c and f). This can be explained that with the increase in grinding time, it is possible that fibrillation 
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It is remarkable that the raw fibers show single diffraction at 22.5 and this might be due to the 

presence of the lignin, HC and carotene. However, after H.W treatment the diffraction peaks at 

16.4 and 22.6 were more visible possibly due to the partial removal of some non-cellulosic 

materials by hot water washing. Also, after hydrogen peroxide treatment and ball grinding the fore 

mentioned diffraction peaks intensity significantly increased in evident to the removal of the other 

constituents present in carrot fibers. It is also evident from the SEM results shown in the 

morphology section.  

Table 3. 1 Dimensions, surface properties and crystallinity of carrot NCC. 

                           

Importantly, NCC has shown all the typical diffraction peaks at 14.8, 16.8, 22.6 and 34.4° for 

cellulose I. This can be attributed to the evolution of the crystalline cellulose after acid hydrolysis. 

The crystallinity index (C.I) of the raw, H.W, bleached, 5NFC and NCC was 36, 43, 61, 69 and 

78% respectively. C.I was determined by using the method mentioned in the methods section. The 

significant improvement in crystallinity for 5NFC, NCC can be fully attributed to the removal of 

the amorphous materials (like lignin, carotene and HC) after hydrogen peroxide and alkali 

treatment respectively.(186) 

3.5.3.2 FT-IR 
The changes before and after each treatment (hot water, hydrogen peroxide, ball milling and acid 

hydrolysis) in chemical composition was studied by using FT-IR and results are presented in figure 

3.7.  

NCC size from 

AFM/TEM 

Electrophoretic mobility 

(µm.cm. V-1. S-1) 

ζ-potential 

(mV) 

Crystallinity 

index (%) 

L :54-610 nm 

D: 8-46 nm 

L/D: 10-18 

-2.028 -25.8 78 
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Figure 3. 7 FTIR peaks for raw, H.W treated, purified, NFC and NCC from Carrot. 

Irrespective of the sample, the absorbance band appeared at 3400 cm-1 related to the stretching and 

bending vibrations of the OH groups present in cellulose. Slight spilt in 3400cm-1 have been 

observed (3250, 3300cm-1) in the case of CNC this is mainly due to the rearrangement of the 

intramolecular hydrogen bonding between. Elsewhere reported the rearrangement is due to the 

removal of water (187). In the present study, this effect can be partially attributed to the removal 

of water prior to the FT-IR characterization. The asymmetric and symmetric stretching of C-H can 

be seen around 2900 cm−1. The absorption band observed between 2950-3000cm-1 correspond to 

the trans-CH=CH- of beta carotene.(188) The intensity of the carotene band was higher in the case 

of the raw carrot fibers. Whereas, it completely disappeared after bleaching stage. This can be 

ascribed complete removal of the carotene during bleaching stage. Regardless of the sample, the 

band at 1638cm-1 was linked with O-H bending vibrations of the absorbed water.(140)  The peak 

appeared at 1250cm-1 was related to the C-O stretching of aryl group present in lignin. It is 

noteworthy that this peak was completely absent after bleaching with hydrogen peroxide. This 

indicates after bleaching most of the lignin and carotene were removed. The peak projecting at 

1730 cm−1 represent the stretching of C-O present in acetyl group and uranic ester groups in HC 
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Figure 3. 8 a) TGA curves b) dTG curves for raw, H.W treated, purified, NFC and NCC 
from Carrot. 

However, the first peak observed at 200°C was diminished for hot water washed carrot fibers. This 

revealed that hot water wash could remove carotene and the results were also in agreement with 

that of FT-IR. But in the case of the bleached and 5NFC fibers the first (200°C) and second (250°C) 

degradation peak were disappeared. This can be ascribed to the significant removal of the lignin, 

HC and pectins. The results can be clearly seen in the DTG curves shown in figure 3.8b). It is 

interesting to note that the main cellulose degradation temperature for 5NFC is less compared to 

raw, H.W and bleached. This might be due to the ball milling process; elsewhere reported 

fibrillation process can decrease the thermal stability partially.(193) Whereas in the case of the 

NCC the onset degradation started from 160-200°C due to the sulfate groups present in the NCC 

prepared by sulphuric acid hydrolysis.(194) Certainly, these results revealed that the non-cellulosic 

materials exhibit the lower thermal stability compared to cellulose.(195)  

Regardless of the sample the degradation temperature starting from 350-730°C, correspond to the 

residue char. Though, this char residue is higher in the case of the raw fibers compared to the H.W 

and bleached carrot fibers. The existence of the ash and lignin in the raw carrot fibers was the 

reason behind the increased residue amount or char fraction at higher temperatures.(196) In fact, 

due to the pyrolysis lignin produces more residual char than cellulose. Importantly, ash does not 

degrade at high temperatures due to this the residual weight is higher. This residual weight is the 
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Table 3. 2 Mechanical properties of various nanocellulosic films and comparison with 
carrot nano film 

 

 

 

 

 

 

 

 

 

 

 
 

Sample name Preparation process Young’s modulus 

(GPa) 

Ultimate Tensile 

strength (MPa) 

Elongation 

at break 

(%) 

Reference  

Carrot NFC film  Casting  1.02 ± 0.2 23.6 ± 6.2 2.7 ± 0.6 Present study 

Carrot NFC film  Filtration + Pressing 12.2 ± 1.3 243 ± 28 8.7 ± 0.7 (34) 

Hardwood-NFC film Filtration + hot press 8.1 ± 0.7 121 ± 16 7.9 ± 0.8 (198) 

Wood flour NFC film Filtration + hot press 13 223 - (Nogi et al. 

2009) 

Spruce MFC film Filtration + Casting  15.7 ± 1.3 104 5.3 ± 1 Syverud and 

Stenius 2009) 
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4 CHAPTER 4 
ENHANCEMENT OF SURFACE PROPERTIES OF 
THE NANOCELLULOSIC FILMS BY TIO2 SOL-
GEL COATING 
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methods i) pre-chemical treatment followed by mechanical treatment ii) chemical treatment iii) 

mechanical treatment. CNC can be obtained by the acid hydrolysis of the cellulose fibers (10). 

NFC holds long fibrils with the combination of both amorphous and crystalline regions of 

cellulose. While CNC contains the solid crystalline regions of the cellulose. 

Of late, the industrial production of NFC is predominantly increased all over the world due to its 

commendable properties like high mechanical properties, low density, low cost and biodegradable 

nature. Hence, the researchers and industries are concentrating more on this remarkable 

nanomaterial. NFC exists in different forms like suspension, hydrogels, aerogels, films and powder 

(20). NFC is suitable for vast range of applications and not limited to packaging, building, paints, 

personal care products, polymer nanocomposites and electronics (202). This is mainly due to their 

remarkable optical and barrier properties thanks to their web like network (127). The films 

prepared with NFC are translucent and express great flexibility along with better barrier properties 

compared to the regular petro-based polymers. Hence NFC based materials are ideal for food 

packaging application (203). NFC films can be prepared in different methods such as casting 

evaporation, filtration followed by hot press etc.(199).  

Nanocellulosic films (NCF) are considered as the rival for petroleum based polymers and NCFs 

are the best replacement for the plastics for example, those used in packaging, thin films etc. In 

this context, there are some extensive studies to improve the barrier and anti-microbial properties 

of NCFs such as surface modification, chemical grafting with some anti-microbial active 

molecules (204).  

Recently, nanocellulose films with inorganic materials coating or blending made a huge impact on 

the mechanical and barrier properties (205). Few interesting strategies were used to improve the 

barrier properties. CNC reinforced with carboxymethyl cellulose (CMC) films plasticized with 

glycerine (206) claimed considerable progress of mechanical properties. In some other study 

nanocellulose- inorganic talc hybrid films were prepared by vacuum filtration method. The results 

shown remarkable improvement in tensile strength and Young’s modulus. The films possessed 

with good oxygen barrier properties nevertheless films are not resistant to high moisture content 

(207). Elsewhere reported that NC/nanoclay (montmorillonite (MTM)) composite films were 

developed and shown significant improvement in transparency and oxygen barrier properties 

(208). In some other work self-standing nanocellulose films were produced by three different 
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surface of the NCFs. The oxidised films were then dried at room temperature before 

characterization.   

4.5.2.3 TIO2 SOL-GEL PREPARATION 
In order to the coat the NCFs, TiO2 sol-gel was prepared in two stages as described below and the 

entire process was completed under inert atmosphere of argon purging. 

 Step-1: 

In order to prepare the TiO2 sol-gel, Titanium isopropoxide (TIP) was used as precursor. In a three 

neck round bottomed flask, 0.02 mol of TIP was added to 50 ml of 2-isoproponal under constant 

stirring. Then, 0.01 mol of trimethylamine was added and stirred for 5min. 

Step-2: 

In a beaker, 200 ml of 2-isopropanol was taken and to this 0.3 mol of glacial acetic acid and 2.88 

ml of distilled water were added. The solution was stirred well for 10 minutes. The solution 2 was 

slowly introduced to the solution 1, mixed well under vigorous stirring and the argon gas was 

purged until a stable solution was obtained. The mechanism of TiO2 sol-gel (212) was shown in 

figure 4.1.  

 

 

 

 

Figure 4. 1 Mechanism of TiO2 Sol-gel 
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4.5.2.4 DIP COATING OF THE FILMS 
The prepared Nanocellulosic films were coated with TiO2 sol-gel by machine dip coating.  

 

 

 

 

 

Figure 4. 2 Machine dip coating mechanism of nanocellulose films 

During the Machine coating films were cut into 4x4 cm (Maximum size limit for machine coating) 

then dip coated by the sol-gel with the average withdrawn speed of 10 mm/min. The films were 

then oven dried at 65°C to remove the excess solvents and heated to 95°C to form titanium dioxide 

layer on the surface. 

4.5.2.5 FOURIER TRANSFORM INFRA-RED SPECTROSCOPY (FTIR) 
Fourier-transform infrared spectroscopy (FTIR) was used to understand the surface 

functionalization of NCF before and after oxidation with TEMPO. JASCO 4600 Spectrometer 

(Japan) equipped with an ATR PRO ONE reflection accessory was used. Spectra were recorded 

with a resolution of 4cm−1 in the range of 4000–600cm−1. 

4.5.2.6 SCANNING ELECTRON MICROSCOPE (SEM) 
The surface and cross sectional morphology of the neat and coated films were observed by using 

the SEM. Prior to that the samples were coated with gold to avoid charring due to electron 

bombardment. S-4700 scanning electron microscope (Hitachi, Japan) was used to capture the 

micrographs. 

4.5.2.7 TENSILE TEST 
Tensile properties of the nanocellulose films such as neat, oxidised coated and non-oxidised coated 

NCFs were measured according to ASTM D-638 by using a Zwick/Roell z050 machine equipped 
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absorbed water, as it is certain that cellulose materials absorb water due to the presence of the 

hydroxyl groups (213). 

Figure 4. 4 FTIR spectra for neat (NCF-OH) and oxidized Nanocellulose films (NCF-
COOH) 

4.6.1.2 SCANNING ELECTRON MICROSCOPY 
The surface morphology and cross sectional morphology of neat, NCF-OH TiO2 coated and NCF-

COOH TiO2 coated films was studied by means of SEM. The results were shown in figure 4.5 and 

figure 4.6 respectively. Figure 4.5a showing the distinctive morphology of the neat nanocellulose 

film. The cellulose nanofibrils were entangled and formed dense web like network. The individual 

nanofibrils diameter was in between 50-200nm and their length was in few microns. The results 

can be seen from figure 4.5b. The NCF-OH TiO2 coated films were shown in figure 4.5c & d. It is 

evident that the TiO2 coated films were rough and TiO2 layer completely concealed the surface of 

the cellulose nanofibrils network. Importantly, the TiO2 layer was uneven and plenty of cracks can 

be seen (can be seen in marked places in figure 4.5c) this might be due to the lack of the covalent 

or non-covalent interactions between TiO2 sol-gel and hydroxyls groups of the nanocellulose. 

Figure 4.5d showing the higher magnification of the NCF-OH TiO2 coated film. The results 

showing the significant cracks and those cracks are exposing the nanocellulose network. Due to 

this poor layer formation on the surface these films are not stable at hydro conditions and it also 

evident from contact angle and water absorption study. Whereas in the case of NCF-COOH TiO2 

coated film (Figure 4.5e) the morphology was completely different to the fore mentioned sample. 
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The TiO2 layer formation was homogeneous and there were no major cracks on the surface of the 

coated films. This might be mainly due to the Ti-Complexation such as bridging-linkage between 

TiO2 and ester linkage (214). The mechanism shown in graphical abstract. However, the surface 

was rough and uneven due to the excess of the unreacted TiO2 on the surface of the film. Figure 

4.5f micrograph displays the high magnification of NCF-COOH TiO2 coated film. It is worth to 

note that the surface was uniform and smooth. However, few cracks can be observed which might 

be due to the high electron bombardment on the surface of the film at high magnification.   

 

 

 

 

 

 

 

Figure 4. 5 SEM images of the a) and b) Neat nanocellulose film, c) and d) Non-oxidised 
TiO2 coated film e) and f) Oxidised and TiO2 coated nanocellulose film. 
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The cross-sectional morphology of the neat and TiO2 coated nanocellulose film before and after 

oxidation was analyzed and the results are shown in figure 4.6. The results revealed that the 

nanofibrils were arranged in lamellar form regardless of the sample. This phenomenon can be 

attributed to the slow evaporation of water during the casting process. However, the TiO2 coating 

for non-oxidised film was irregular that can be seen from figure 4.6b in the marked areas. Unlike 

the TiO2 layer was uniform and continuous for oxidised TiO2 coated film which can be seen in the 

marked places in top and bottom of the figure 4.6c.  

Figure 4. 6 SEM images for the cross-section of the a) Neat, b) Non-oxidized TiO2 coated 
film and c) Oxidized TiO2 coated nanocellulose film. 

It is also evident from the surface morphology images, the TiO2 was discontinuous. Whereas the 

oxidised coated films surface formed bridging linkage between the TiO2 and the carboxylic groups 

(214) present on the surface of the nanocellulose film. It is worth to note that, irrespective of the 

coating the thickness of the coating was measured using SEM and the value was ranging from 175 

nm- 200 nm. 

4.6.1.3 WATER ABSORPTION AND BARRIER PROPERTIES 
In order to understand the stability of the films water absorption study was done at room 

temperature. It is clearly evident from the results the water absorption capacity of the neat film 

was higher compared to that of non-oxidized and oxidized TiO2 coated films. This behaviour is 

due to the hydrophilic nature of hydroxyl groups present in the nanocellulose. Initially the films 

water absorption capacity was gradually increased with respected to time during first 11h and then 

it was constant w.r.t time and regardless of the sample.  
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Figure 4. 7  Water absorption of Neat, non-oxidized and oxidized TiO2 coated 
nanocellulose films time (hr) with respect to the weight increase (%). 

Whereas in the case of the TiO2 coated non-oxidized film the weight was 750% less compared to 

the neat film this might be due to the influence of the TiO2 coating on the surface of the film. 

Considerably 250% higher compared to TiO2 coated oxidized film. This is mainly due to the 

discontinuous and irregular cracks present on the surface of the film. The water is passed through 

the cracks and fully absorbed by the nanocellulose. It is evident from the morphological 

observation by SEM. Predominantly, the oxidized TiO2 coated film water absorption capacity was 

dropped 1000% and 250% compared to neat and non-oxidised TiO2 coated film respectively. This 

phenomenon demonstrates the cohesion between the TiO2 and the outer layer of the oxidized film. 

Thanks to homogeneous layer formation of TiO2 on the surface of the nanocellulose film. Hence 

the hydrophobic nature of the TiO2 coated oxidised film was increased compared to that of rest of 

the samples. 

4.6.1.4 OXYGEN TRANSMISSION RATE (OTR) 
In order to assess the gas barrier properties of the TiO2 coated and neat films preliminary test of 

oxygen transmission rate (OTR) was conducted at relative humidity (RH) 0%. The neat film was 

shown around 375 cm³.micron/m²/day. For the TiO2 coated non-oxidized and oxidized films the 

OTR value was significantly decreased to 56 and 52 cm³.micron/m²/day respectively. 
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Predominantly this is due to the laminar structure formation of the TiO2 layer on the surface of the 

nanocellulose film. Interestingly the oxidized coated film barrier properties were improved 

compared to non-oxidized coated film this describes the strong bridging complexation between 

the nanocellulose and TiO2. Further study on barrier properties of the TiO2 coated films will be 

done at different relative humidity (RH) w. r. to oxidation time to understand the steadiness of the 

films.  

4.6.1.5 CONTACT ANGLE MEASUREMENT 
In order to understand the wettability of neat, non-oxidized TiO2 coated and oxidized TiO2 coated 

films were studied by dynamic contact angle measurement. The measurements were made using 

Wilhelmy method. The results in terms of advancing and receding contact angle was tabulated in 

Table 4.1. It is obvious that the neat film wettability is high (the θa-89° to θr-64°) compared to 

coated films due to the highly hydrophilic nature of the nanocellulose. Whereas in the case of the 

non-oxidized TiO2 coated film advancing contact angle was decreased compared to that of the neat 

film. However, the receding contact angle was 41°. Significant change of contact angle was 

observed for oxidized TiO2 coated film from 45° to 29°. This is mainly due to TiO2 coating which 

concealed the hydroxyl groups on the surface of the nanocellulose film. The dynamic contact angle 

results agree with water absorption study.  

Table 4. 1 The average contact angle (θa and θr) measurements of the films. 

Name of the sample Advancing contact angle (θa) Receding contact angle (θr) 

Neat film 89 64 

TiO2 coated non-oxidized film 53 41 

TiO2 coated oxidized film 45 29 
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groups and the TiO2 coating on the mechanical properties was also an argument of interest. The 

tensile strength and the elasticity of the non-oxidized TiO2 coated film was increased significantly 

when compared to that of the neat film. This can be attributed to the increased external strength 

provided by the coating. The elasticity might have increased because the force applied had to 

stretch the TiO2 coated surface and since the fibers were covered by the thin coating the elongation 

time to reach the fiber was more when compared to the neat film, wherein the fibers were stretched 

immediately when force was applied. High mechanical performance was anticipated from oxidised 

TiO2 coated film compared to that of the neat and TiO2 coated film. In contrary, the mechanical 

properties were diminished compared to neat and TiO2 coated films. This might be due to the fact 

that the TEMPO oxidation could have loosened and/or damaged the fibrous network of the 

nanofibrillated cellulose. Elsewhere reported that during the oxidation amorphous cellulose parts 

will dissolve and lead to untied network (179). This can be also an important factor for the 

diminishing the mechanical performance. It is worth to note that this is our preliminary study to 

understand the TiO2 coating at different conditions. Owing to this, the oxidation time of 

Nanocellulosic films will be reduced by performing at different duration (2, 4, 6 and 8 seconds) 

for the comparison in our next study.  

Table 4. 2 Mechanical properties of the nanocellulose films before and after TiO2 coating 

 

 

 

 

Name of the 

sample 

Young 

modulus 

(GPa) 

Standard 

deviation 

 

Tensilestrength 

(MPa) 

Standard 

deviation 

Elongation 

at break 

(%) 

Standard 

deviation 

Neat film 1.66 0.28 117 10.4 9.3 7.1 

TiO2 coated 

non-oxidized 

film 

1.56 0.39 123 8.66 12 3.0 

TiO2 coated 

oxidized film 

1.32 0.45 103 4.59 9.4 1.1 
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improvement in the morphology compared to that of the raw fibers. X-RD results showed that the 

treatment does not affect the crystallinity of the fibers.  

Keywords: Agriculture biomass, scanning electron microscopy, thermo gravimetric analysis, 

Crystallinity and morphology. 



 

 
96 



 

 

97 

400,000 to 800,000 hectares. It is well known that Flax seeds are widely used in food and 

feedstock.(216)  

Hemp is classified as Cannabis sativa L. and it is widely cultivated in Canada under certain 

regulations for the seed and fiber purpose. Hemp fibers are robust, durable and long from 15-50 

microns and the cellulose content is about 70% and importantly low lignin content.(2,215) Another 

annual plant used here is milkweed and it is often called as Asclepias Syriaca L. This crop is 

cultivated twice a year mainly for the floss.(217,218) The density of the floss is very low (0.9 

g/cm3) contrasting to any other plant fiber and it has great demand as a filling material in jackets 

and for nonwovens.(219–221) There is no information on the usage of the milkweed stems for the 

production of cellulose fibers. Previously, Yang group from USA attempt to characterize the fibers 

from bark of milkweed.(3) Nevertheless, the aim of this study is completely different from the 

above. 

Previously reported research articles on flax, hemp and milkweed fibers show that they were 

purified by multiple steps. The most frequent methods to purify the plant fibre is acid and alkali 

treatment to eliminate the pectins and hemicelluloses. Further bleaching process was used to 

remove the lignin to obtain pure white fibers. Elsewhere, Kaushik et al. reported the extraction of 

cellulose fibers from wheat straw by means of both chemical and steam explosion.(4) Previously, 

Mohini sain et al. reported the purification of cellulose fibers from flax and hemp. The method 

involves multiple steps like i) refining fibers were treated with 0.05M hydrochloric acid at 70oC 

for 2h. The fibers were cooled and then neutralized with ammonium hydroxide. ii) the fibers were 

bleached by using the sodium chlorite and acitic acid at pH 3-5 for 4h at 75oC.(2) In another study, 

milkweed stem was treated with 0.5M alkaline solution at 80oC for 30 min and further washed 

fibers were dipped for 5min at 60oC with 10% (w/ w) nitric acid and 10% (w/w) chromic acid 

solutions after initiating the reaction for one 24h.(3,5)  

In the current study, the authors purified the stem fibers of flax, hemp and milkweed in single stage 

using hydrogen peroxide. Further, the purified fibers were characterized to understand the 

functional, crystalline and morphological properties by means of FT-IR, X-RD and SEM.  
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6 CHAPTER 6 

CONCLUSION AND FUTURE PERSPECTIVES 
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Dans la partie suivante de la thèse, la carotte a été au premier plan. Les carottes gaspillées et 

rejetées demeuraient un problème pour les agriculteurs locaux. Par conséquent, la nanocellulose 

était extraite avec succès des fibres de carotte. Comme détaillé au chapitre 3, les NFC et les CNC 

ont été obtenus à partir des fibres de carotte. Des études complémentaires ont porté sur l’effet du 

temps de broyage sur la fibrillation des fibres de carotte afin de produire du NFC. Pour la première 

fois, des films de nanocellulose de carotte ont été préparés. Les propriétés et la transparence des 

films ont également été étudiées en gardant à l'esprit les applications dans lesquelles ces films 

peuvent être utilisés. 

Par conséquent, ce travail de thèse : 

2) Contribue à montrer que les déchets de carottes peuvent être valorisés. 

3) Souligne également l'importance de considérer les déchets de l'agriculture et de l'industrie 

comme une source alternative de cellulose et de nanocellulose, susceptible de créer une économie 

intelligente. 

4) Démontre que les films nanocellulosiques préparés à partir de cette biomasse peuvent ouvrir la 

voie à de futures applications à valeur ajoutée telles que la filtration, le conditionnement des 

aliments et les soins personnels. 

Cette dernière partie des travaux nous a amenés à étudier les films nanocellulosiques pour diverses 

applications telles que l’emballage, le mulching et la construction. Ainsi, des films ont été 

préparés, oxydés par approche TEMPO et revêtus de TiO2 et leurs propriétés ont été étudiées. Les 

propriétés barrières sont en effet importantes pour étudier la stabilité des films en présence 

d'oxygène et d'eau, sans oublier les applications dans lesquelles ces films doivent être utilisés.  

Ainsi, le chapitre 4 couvre la recherche approfondie sur les propriétés de barrière des films 

nanocellulosiques revêtus de TiO2. Les résultats obtenus contribuent donc à: 

5) L’augmentation de la nature hydrophobe du film revêtu de TiO2 qui est l’un des défauts des 

films nanocellulosiques classiques. 

6) La diminution du taux de transmission de l'oxygène pour les films revêtus, ce qui signifie qu'ils 

peuvent éventuellement convenir pour une application d'emballage alimentaire. 
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 The aforementioned sources are not only easily available, cost-effective, and diverse in properties, 

but they also can produce value-added nano-materials which will create economic value and act 

as a suitable raw material for NC production. While the applications of NC have been explored in 

different fields such as composites, films, hydrogels, and aerogels, many new age applications in 

the form of smart materials, stiffer carbon fibers, printing inks, and electronic devices should be 

explored. With the ever-increasing environmental concerns and movement toward green materials, 

researchers should think about outside-the-box applications to move cellulose nanomaterials 

forward considering alternative sustainable raw materials like agricultural and industrial wastes. 

In the next part after the detailed literature review, the first focus was on carrot. The wasted and 

rejected carrots remained a problem for the local farmers and hence nanocellulose was successfully 

extracted from the carrot fibers. As detailed in chapter 3, both NFC and CNC were obtained from 

the carrot fibers. Further investigations, for example, the effect of grinding time on the fibrillation 

of carrot fibers to produce NFC was studied. For the first time, films from the carrot nanocellulose 

were prepared. The properties and transparency of the films were also studied keeping in mind the 

applications in which these films can be used.  

Hence,  

2) this PhD work contributes to show that carrot wastes can be valorized. 

3) It also emphasizes the importance of considering the agriculture and industrial wastes as 

an alternate source of cellulose and nanocellulose which eventually can create a smart 

economy. 

4) Nanocellulosic films prepared from this biomass can pave the way for future value-added 

applications as in filtration, food packaging and personal care. 

This last part of the previous work led us to study the nanocellulosic films for various applications 

like packaging, mulching and building applications. Thus, number of films were prepared, 

TEMPO oxidised and coated with TiO2 and their properties were investigated. Barrier properties 

are indeed important with respect to study the stability of the films in the presence of oxygen and 

water. Not to forget the applications in which these films are to be used, this study is crucial. So, 

the chapter 4 overlays the extensive research on the barrier properties of TiO2 coated 

nanocellulosic films. The results can therefore contribute to: 
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know the effect on mechanical properties. Improved mechanical properties and barrier properties 

can result in the food packaging applications. 

3. The purified flax, hemp and milkweed biomasses will be used to extract NCF. Initial study of 

hydrogel preparation from this NFC was made. The results will be discussed during the PhD 

defence. Some other applications like personal care products will also be studied using this NFC. 
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