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ABSTRACT 

Paper made of cellulose fiber from green plants is widely used in our daily life 

especially in packaging industry. Cellulose fibers, as the most abundant natural resource 

in the world, have numerous advantages, such as renewable, low cost, biodegradable, 

environment-friendly and nontoxic. However, due to the hydrophilic properties of 

cellulose fibers, paper is far insufficient for high-barrier applications, moisture barrier, 

and oil/grease barrier in particular. In order to improve its barrier properties and widen 

its applications, extensive studies have been carried out in the current thesis work. 

In the first section, hydrophobic modification of cellulose fibers was conducted via 

plasma-induced free radical polymerization in an attempt to graft the hydrophobic 

polymer chains on paper surface, thus increase the hydrophobicity of paper. Two 

hydrophobic monomers, butyl acrylate (BA) and 2-ethylhexyl acrylate (2-EHA), were 

grafted on cellulose fibers on the paper surface.  

In the second section, various biodegradable natural materials, including zein, starch, 

and sodium alginate were used to enhance paper hydrophobicity, lower the water vapour 

transmission rate and improve the oil/ grease resistant properties of paper products, 

through both wet-end and surface coating technologies in bench-scale.   

In the third section, synthesized interpenetrating polymer networks composed of 

hydrophilic sodium alginate and hydrophobic poly (dimethyl siloxane) were applied to 

enhance barrier properties of paper via coating on paper surface. The feature of this 

work lies in the fact that the hydrophilic and hydrophobic phases were chemically linked 

into one interpenetrating polymer network during the preparation process, with the aim 
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to make the most of the advantage of the complementary characteristics from these two 

polymers.  

It was found that, the paper hydrophobic properties have been improved significantly 

with rather high contact angle, due to the plasma induce polymerization, zein emulsion 

treatment and IPNs coating. The paper treated with sodium alginate and alkali-treat 

starch showed excellent grease resistant properties. However, the challenges in lowering 

water vapour transmission rate of the resulted paper treated with all these materials still 

remain; although the water vapour transmission rate has been lowered to a certain extent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

DEDICATION 

I would like to dedicate this thesis to my beloved parents who have given me the life, 

the opportunity of an education and support throughout my life. They devote their entire 

lives to aiding my pursuit of knowledge and education. This thesis is also dedicated to 

my dear sister, who has always stood by me and given me unconditioned support and 

encouragement



 

v 

ACKNOWLEDGEMENTS 

It is with immense gratitude that I acknowledge the support and help of my supervisor, 

Professor Huining Xiao. I am very grateful to him for his insightful advice, suggestions 

and guidance throughout my Ph.D. studies.  

I also wish to express my gratitude to Professor Yonghao Ni, for giving me generous 

amount of time whenever I need some help.  

I’m thankful to Professor Wenxia Liu in Qilu University of Technology, Dr. Liying 

Qian, Dr. Lihong Zhao and Professor Beihai He in South China University of 

Technology, for their help and support. 

I owe my deepest gratitude to my dear parents and my sister, who have always 

supported me throughout my life. I would also like to thank Dr. Jiebin Tang, very 

special thanks for his endless patience, his precious love, his practical help and 

emotional support. 

I cannot find words to express my gratitude to all my dear friends who are always 

supporting me. I feel obliged to say thanks to so many people who have been doing so 

many good things for me.  

Thanks are also given to the colleagues and staffs in our research group, Department of 

Chemical Engineering and Limerick Pulp & Paper Center, UNB, for their infinite help. 

At last but not the least, I am really thankful to the financial support from China 

Scholarship Council and NSERC Canada. 

 

 



 

vi 

Table of Contents 

ABSTRACT ........................................................................................................................ ii 

DEDICATION ................................................................................................................... iv 

ACKNOWLEDGEMENTS ................................................................................................ v 

Table of Contents ............................................................................................................... vi 

List of Tables..................................................................................................................... xii 

List of Figures .................................................................................................................. xiii 

List of Symbols, Nomenclature or Abbreviations........................................................... xvii 

INTRODUCTION .............................................................................................................. 1 

References ........................................................................................................................... 7 

Chapter 1 Literature Review ............................................................................................. 12 

1.1 Introduction ................................................................................................ 12 

1.2 Biodegradable/green-based packaging materials ....................................... 13 

1.2.1 Polylactic Acid (PLA) ......................................................................... 15 

1.2.2 Cellulose .............................................................................................. 16 

1.2.3 Starch................................................................................................... 18 

1.2.4 Chitosan .............................................................................................. 19 

1.2.5 Soy Protein Isolate, Zein, WPI, etc. .................................................... 20 

1.3 Enhance moisture barrier properties of paper products ............................. 21 

1.3.1 Hydrophobic modification of cellulose fibers/fiber network via 

chemical modification/polymerization............................................................ 22 

1.3.2 Application of plasma induced polymerization in modification of 

cellulose fibers ................................................................................................ 25 

1.3.3 Wet-end additives/internal sizing to enhance water barrier properties 27 

1.3.4 Surface treatment/coating to enhance water barrier properties ........... 31 



 

vii 

1.4 Water vapour transmission rate .................................................................. 34 

1.4.1 WVTR testing methods ....................................................................... 34 

1.4.2 Materials and approaches for lowering paper WVTR ........................ 36 

1.5 Enhance grease resistant properties of paper products .............................. 40 

1.5.1 Introduction to grease-resistant/greaseproof paper ............................. 40 

1.5.2 Grease resistant testing methods ......................................................... 41 

1.5.3 Approaches to improve grease resistance of paper products .............. 44 

1.6 References .................................................................................................. 48 

Chapter 2 Plasma-induced Polymerization for Hydrophobic Modification of Cellulose 

Fiber .................................................................................................................................. 64 

ABSTRACT ...................................................................................................................... 64 

2.1 Introduction ................................................................................................ 64 

2.2 Experimental .............................................................................................. 67 

2.2.1 Materials .............................................................................................. 67 

2.2.2 Sample preparation for plasma-induced polymerization .................... 68 

2.2.3 Sample characterization ...................................................................... 68 

2.3 Results and discussion ............................................................................... 69 

2.3.1 FT-IR spectroscopy ............................................................................. 69 

2.3.2 Contact angle ....................................................................................... 70 

2.3.3 SEM morphology ................................................................................ 72 

2.3.4 XPS analysis (Elemental analysis) ...................................................... 73 

2.3.5 Effect of monomer soaking time on contact angle.............................. 76 

2.3.6 Effect of reaction temperature on grafting ratio and contact angle ..... 77 

2.3.7 Effect of plasma power on grafting ratio and contact angle ............... 78 



 

viii 

2.3.8 Effects of monomer dosages and treatment duration on contact angle79 

2.4 Conclusions ................................................................................................ 81 

2.5 References .................................................................................................. 81 

Chapter 3 Effects of Zein Emulsion Application on Improving the Water and Water 

Vapour Barrier Properties and Grease Resistance of Paper .............................................. 84 

ABSTRACT ...................................................................................................................... 84 

3.1 Introduction ................................................................................................ 84 

3.2 Experimental .............................................................................................. 87 

3.2.1 Materials .............................................................................................. 87 

3.2.2 Methods ............................................................................................... 87 

3.2.3 Characterization .................................................................................. 89 

3.3 Results and discussion ............................................................................... 92 

3.3.1 Water contact angle measurement ...................................................... 92 

3.3.2 Water vapour transmission rate testing ............................................... 94 

3.3.3 SEM morphology ................................................................................ 96 

3.3.4 Grease resistance testing ..................................................................... 97 

3.3.5 Mechanical properties testing ............................................................. 98 

3.4 Conclusions ................................................................................................ 99 

3.5 References ................................................................................................ 100 

Chapter 4 Hydrophobic-modified Nano-cellulose Fiber/PLA Biodegradable Composites 

for Lowering Water Vapour Transmission Rate of Paper .............................................. 103 

ABSTRACT .................................................................................................................... 103 

4.1 Introduction .............................................................................................. 103 

4.2 Experimental ............................................................................................ 107 

4.2.1 Materials ............................................................................................ 107 



 

ix 

4.2.2 Methods ............................................................................................. 108 

4.3 Results and discussion ............................................................................. 111 

4.3.1 FT-IR spectroscopy for NCF ............................................................ 111 

4.3.2 Surface morphology of composites ................................................... 112 

4.3.3 Water vapour transmission rate  results ............................................ 114 

4.3.4 Effects of testing temperature on WVTR.......................................... 119 

4.4 Conclusions .............................................................................................. 122 

4.5 References ................................................................................................ 122 

Chapter 5 Study on Alkali-treated Starches and Their Effects on Grease Resistance of 

Paper ................................................................................................................................ 126 

ABSTRACT .................................................................................................................... 126 

5.1 Introduction .............................................................................................. 126 

5.2 Experimental ............................................................................................ 129 

5.2.1 Materials ............................................................................................ 129 

5.2.2 Experimental methods ....................................................................... 129 

5.2.3 Characterization of paper sample after treatment with emulsion ...... 130 

5.3 Results and discussion ............................................................................. 131 

5.3.1 Morphology of native and alkali treated starch................................. 131 

5.3.2 Effect of steeping time on structural properties of starch granules ... 133 

5.3.3 Effect of NaOH dosage on grease resistance at room temperature ... 135 

5.3.4 Effect of coating weight on grease resistance ................................... 137 

5.4 Conclusions .............................................................................................. 139 

5.5 References ................................................................................................ 140 



 

x 

Chapter 6 Influence of Sodium Alginate Coating on Moisture/Grease Barrier and 

Mechanical Properties of Paper ...................................................................................... 143 

ABSTRACT .................................................................................................................... 143 

6.1 Introduction .............................................................................................. 143 

6.2 Experimental ............................................................................................ 146 

6.2.1 Materials ............................................................................................ 146 

6.2.2 Experimental methods ....................................................................... 146 

6.2.3 Characterization ................................................................................ 147 

6.3 Results and discussion ............................................................................. 150 

6.3.1 Effect of coating weight on air permeability..................................... 150 

6.3.2 Contact angle measurement .............................................................. 152 

6.3.3 Oil/Grease resistance results ............................................................. 153 

6.3.4 Water vapour transmission rate ......................................................... 156 

6.3.5 Tensile strength results ...................................................................... 157 

6.4 Conclusions .............................................................................................. 158 

6.5 References ................................................................................................ 159 

Chapter 7 Preparation of IPNs of Sodium Alginate and PDMS and Their Application in 

Improving Grease Resistance of Paper ........................................................................... 162 

ABSTRACT .................................................................................................................... 162 

7.1 Introduction .............................................................................................. 162 

7.2 Experimental ............................................................................................ 165 

7.2.1 Materials ............................................................................................ 165 

7.2.2 Methods ............................................................................................. 165 

7.2.3 Characterization ................................................................................ 167 

7.3 Results and discussion ............................................................................. 170 



 

xi 

7.3.1 Determination of reaction ratio between PDMS and TMOS ............ 170 

7.3.2 Preparation and results of IPNs ......................................................... 171 

7.3.3 FT-IR analysis for IPN ...................................................................... 172 

7.3.4 SEM analysis of IPNs ....................................................................... 173 

7.3.5 SEM images for IPNs coated paper samples .................................... 175 

7.3.6 Air permeability of IPNs coated papers ............................................ 176 

7.3.7 Water contact angle of IPNs coated paper ........................................ 178 

7.3.8 WVTR of IPNs coated papers ........................................................... 181 

7.3.9 Grease resistance of IPNs coated papers ........................................... 183 

7.4 Conclusions .............................................................................................. 185 

7.5 References ................................................................................................ 186 

Chapter 8 Conclusion and Recommendation for Future Work ...................................... 190 

8.1 Summary of hydrophobic modification of cellulose fibers and paper ..... 191 

8.2 Summary of lowering WVTR of paper .................................................... 192 

8.3 Summary of grease resistance of paper .................................................... 193 

8.4 Recommendations for future work........................................................... 194 

Curriculum Vitae 

 



 

xii 

List of Tables 

Table.1.1 Schematic illustrations for some of the testing methods used in literature ..... 34 

Table.1.2 Summary of different grease barrier testing methods ..................................... 42 

Table.2.1 Comparison of C/O ratio through XPS survey spectra ................................... 75 

Table.3.1 Comparison for oil/grease resistance property................................................ 98 

Table.3.2 Tensile strength test for zein emulsion treated paper ...................................... 98 

Table.3.3 Tear strength of zein emulsion treated paper .................................................. 98 

Table.6.1 Effects of coating weight on WVTR results ................................................. 156   

Table.7.1 Reaction conditions for PDMS and TMOS .................................................. 171 

Table.7.2 Reaction conditions for IPNs ........................................................................ 172 

Table.8.1 Comparison of approaches ............................................................................ 194 

 

 



 

xiii 

List of Figures 

Figure.1.1 Classification of biopolymers and their nomenclature (Adopted from 

reference [8]) ................................................................................................................... 14 

Figure.1.2 Classification of biopolymers. The abbreviations of materials mentioned here 

are listed in the list of abbreviations [7]. ......................................................................... 14 

Figure.1.3 Overview of surface engineering for hydrophobic cellulose fibres or papers: 

methods and common products [49] ............................................................................... 22 

Figure.1.4 Molecular structure of AKD (left) and ASA (right) [94]. ............................. 29 

Figure.1.5 Reaction between cellulose and AKD (left), ASA (right) [49] ..................... 29 

Figure.1.6 Schematic of TAPPI test method T507, Grease Resktance of Flexible 

Packaging Material, used for testing grease resistance of corn zein coated paper[45]. .. 43 

Figure.1.7 Determination of percentage area stained for grease resistance [45] ............ 43 

Figure.1.8 Grease resistance of coated papers [43] was determined using a modified 

TAPPI test T507 .............................................................................................................. 44 

Figure.2.1 FT-IR spectra for modified and control samples ........................................... 70 

Figure.2.2 Contact angle images of unmodified and modified paper. (a) Unmodified 

paper, the water penetrated through the paper. (b) Modified paper. ............................... 71 

Figure.2.3 SEM images of modified and unmodified samples. (a) Unmodified 

sample(×1000), (b) Modified sample(×1000). ................................................................ 72 

Figure.2.4 (1) XPS survey spectra of samples for both unmodified and modified. (a) 

Control sample, (b) Modified sample. (2) High resolution C1s XPS spectra. (a) Control 

sample, (b) Modified sample........................................................................................... 75 

Figure.2.5 Effect of monomer soaking time on contact angle ........................................ 77 



 

xiv 

Figure.2.6 Effect of temperature on grafting ratio and contact angle ............................. 78 

Figure.2.7 Effect of plasma power on grafting ratio and contact angle. ......................... 79 

Figure.2.8 Effects of monomer dosage and plasma treatment time on contact angle. .... 80 

Figure.3.1 Schematic of the set-up of WVTR testing [19] ............................................. 90 

Figure.3.2 Effect of dosage of emulsion on contact angle .............................................. 93 

Figure.3.3 Contact angle images for both control and modified paper, (a) Contact angle 

for control paper;(b) Contact angle for modified paper .................................................. 93 

Figure.3.4 WVTR measured under different conditions ................................................. 95 

Figure.3.5 SEM images of paper with/without emulsion treatment ............................... 96 

Figure.4.1TEM images showing NCF and nanofiber bundles. Scale bars correspond to 

2µm (a) and 0.2 µm(b). ................................................................................................. 108 

Figure.4.2 Schematic of the set-up of WVTR testing [30] ........................................... 111 

Figure.4.3 FT-IR spectrum for control and modified NCF ........................................... 112 

Figure.4.4 SEM morphology of PLA/NCF composite film(surface) ........................... 113 

Figure.4.5 SEM morphology of PLA/NCF composite film (cross section) ................. 113 

Figure.4.6 WVTR of PLA/NCF nanocomposites coating paper (a)at 23°C & 50%RH, (b) 

at 38°C & 90%RH ......................................................................................................... 116 

Figure.4.7 Effect of temperature on WVTR test (90% RH) ......................................... 119 

Figure.4.8 Weight change slope for samples at23ºC (Figure.4.8-a) and 38ºC (Figure.4.8 

-b) .................................................................................................................................. 120 

Figure.5.1 Schematic illustration of grease resistance test ........................................... 131 

Figure.5.2 SEM images of alkali-treated starch with different conditions ................... 133 



 

xv 

Figure.5.3 SEM for alkali-treated starch after 15 days (A,B,C,D) and 30 days (E,F,G,H), 

unwashed (A,B,E,F) & washed (C,D,G,H). .................................................................. 134 

Figure.5.4 Effect of NaOH concentration on grease resistance .................................... 136 

Figure.5.5 Grease resistance of alkali-treated starch coated paper at room temperature

 ....................................................................................................................................... 137 

Figure.5.6 Grease resistance of alkali-treated starch coated paper at 60 ºC ................. 138 

Figure.6.1 Schematic illustration of grease resistance test ........................................... 149 

Figure.6.2 Effect of coating weight on air permeability of sodium alginate coated paper

 ....................................................................................................................................... 152 

Figure.6.3 Effect of coating weight on water contact angle of sodium alginate coated 

paper .............................................................................................................................. 153 

Figure.6.4 Contact angle images of sodium alginate coated paper ............................... 153 

Figure.6.5 Grease resistance results of sodium alginate coating paper (room temperature)

 ....................................................................................................................................... 154 

Figure.6.6 Grease resistance results of sodium alginate coating paper (60°C) ............. 154 

Figure.6.7 Tensile strength of sodium alginate coating paper ...................................... 157 

Figure.7.1 Potential reactions between PDMS and TMOS and preparation route of IPNs

 ....................................................................................................................................... 164 

Figure.7.2 Schematic of IPNs coating on paper surface ............................................... 165 

Figure.7.3 Schematic illustration of grease resistance test ........................................... 169 

Figure.7.4 FT-IR spectra of (a) Sodium alginate and (b) SA/PDMS IPN .................... 172 

Figure.7.5 SEM images for IPNs, (a) (b) (c) (d) are corresponding to the IPNs3, 4, 6, 8

 ....................................................................................................................................... 174 



 

xvi 

Figure.7.6 SEM images for control and IPNs coated paper samples. The images of (c) (e) 

(g) are the higher-magnification(x1000) ones for those of (b) (d) (f) (x300), respectively. 

Shown in the insets are the water contact angle images of static water droplets (3μL) on 

the samples. ................................................................................................................... 175 

Figure.7.7 Effects of IPNs coating on air permeability of coated paper ....................... 177 

Figure.7.8 Effect of IPNs coating on contact angle of coated paper............................. 178 

Figure.7.9 Contact angle changes with time for IPNs coated paper ............................. 179 

Figure.7.10 Effect of IPNs coating on WVTR of coated paper (23℃) ........................ 181 

Figure.7.11 Effect of IPNs coating on WVTR of coated paper (38℃) ........................ 181 

Figure.7.12 Effects of IPNs coating on grease resistant properties of coated paper (Room 

temperature) .................................................................................................................. 183 

Figure.7.13 Effects of IPNs coating on grease resistant properties of coated paper (60℃)

 ....................................................................................................................................... 183 



 

xvii 

List of Symbols, Nomenclature or Abbreviations  

2-EHA  2-Ethylhexyl acrylate 

AFM Atomic Force Microscope 

ATR Attenated total reflectance 

ATRP Atom-transfer radical-polymerization 

BA Butyl acrylate 

CaCl2 Calcium Chloride 

CAN Ammonium ceric(IV) 

CMF Cellulose microfibrils  

CNF Cellulose nanofiber 

CPAM Cationic Polyacrylamide  

CTMP Chemithermomechanical pulp 

DSC Differential scanning calorimetry 

FT-IR Fourier transform infrared spectroscopy 

HLLT High linearity lithium tantalite 

IPN Interpenetrating polymer networks 

MFC Microfibrillated cellulose 

Na2CO3 Sodium carbonate 

NaN3 Sodium azide 

NaOH Sodium hydroxide 

NCF Nano-cellulose fibers 

OP-10 Polyoxyethylene octylphenol ether 



 

xviii 

PDMS Poly (dimethyl siloxane) 

PEG Poly(ethylene glycol) 

PET Polyethylene terephthalate 

PHB Polyhydroxybutyrate 

PLA Polylactic acid 

PLA100 Pure PLA film 

PLA90 PLA/NCF composite with 90% of PLA 

PLA93 PLA/NCF composite with 93% of PLA 

PLA95 PLA/NCF composite with 95% of PLA 

PLA99 PLA/NCF composite with 99% of PLA 

PVA Polyvinyl alcohol 

RH Relative humidity 

SA Sodium alginate 

SEM Scanning electron microscopy 

SI-ATRP Surface initiated-atom transfer radical polymerization 

SPAN-80 Sorbitan monooleate-80 

TCMS Trichloromethylsilane 

TEM Transmission electron microscope 

TEOS Tetraethoxysilane/Tetraethylorthosilicate/Ethyl silicate 

THF Tetrahydrofuran 

TMOS Tetramethoxysilane/Methyl silicate 

TWEEN-60 Polyoxyethylene monostearate T-60 



 

xix 

WPI Whey protein isolate 

WVTR Water vapour transmission rate 

XPS X-ray photoelectron spectroscopy 

 



 

 

1 

INTRODUCTION  

Paper products made of cellulose fiber have been widely used as packaging materials, 

due to their favorable properties such as biodegradable, sustainable, low cost, and 

nontoxic. However, cellulose fibers with hydroxyl groups are very hydrophilic and tend 

to absorb water. The hydrophilic properties of the cellulose fiber induce a low water/ 

water vapour barrier property of the paper-based packaging materials and the porous 

structure of paper was not enough for oil/grease resistance either, thus the paper 

products were insufficient to satisfy the requirements for high-barrier applications in 

packaging.  

In order to endow cellulose fibers with hydrophobic properties and widen the 

applications of cellulose fibers, numerous studies over the past few years have been 

conducted, focusing on the hydrophobic modification of cellulose fiber surfaces and 

preparation of superhydrophobic papers [1-5]. As a novel and attractive technique, 

plasma-induced polymerization has received considerable attention in recent years. 

Plasma contains equal numbers of ions and electrons in a sufficient density [6], it 

provides a volumetric heating process at improved heating efficiencies as compared 

with conventional techniques. Favorable results have been obtained from plasma-

initiated polymerization on the fiber surface [7-8]. 

Apart from hydrophobicity, the water vapour transmission rate (WVTR), which 

indicates the amount of water vapour that can permeate per unit area and time of the 

packaging material [9], is also an important indicator in the barrier properties of paper 

and packaging products [10].  
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Moreover, as far as food packaging is concerned, such as fast food packaging and pet-

food storage, the oil/grease resistant properties are highly required and very important 

because those packaging materials require a good resistance against staining through fat 

migration from the product and penetration in the paper [11]. Petrol-based waxes and 

polymers like polyethylene have been used extensively as water-resistant coatings in 

traditional food wrapping paper [12-14]. However, the existence of such polymers and 

waxes in the packaging materials makes it difficult to separate, recycle, or compost them 

after use. Furthermore, fluorocarbon chemicals, which are highly effective on paper 

grease resistant application also present disadvantages due to the negative impact on the 

environment and the high price. With the rise in environmental awareness, the 

packaging industry has expressed an increased interest in biodegradable, 

environmentally friendly materials. Wheat-gluten [15], whey protein isolates (WPI) [16-

17], soy protein isolates (SPI) [18-19] and corn zein [20] have already been considered 

as coatings for paper and paperboard with the goal of improving barrier properties of the 

cellulosic substrates. 

Zein is a class of prolamine protein which is extracted from corn in a relatively pure 

form. Zein has long been investigated for uses other than food since it is biodegradable 

and annually renewable. Zein-based products offer several potential advantages as a raw 

material for filming, coating and plastics applications. The most promising 

characteristics of zein are the increase in water resistance and grease resistance [17, 21-

22]. Zein can be dissolved in certain organic solvents (such as ethanol with 20% water 

and acetone with 30% water), but it is not soluble in water, which hinders its direct 

application in the papermaking process. To address the problem associated with the 
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water insolubility of zein, a range of zein emulsions were prepared and applied in this 

work. Sodium alginate is a water-soluble linear polysaccharide derived from alginic acid, 

extracted from several species of brown algae [23]. The interest in alginate concerns its 

unique colloidal properties, which include film forming, biocompatibility, 

biodegradability, and bioadhesiveness [24]. Alginate films have been studied as edible 

coatings to be applied to a variety of foods such as fruits, vegetables [25] and meat 

products [26-27]. The most related work for evaluating the prospective application of 

alginate films as paperboard laminates as food packaging materials was reported by 

Enflo et.al [28]. Starch, a carbohydrate consisting of a large number of glucose units 

joined by glycosidic bonds, is a renewable and biodegradable carbohydrate polymer 

from a great variety of crops [29]. In numerous industrial and food applications, starch 

has been used as a thickening and gelling agent, a sizing agent in textiles [30], additives 

and antimicrobial coating for paper product [31-33]. The application of protein and 

starch surface sizing for oil and grease resistance used as a paper sizing and coating 

composition was also reported [34]. Such coating composites including starch and a 

water-soluble protein were proved suitable for use in food packaging that was effective 

over a range of atmospheric conditions. To date, a number of different modified starches 

have been developed, which have become important industrial materials [35-36]. 

Compared to other modification methods, alkali-treated starch is more convenient and 

cost-effective. Low-temperature swelling and gelatinization of starch can be induced by 

the addition of aqueous alkali [37]. Alkalizing agents, such as sodium hydroxide, are 

widely used in the production of many traditional food products [38]. Among various 

biodegradable polymers, polylactic acid (PLA) has been mostly used as a food-
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packaging polymer for short shelf life products such as drinking cups, salad cups, 

containers, overwrap, and lamination films [39]. PLA is easily made and obtained from 

100% renewable resources such as corns, maize and wheat, wood residues or other 

biomass [40]. PLA is of interest not only because of the need to ultimately replace many 

synthetic polymers, but also because of PLA’s useful physical and mechanical 

characteristics [41]. Making composites through reinforcing PLA with different kinds of 

cellulose fiber has been a popular research topic [42-45]. 

This dissertation is mainly focused on extensive studies and applications of 

biodegradable materials to enhance water/water vapour and grease resistant barrier 

properties of paper targeted on the development of “green-based” food packaging 

materials. For water/ water vapour barrier properties, there were two separate directions 

including improving paper hydrophobicity and lowering WVTR. The overall objectives 

and goals of this dissertation are: 

a), to improve water/ water vapour barrier properties of paper with hydrophobicity and 

lower WVTR by various methods, including grafting hydrophobic monomers on paper 

surface via cold air plasma-induced polymerization, preparation and application of zein 

emulsion both in wet-end in papermaking process and paper surface treatment and 

development of hydrophobic-modified nano-cellulose fiber (NCF)/PLA biodegradable 

composites for coating;     

b), to enhance the grease resistant properties of paper with green materials , including 

alkali-treated potato starch coating, and sodium alginate-coated paper to produce barrier 

packaging materials; 
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c), to enhance paper barrier properties both for water and grease resistant properties, the 

multi-functional IPN systems with sodium alginate and PDMS were developed and 

applied. 

This dissertation is composed of 8 chapters, the content and contributions of each 

chapter are briefly described as follows. 

Chapter 1 presents the literature review relevant to the research, which has been mainly 

divided into four parts. The first part of the review is focused on the general overview of 

the cellulose/paper-based packaging materials. The application of biodegradable and 

sustainable materials used in packaging as well as those with water vapour and/or grease 

barrier properties relevant to papermaking process will be summarized. The second part 

summarizes the materials and approaches used to enhance the moisture barrier 

properties or the water resistant properties of paper products. The WVTR and related 

materials and approaches will be introduced in the third part. In the fourth part, the 

grease resistant properties of paper are to be presented. Similar to the third part, the 

materials, approaches and testing methods of grease resistant properties of paper 

products will be summarized and introduced. 

Chapter 2 focuses on the plasma-induced polymerization for enhancing paper 

hydrophobicity. In this part, the graft polymerization of butyl acrylate (BA) and 2-

ethylhexyl acrylate (2-EHA) on the surface of additive-free handsheets, induced by 

plasma irradiation was conducted. The effects of various grafting reaction variables on 

the grafting percentage and grafting efficiency were investigated. The as-modified 

handsheets were characterized using FTIR, XPS, and SEM. Moreover, the hydrophobic 

properties of the grafted handsheets were revealed by contact angle measurements. 
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Chapter 3 demonstrates the effects of zein emulsion application on improving the water 

and water vapour barrier properties of paper. The resulting emulsion was applied to the 

pulp suspension as a wet-end additive and surface treatment of paper as well, in an 

attempt to enhance the water barrier properties of paper products. The characteristics of 

treated handsheets were investigated by SEM, water contact angle and the WVTR. The 

mechanical properties of the paper including tensile strength, and tear strength were 

evaluated as well.  

Chapter 4 is related to hydrophobic-modified NCF/PLA biodegradable composites for 

lowering water vapour transmission rate of paper. In this chapter, the NCF was modified 

by grafting hydrophobic monomers via a free radical polymerization to improve 

compatibility with the PLA matrix. After modification, the NCF/PLA composites were 

made using a solvent casting method; the properties of composites as well as the WVTR 

of paper coated with the composites were determined.  

Chapter 5 describes the study on alkali-treated starches and their effects on grease 

resistant paper. The main purposes of this part are to investigate the effect of alkali 

treatment on the surface morphology changes of potato starch granules and the 

efficiency of grease resistance of paper after being coated with the resulted alkali-treated 

starch on one side. It provides important information in developing low-cost and green-

based grease resistant materials by using alkali-treated starch and helps to broaden the 

use of starch in papermaking and related industry. 

Chapter 6 demonstrates the influence of sodium alginate coating on grease barrier and 

mechanical properties of paper. Barrier coatings based on sodium alginate offer benefits 

which can be applied as an aqueous solution directly to the on-line papermaking process 
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using conventional coating techniques, which is easy to handle. To take advantage of 

sodium alginate being a biopolymer with fat adsorption properties and having good 

film-forming capacities, a serial of sodium alginate-coated paper was prepared and the 

resulting oil/grease barrier properties were mainly studied in this work.  

Chapter 7 investigates the preparation of the IPNs composed of sodium alginate and 

hydroxyl-terminated PDMS and their application via coating for enhancing paper barrier 

properties. Effects of the IPNs coating on the barrier properties, including air 

permeability, water vapour resistant properties and grease resistant properties of the 

treated paper were systematically studied.  

Chapter 8 summarizes the results and gives recommendations for future work. In this 

chapter, based on the overall extensive methods, comparisons and relationships among 

those methods and the results were systematically analyzed.   

    

This dissertation is presented in article-format. Most the experimental work was 

conducted by the candidate (Zhaoping Song). All the manuscripts for publications (as 

first author) were drafted by the candidate as well. 
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Chapter 1 Literature Review 

1.1 Introduction 

This chapter presents the literature review relevant to the research, which has been 

mainly divided into four parts.  

The first part of the review is focused on the general overview of the cellulose/paper-

based packaging materials. The application of biodegradable and sustainable materials 

used in packaging as well as those with water vapour and/or grease barrier properties 

relevant to papermaking process will be summarized.  

The second part presents the materials and approaches used to enhance the moisture 

barrier properties or the water resistant properties of paper products. In this part, various 

methods will be discussed, including the conventional internal sizing (wet-end) and 

external sizing (surface coating), the polymerization methods on modification of 

cellulose fibers and fiber networks and the plasma induced polymerization to modify 

cellulose fiber and paper in particular. The materials will be summarized in this part 

include wet-end additives, surface coating agents, and biodegradable polymers to 

enhance paper hydrophobic property. 

The water vapour transmission rate (WVTR) and related materials and approaches will 

be introduced in the third part. A general introduction to the WVTR followed by 

approaches, materials and standard and modified testing methods will be presented.   

Finally, in the fourth part, the grease resistant properties of paper are to be presented. 

Similar to the third part, the materials, approaches and testing methods of grease 

resistant properties of paper products will be introduced and summarized.    
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1.2 Biodegradable/green-based packaging materials 

With the concern on functionality and sustainability of packaging materials, furthermore 

with the growing awareness of environment issues, it is a real need to develop 

competitive green-based and biodegradable packaging materials.  

Biodegradable polymers are polymers that are capable of undergoing decomposition 

into CO2, CH4, H2O, inorganic compounds or biomass through predominantly the 

enzymatic action of microorganisms. Some of these polymers is also compostable, 

which means decomposition takes place in a compost site at a rate consistent with 

known compostable materials [1, 2]. They are polymeric materials in which at least one 

step in the degradation process is through metabolism of naturally occurring organisms 

[3]. Under appropriate conditions of moisture, temperature, and oxygen availability, 

biodegradation leads to fragmentation or disintegration of the plastics with no toxic or 

environmentally harmful residue [4]. The biodegradable polymers can be divided into 

natural (polysaccharide and protein) and synthetic polymers [5]. However, according to 

Scott et al. [6], biodegradable polymers may be derived from renewable or non-

renewable resources, and not all biologically-derived polymers are biodegradable.  

According to different understandings of concepts and rules, there are different ways to 

divide the biodegradable polymers which are shown in Figure.1.1 & Figure.1.2 

according to references [7, 8]. 
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Figure.1.1 Classification of biopolymers and their nomenclature (Adopted from reference [8]) 

 

Figure.1.2 Classification of biopolymers. The abbreviations of materials mentioned here are listed 

in the list of abbreviations [7]. 
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In the literature, as listed in Figure.1.1&Figure.1.2, there are several kinds of 

biopolymers used in packaging including SPI, WPI, zein, wheat gluten, starch, cellulose, 

chitosan, alginate, and fatty acid, PLA, PCL and PHAs (PHB and PHBV). So far, the 

most studied bio-nanocomposites suitable for packaging applications are starch and 

cellulose and its derivatives, polylactic acid (PLA), polycaprolactone (PCL), poly-

(butylene succinate) (PBS) and polyhydroxybutyrate (PHB) [7]. Among those materials, 

the cellulose based materials and relevant modified materials with enhanced barrier 

properties to be used in the area of packaging are the main concern in this work.    

In the food packaging industry, oil/grease, oxygen and water vapour permeability of the 

packaging material are key factors affecting the shelf-life of the contained product. A 

large amount of studies have investigated different strategies to improve the properties 

of packaging materials, in terms of increasing the barrier properties towards water, gases 

and oil/grease.  

1.2.1 Polylactic Acid (PLA) 

PLA is easily made and obtained from 100% renewable resources such as corns, maize 

and wheat, wood residues or other biomass [9]. Its production consumes carbon dioxide 

which makes it more eco-friendly. According to Barlow et al.
 
[10], PLA is the most 

prominent biodegradable plastic, derived from plant materials, and it is beginning to be 

used for food applications, and is promoted as being compostable. The PLA based 

nanocomposites with different applications in packaging were summarized by Raquez et 

al. [11]. The effects of fillers such as calcium sulfate and montmorillonite on PLA 

composites were studied [12, 13]. Rhim and Kim [14] stated that paperboard coated 
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with PLA could be used as a substitute for PE-coated paperboard in manufacturing 1-

way paper cups or containers for high moisture foods like beverage cartons and ice 

cream containers. Ternary PLA-PHB blends films were prepared, plasticized with a 

natural terpene D-limonene (LIM) with the dual objective to increase PLA crystallinity 

and to obtain flexible films intended for food packaging applications [15]. Results 

showed that PHB produced a reinforcing effect in PLA matrix and therefore an 

improvement in the oxygen barrier properties and the surface water resistance. 

1.2.2 Cellulose 

Cellulose is the most abundant natural polymer derived from wood and agricultural 

plants. One of the notable applications of cellulose lies in the form of paper and 

cardboard/carton, which is used widely as an exterior packaging layer [16]. Unmodified 

cellulose in this form is very biodegradable. However, paper is fibrous and opaque with 

poor barrier and moisture resistance properties. Hence, its role will remain limited to 

exterior packaging of foods except in very specific cases (e.g. dry products) [17].  

Alternatively, cellulose and derivatives have wider functions and applications. Cellulose 

esters and cellulose ethers can be used for extrusion, laminating or molding and most of 

these derivatives show excellent film-forming properties [18]. Furthermore, 

nanocellulose fibers (NCF) and microfibrillated cellulose (MFC) and their derivatives 

have attracted much attention in recent years, with the potential barrier properties in 

forms of films and composites preparation or associated with the other cellulosic 

materials. The production and modification of nanofibrillated cellulose using various 

mechanical processes were summarized by Khalil et al. [19] in their review paper. 
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Rodionova, Lenes, Eriksen, and Gregersen [20] carried out the acetylation of MFC from 

kraft pulp in order to develop MFC films with good barrier properties. MFC coatings as 

new release systems for active packaging were also studied by Lavoine et al.
 
[21]. 

Another methodology for combination coatings consisted of nanocellulose and alkyd 

resin with remarkable moisture barrier properties was introduced [22]. The moisture-

protective layer of renewable alkyd resins was deposited on the nanocellulose precoated 

sheets using a water-borne dispersion coating process or lithographic printing. It was 

found that the nanocellulose coating had a notable effect on the homogeneity and barrier 

performance. This environmentally friendly, energy-efficient, and economic concept is 

applicable for sustainable packaging. Yang et al. [23] reported that electrosterically 

stabilized nanocrystalline cellulose (ENCC) was modified in three ways by periodate 

oxidation, ion-exchange and crosslinking to prepare films with good transparence, 

barrier properties and strength. It has been reported that All-cellulose nanocomposite 

(ACNC) films, which was produced from sugarcane bagasse nanofibers using N, N-

dimethylacetamide/lithium chloride solvent, can be considered as a multi-performance 

material with potential for application in cellulose-based food packaging owing to its 

promising properties including toughness, bio-based, biodegradability and acceptable 

levels of WVP [24]. These functions open the door to other possible uses in sectors such 

as the food industry and packaging, and they will be developed in response to new and 

evolving societal requirements.  
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1.2.3 Starch  

Starch is the second most abundant biomass material beside cellulose on earth. It is 

found in plant roots, stalks, crop seeds, and staple crops such as rice, corn, wheat, 

tapioca, and potato [25]. It is either used as extracted from the plant and is called “native 

starch”, or it undergoes one or more chemical modifications to reach specific properties 

and is called “modified starch” [26]. Starch is commonly used to obtain polymer 

matrices or films for packaging due to its wide availability in many natural products and 

low cost [27]. It is known to be completely biodegradable in soil and water and 

inexpensive [28] so there has been a growing interest in the use of starch for packaging 

materials in order to reduce the environmental pollution. 

Due to the hydrophilic properties of starch granules, the starch films are very 

hygroscopic and tend to undergo crystallization during processing and storage. 

Modifications on improving water vapour barrier properties have been conducted by 

Jiménez et al.
 
[29], using fatty acids (SA, PA and OA). The biodegradable film prepared 

from rice starch and chitosan blend [30] showed an increase in tensile strength (TS), 

water vapour permeability (WVP), lighter color and yellowness, a decreasing elongation 

at the break (E ), and film solubility (FS) after incorporation of chitosan. Biodegradable 

films made from low-density polyethylene (LDPE), rice starch and potato starch are 

used for food packaging applications [31]. The biodegradable packaging materials are 

most suitable for single use disposable packaging applications and establishment of 

appropriate collection, transportation and treatment technologies are considered crucial 

to the success widespread applications of biodegradable packaging materials [31]. 

Furthermore, starch and its derivatives are common paper chemicals and used in 
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different applications, such as a strength-increasing agent, internal sizing or surface 

coating agents, and modification of cellulose fibers [32] in papermaking industry. To 

improve the bondability between clay filler and lignocellulosic fiber, the starch-fatty 

acid complex was used to modify the Kaolin clay and the resulting starch-fatty acid-clay 

composites had relatively good resistance against moderate shear force [33].  

Natural plant extraction such as hemicelluloses[34], lignin[35] and/or their derivatives, 

more or less purified, have been shown to exhibit excellent oxygen barrier properties 

rendering them suitable for use as coatings, layers and films in food-packaging 

applications. Water soluble xylan derivatives was achieved and promising results were 

obtained in primary application tests as a coating component in barrier coatings on 

board and as a binder component in pigment coating of offset paper. With the best xylan 

derivate coating, the barrier properties were better than a commercial biopolymer 

coating [36]. 

1.2.4 Chitosan  

Chitosan, poly-β-(1,4)-2-amino-2-deoxy-D-glucose, is the deacetylated product of chitin, 

poly(N-acetyl-D-glucosamine), a natural polymer found in the exoskeletons of 

crustaceans,  insects, in the cell wall of fungi and microorganisms [37]. Chitosan has a 

great variety of potential applications due to its biodegradability, biocompatibility, 

antimicrobial activity, non-toxicity, versatile chemical and physical properties. Thus, 

chitosan based films have proven to be very effective in food preservation [29, 38].  

Environmentally friendly and potentially bioactive food packaging based on chitosan-

coated papers was elaborated by Bordenave et al. [39, 40]. The morphology and the 
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microstructure observations suggested that the chitosan penetrated deeply into the paper, 

embedding the cellulose fibers, instead of forming a layer. Results revealed that the 

moisture barrier properties of paper were improved by coating with chitosan although 

the surface hydrophilicity remained high, and the mechanical properties of paper were 

not changed. The chitosan coated paper was obtained with antimicrobial activity as well. 

Meanwhile, the biodegradable composite film based on chitosan and MFC has also been 

prepared and studied [41].    

1.2.5 Soy Protein Isolate, Zein, WPI, etc. 

Certain kind of protein can also be used in papermaking to give paper products desired 

properties to meet the need in specific applications. The application of soybean protein 

isolate (SPI) coating on paper surface can result in the enhanced grease resistance and 

mechanical properties of the resultant paper [42, 43], which suggested that a certain 

interaction between cellulose and SPI occurred. Whey proteins isolate (WPI) were also 

employed to prepare protein-coated papers to improve grease barrier properties and 

other properties.  

Han and Krochta [44] showed that whey protein isolate (WPI) coating on pulp paper 

increased ink printability and reduced water vapour permeability (WVP). Trezza and 

Vergano[45] reported zein-coated papers were as effective as PE laminated paper used 

for quick-service restaurant sandwich packaging. Most of the research works on 

biopolymer coated papers has been focused on improving lipid barrier properties of 

paper mainly because most of biopolymer films are hydrophilic, they would be expected 

to be good lipid barriers at low relative humidity. More often, these green materials are 
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used as combined composites to get the desired properties. To overcome porosity and 

hygroscopicity of paper, coating with starch acetate [46], chitosan-carnauba wax [47], as 

well as zein-wax [48]
 
used papers treated with biodegradable materials such as starch 

acetate or carnauba wax to decrease paper hygroscopicity. Biopolymer-based packaging 

materials offer favourable environmental advantages of recyclability and reutilization, 

compared to conventional petroleum-based synthetic polymers. The association of 

biopolymers with paper provides interesting functionalities, while maintaining the 

environment-friendly nature of the material and its recyclability. 

1.3 Enhance moisture barrier properties of paper products  

Paper is made of cellulose fiber from green plant, which is the most abundant natural 

resource in the world. Cellulose fibers, as natural carbohydrate polymers, have 

numerous advantages, such as renewable, low cost, biodegradable, environmental 

friendly and nontoxic. Apart from for printing and writing, paper has been widely used 

as packaging materials. However, paper and paper based materials have a few 

weaknesses when compared with plastic materials aiming at packaging applications. 

The cellulose fiber is far insufficient for high-barrier applications, moisture barrier in 

particular, because of its hydrophilic nature, which limited the applications of cellulose 

based materials or paper products. As a result, alternative ways to enhance the barrier 

properties of paper products are necessary. The conventional approaches to improve 

hydrophobic and moisture barrier properties include internal sizing and surface coating, 

as well as the hydrophobic modification for single cellulose fiber or fiber networks.  
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Figure.1.3 Overview of surface engineering for hydrophobic cellulose fibres or papers: methods and 

common products [49] 

1.3.1 Hydrophobic modification of cellulose fibers/fiber network via chemical 

modification/polymerization 

The cellulose chemical modifications mainly take places on its hydroxyl moieties, which 

have been the source of well-known reactions used to prepare a variety of cellulose 

derivatives. For cellulose modification of paper products or fiber networks, these 

modifications must be limited to the superficial OH groups to preserve the integrity of 

the fibers and thus their mechanical strength [50]. In order to improve the hydrophobic 

properties of cellulose fiber and widen its applications, numerous studies over the past 

few years have been conducted, focusing on the hydrophobic modification of cellulose 



 

 

23 

fiber surfaces via grating polymerization, and some other fictionalizations of cellulose 

fibers via esterification[51], etherification[52], silylation [53] and acetylation [54] 

reactions.  

Graft copolymerization has been applied extensively to chemical modification for 

cellulose fiber to achieve the desirable properties including hydrophobicity which is 

often achieved by grafting various hydrophobic monomers onto fibers[55-58] Roy et 

al.[59] described the recent advances in graft polymerization techniques involving 

cellulose and its derivatives. The conventional monomers used for hydrophobic 

modification via ATRP grafting or potassium persulphate initiated in aqueous medium 

or direct initiation polymerization[60] include acrylate monomers, like methyl acrylate 

and 2-hydroxyethyl methacrylate[61,62], methyl methacrylate [63], butyl acrylate [64], 

ethyl acrylate [65], EHA(2-Ethylhexyl Acrylate) and EHMA (2-Ethylhexyl 

Methacrylate)[58] etc. Some of the features of cellulose structure and cellulose 

reactivity as well as various techniques for grafting synthetic polymers from the 

cellulosic substrate were summarized here. The work conducted by Xiao [64] et al. 

found that the hydrophobic-modified cellulose microfibrils (CMF) could be achieved via 

surface-initiated atom transfer radical polymerization (SI-ATRP), and the resulting CMF 

is of great potential as reinforcement for biocomposites. Similar work on the initiator-

modified wood pulp cellulose acting as macroinitiator for poly (ethyl acrylate) surface-

initiated ATRP was also reported [65]. It was proved that kraft cellulose fiber was 

suitable as substrates for surface-initiated ATRP, thus opening the possibility to use 

wood fibers for value-added paper products. It was also reported that the chemical 

modification of jute fibers for the application of green composites using oleoyl chloride 
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as coupling agent could turn the hydrophilic surface of jute fibers into hydrophobic [66]. 

And for superhydrophobic modification, poly (2, 2, 2-trifluoroethyl methacrylate)[67]
 

was successfully grafted from the surface of ramie fibers via controlled RAFT 

polymerization in supercritical carbon dioxide. In addition to acrylate monomers, other 

hydrophobic monomers were also reported for hydrophobic modification of cellulose 

fibers or paper. Boufi
 
et al. [68] reported the hydrophobic modification of cellulose 

fibers by a three-step process polymerization, including cationic surfactant absorption 

on cellulose surface, followed by hydrophobic monomer adsolubilization secondly and 

an initiator induced polymerization in the third step. Surface grafting of cellulose 

nanocrystals with poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [69], surface 

modification of cellulose by polycaprolactone (PCL) grafts [70], and surface 

modification of MFC by means of silylation with chlorodimethyl isopropylsilane 

(CDMIPS)[53], cellulose fibers are modified byan in-situ reaction with styrene maleic 

anhydride, ammonium hydroxide and plant wax under aqueous environment[71], and 

oxidation with cerium IV to introduced hexamethylene diisocyanate functionality onto 

the MFC surface [72] were studied, respectively. Cunha et al. reported a simple, viable 

and green approach to the hydrophobic modification of cellulose fibers surface by 

adopting TCMS (Trichloromethylsilane) as a stable and volatile reagent under mild 

conditions without the use of a solvent [73]. The modification generated an inorganic 

coating around the fibers, which conferred a high hydrophobicity to the fibers. It was 

also reported that superhydrophobic cellulose nanocomposites were prepared using a 

multi-step nanoengineering process [74]. The modification called upon an aqueous LbL 

(Layer by Layer) system followed by siloxane hydrolysis, and the resulting cellulose-
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silica-silica composite materials gave rise to water contact angles approaching 150
o
, 

which also opened the way to further valorizations of a ubiquitous renewable resource in 

applications such as water repellence and self-cleaning. Natural cellulose fibers have 

been utilized as reinforcements for biocomposites and other industrial applications [75]. 

1.3.2 Application of plasma induced polymerization in modification of cellulose 

fibers 

Plasma treatment is an attractive technique as it provides a volumetric heating process at 

improved heating efficiencies compared with conventional techniques. Plasma is 

defined as an electrically conducting medium generally consisting of negatively charged 

electrons, positively charged ions, and neutral atoms or molecules or both. It contains 

equal numbers of ions and electrons in a sufficient density [76]. The plasma state can be 

considered to be a gaseous mixture of oppositely-charged particles with a roughly zero 

net electrical charge [77, 78]. Cold-plasma chemistry has received much attention in the 

last few decades, in the realm of the surface modification of various materials through 

the use of specific molecules in the gas phase, which undergo decomposition giving 

reactive species capable of activating and/or attacking the substrate [50]. 

Plasma chemistry opens new possibilities for the controlled modification of surface 

characteristics of paper. Plasma treatment processes are dry and clean technologies. The 

modifications have mainly happened on the surface of the substrate to generate a very 

thin-layer. These characteristics allow the transformation of surface layers of paper into 

three-dimensional network structures with the desired properties, depending on the 

nature of plasma gases and plasma parameters. The plasma treatment will generate the 
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required surface characteristics with very small amount of materials required for the 

surface modification processes [79]. 

In particular for cellulose fibers, the hydroxyl groups on cellulose surfaces have been the 

subject of numerous studies related to the modification and grafting reactions. The 

application of these techniques to cellulose started some twenty years ago with studies 

related to the improvement of cotton wettability [80], but a deeper insight into the 

understanding of the mechanisms involved in these treatments only started in the 1990s 

with studies of cellulose plasma fluorination to enhance surface hydrophobicity [81]. 

Plasma-induced polymerization has received considerable attention in recent years and 

favorable results have been obtained from plasma polymerization or plasma-initiated 

graft polymerization on the fiber surface [82-84]. Two fatty acid namely butyric and 

oleic acid were grafted to unbleached and bleached kraft pulps or cotton textiles under 

cold plasma conditions [85, 86]. Vaswani et al. [87] reported that plasma-polymerized 

fluorocarbon films could deposit on paper and regenerate cellulose surfaces to enhance 

their barrier properties and hydrophobicity. The resulting paper had long-term 

hydrophobic characteristic. The superhydrophobic paper was obtained when paper was 

treated with CF4 RF plasma [79] under certain experimental conditions by combining 

the high surface fluorine atomic concentrations with specific plasma generated surface 

topographies. The formation of plasma generated hydrophobic natural polymeric 

surfaces on chemithermomechanical pulp (CTMP) sisal paper using 

fluorotrimethylsilane (FTMS) radio frequency (RF)-plasma conditions was also reported 

[88]. Those two related research showed that these functionalities render a hydrophobic 
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surface character at optimal plasma treatment times on the surface of treated paper 

substrate.  

In literature[85], it is described that graft-polymerization reactions initiated from 

plasma-activated polymer surfaces involve two distinctive and consecutive processes: 

the implantation of active sites, such as free radicals or reactive functionalities, onto the 

polymer substrate, followed by the initiation of conventional graft-polymerization 

reactions under either in situ or ex situ conditions, depending on the stability of the 

active sites. Conventional modification techniques, performed on lignocellulosics for 

making them compatible with other polymers or for enhancing their surface properties 

by grafting with some additives (such as fatty acids), alter the supramolecular order of 

the macro-molecular networks significantly, diminishing their inherent physico-

chemical characteristics.  

1.3.3 Wet-end additives/internal sizing to enhance water barrier properties 

Wet-end process of internal sizing is a very common process used to enhance water 

barrier properties during the papermaking process. Sizing is accomplished by using a 

hydrophobic substance (internal sizing agent) such as rosin, alkyl ketene dimer (AKD) 

and alkenyl succinic anhydride (ASA), in the wet-end section of the paper machine [89]. 

Internal sizing is required by most paper grades in order to control liquid penetration 

into the fibre network during papermaking, as well as in end-use applications of paper 

(e.g. packaging and printing)[90]. 

Rosin sizing is a very old and nonactive sizing agent, it is generally added during acidic 

sizing (tend to be most efficient in pH ranges about 4-6) together with aluminum salts 
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(Al2 (SO4)3.2H2O) to facilitate the distribution and fixation onto cellulose fibres [91, 92]. 

It is known that the rosin size includes abietic acid [90], which is a multi-ring compound. 

It is generally hydrophobic, except that it contains a carboxylic acid group, so the rosin-

type sizing agents are often called ‘‘acidic sizes”.  

The active sizing agents include AKD and ASA, which are used for neutral or alkaline 

sizing and have reaction with the hydroxyl groups on cellulose. Sizing at neutral pH 

allows using calcium carbonate as additional filler and provides better storage durability 

than acid sizing. AKD is made from linear fatty acids (palmitin and stearic acids) with 

long carbon chains, and these acids are dimerized in the form of acid chlorides into 

ketone dimmers [Figure.1.4]. AKD used in different pulp and paper industries is 

prepared from natural fatty acid containing 14-20 carbon. Due to change in different 

side chain originated from its source, industrial AKD might have a variety of chain 

lengths [93]. It is believed that AKD reacts with cellulose fiber and forms a beta-keto 

ester bond, which makes paper hydrophobic (referred as bound/reacted). ASA is 

insoluble oily liquid with 100% active ingredient content. The raw material of ASA is 

an α-olefine, which comprises a maleic anhydride and carbon chain. The length of the 

carbon chain is 16 -18[Figure.1.4]. The reaction between AKD, ASA and OH groups on 

cellulose is shown in [Figure.1.5] 
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Figure.1.4 Molecular structure of AKD (left) and ASA (right) [94]. 

 

                           

Figure.1.5 Reaction between cellulose and AKD (left), ASA (right) [49]   

The nanocellulose was modified by AKD emulsion [95], and then mixed with the pulp 

slurry applied in the process of papermaking, to get mechanical and barrier 

reinforcements but also an internal sizing of paper. Water barrier properties, mechanical 

properties were strongly improved and air permeability was strongly decreased 

compared to industrial materials. The synergy of such properties is very difficult to 
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achieve and this new strategy opens the field of several application like barrier material, 

filtration or high performance packaging. Because of the fast hydrolysis with water for 

ASA sizing, Liu and her research group dedicated a lot on ASA emulsion by using urea 

[96], short amine [97], and alanine [98] to improve the stability, sizing performance and 

hydrolysis resistance of ASA emulsion stabilized by Laponite in recent years. Laponite 

and urea, short amine, alanine were employed as particle stabilizer and the modifier of 

Laponite particle, respectively, to stabilize the ASA emulsion. And effects to improve 

the stability of ASA emulsion, octadecenylsuccinic anhydride pickering emulsion 

stabilized by γ-methacryloxy propyl trimethoxysilane grafted montmorillonite [99] was 

also investigated. Besides the common internal sizing agents, synthetic latexes such as 

polyvinyl alcohol (PVA), cationically charged PS latexes and a polystyrene based 

copolymer were usually chosen as the internal sizing agents [100]. Latexes based on 

copolymerization of styrene and butyl acrylate with a polymerizable quaternary 

ammonium emulsifier was prepared and used as sizing agent [101]. Series of fiber cross-

linking cationic latexes containing both epoxy and quaternary ammonium groups were 

synthesized in the presence of styrene/butyl acrylate/steary methacrylate/dimethyl amino 

ethyl methacrylate/epichlorohydrin (SBSDE). After being used as sizing agents and 

surface properties (water resistance etc.) of paper were strongly improved the sizing 

performance [102]. In addition, fillers after chemical modification and other 

biotechnological procedures are also used to improve the water barrier properties of 

paper products. These latexes can be added to provide excellent water resistance. Shen 

et al. 
 
[103] reported carboxylmethyl cellulose, in combination with alum, in the 

modification of a papermaking grade precipitated calcium carbonate filler and their 
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application in wet-end addition in papermaking. Similar study of PCC modification with 

cellulose acetate and cellulose acetate butyrate, which were chosen for their additional 

potential to establish hydrogen bonds with cellulosic fibers through the carbonyl groups 

of the ester bonds (not present in CMC), was reported by Gamelas
 
et al.[104]. Modified 

Egyptian talc [105] as internal sizing agent for papermaking, the results indicated that 

modified talc with phthalic anhydride give higher mechanical properties and higher 

sizability when used as internal sizing agent for paper making compared to the native 

talc. Garcia-Ubasart et al. [106] presented a biotechnological procedure using laccase 

combined with a hydrophobic phenolic compound (lauryl gallate) to hydrophobic 

modify cellulose fibres and internal sizing of paper. The results showed that such 

treatment resulted in the internal sizing of paper, and water penetration in the handsheets 

and wettability of the paper surface was also significantly reduced.  

1.3.4 Surface treatment/coating to enhance water barrier properties 

Another way to enhance the moisture barrier properties of paper is surface coating or 

surface sizing. Wax barrier sizing agents have been used to provide very high degree of 

water resistant properties at relatively low sizing cost. However, the paper products after 

wax treatment are difficult to be recycled, which also caused a lot of problems to the 

environment. Synthetic polymer used for water barrier properties, such as copolymers of 

styrene and maleic anhydride (SMA), polyurethane (PU), and polyacrylamide (PAM), 

can impart the water resistance of paper by forming a layer of polymer film on the 

whole paper sheet [107]. Another polymer sizing materials such as polyethylene (PE), 

polyethylene terephthalate (PET), and polybutylene terephthalate (PBT) to provide 
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barrier properties were difficult to dispose and caused environmental problems [108-

110]. 

The conventional barrier coatings are achieved by using latex binders combining with 

appropriate fillers, pigments and functional additives such as silica, calcium carbonate, 

clay, calcium trihydrate, kaolin, and so on. The most commonly used pigments are 

calcium carbonate and kaolin clay. Latex is used as a water-insoluble binder and 

carboxymethyl cellulose (CMC) is commonly used as a co-binder and thickener. 

Recently, ethyl (hydroxyethyl) cellulose (EHEC) has been investigated as a co-binder 

and thickener [111]. Plate-like inorganic fillers are often added to improve barrier 

properties and to prevent blocking of dispersion coatings on paper and paperboard [112]. 

Moreover, to reach an optimal performance via stability and functionality, the fillers 

often have to be modified in order to improve the hydrophobicity and the water barrier 

properties [113]. Preparation of ultrathin coating layers using surface modified silica 

nanoparticles [114] was reported by Nypelö et al. In their cases, the SNPs were firstly 

made cationic by adsorption of a cationic polyelectrolyte, followed by combination with 

an anionic alkyl ketene dimer (AKD) emulsion to get a cationic, hydrophobic silica 

particle dispersions used for coating. The pretreatment of microsized PCC was used to 

improve the water resistance in combination with stearic acid coating [115]. Then a two-

step dip coating process for paper modification was performed via within an aqueous 

suspension of PCC and secondly, in a solution of AKD. Similarly, Multilayer-coated 

papers with ground calcium carbonate (GCC), kaolin, PCC and mineral blends were 

evaluated [116]. To enhance the barrier properties of paperboard and paper, 

microfibrillar cellulose (MFC) and shellac [117] were deposited on the fibre based 
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substrates using a bar coater or a spray coating technique. This procedure was conducted 

in two separate ways, one was as a one-layer coating using a MFC/shellac blend and the 

other was as a multi-layer system with MFC as a first layer and shellac as the top layer. 

In literature, multi-layer treatments combined with physical treatment like calendaring 

on paper surface have been reported to produce a superhydrophobic surface or to 

enhance other barrier properties of the paper products. Super hydrophobic paper 

prepared by two-step dip coating method [118], the filter paper samples were firstly dip 

coated in an aqueous suspension containing PCC pigments and cellulose nanofibers, and 

then followed by treatment with a solution of AKD in n-heptane, led to the formation of 

the superhydrophobic paper. A facile method for preparing a superhydrophobic paper 

surface using a multi-layer deposition of polydiallyldimethylammonium chloride and 

silica particles, followed by a fluorination surface treatment with 1H,1H,2H,2H-

perfluorooctyltriethoxysilane (POTS) was reported[119]. The contact angles of water 

greater than 150
o
 and sliding angles less than 5

o
 showed the superhydrophobic 

properties for the wood fiber products. In order to overcome the deficiencies of single 

layer coating, bilayer coated papers were prepared by two separate coating procedures 

using various combinations of proteins or polysaccharides with beeswax [120]. Among 

those combinations, chitosan-beeswax bilayer coated paper showed the best water 

vapour barrier property. It also displayed an enhanced performance of grease resistance. 

Surface coating with PVA combined with hot roll calendering and corona treatment can 

improve the paper barrier properties, including lower air permeability, lower WVTR and 

better grease resistance [121]. 



 

 

34 

1.4 Water vapour transmission rate  

WVTR is the steady state rate at which water vapour permeates through a tested sample, 

film, textile or paper, at specified conditions of temperature and relative humidity. It can 

be calculated from the amount of water vapour that passes through tested material per 

unit area (m
2
) per unit time (24hr/day) at certain temperature and relative humidity. 

There are various techniques for measuring WVTR, ranging from gravimetric 

techniques that measure the gain or loss of water vapour by mass, to highly sophisticate 

instrumental testing techniques to measure extremely low transmission rates. 

1.4.1 WVTR testing methods 

Numerous standard methods have been uses for the WVTR measurements. In literature, 

for fabrics testing, ASTM standards (ASTM E96, ASTM F2298) and JISL 1099 are 

widely used [122]. For paper and paperboards, the standards methods are mainly 

focused on TAPPI T464 om-12[123], and TAPPI T448 om-09[124,125], T464 om-

01[126] and ASTM E 96-95 (ASTM, 1995) [127-131]
 
etc. 

Table.1.1 Schematic illustrations for some of the testing methods used in literature 

Method  Schematic Related standard Application  

Gravimetric 

Analysis 

 

IGA Intelligent Gravimetric Analysis[124]  

TAPPI T464 om-

12,  

TAPPI T448 om-

09 

Paper 
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Upright cup 

 

Upright cup assembly[122]
 
   

ASTM E 96 Fabrics 

Inverted cup 

 

Inverted cup assembly (fabric is in contact 

with water)[122]  

ASTM E 96 Fabrics 

Inverted cup 

 

Inverted cup assembly (fabric is between 

water and desiccant)[122]  

JISL 1099 

Method B2 

Fabrics 

dynamic 

moisture 

permeation cell 

 

Internal of dynamic moisture permeation 

cell[122]  

ASTM  F 2298 Fabrics 

Cup method 

 

Cross section of WVTR cup method[132] 

SCAN P22:68 LDPE&PP  

extrusion coated 

paper 
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Wet-cup test 

 

Schematic representation of the wet cup 

test[128]  

ASTM E 96-95 

a commercial 

instrument 

correction 

Microlayer films 

(polypropylene 

&PEO) 

Calcium Test 

 

Typical test cell structure and dimensions 

(Drawing not to scale) [133] 

ASTM Flexible plastic 

film 

Cup method 

 

Schematic diagram of test apparatus[129]  

ISO 11092) 

ASTM F1868 

Porous polymeric 

materials 

PTFE 

Gravimetric test  

 

Schematic diagram of the test cup[134] 

ASTM method 

E96-95 

perforation-

mediated 

modified 

atmosphere 

packaging 

(PM-MAP) 

 

1.4.2 Materials and approaches for lowering paper WVTR  

Because papers made of cellulose fibers are hydrophilic, which easily absorb water from 

the environment especially when stored under high humidity conditions or when coming 
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into contact with high-moisture food materials such as fresh agricultural produce[135], 

or it is difficult to prevent the water vapour transferred from the wrapped products to the 

environment. Therefore, the WVTR is a very important indicator and seems to be a 

critical element related to packaging papers, especially to those that are related to the 

food packaging [136,137]. Internal sizing and surface coating [138] can partially 

increase the water barrier properties and lower the WVTR of paper products; however, 

due to some specific requirement of certain materials, such treatments are far 

insufficient to meet the needs. In addition, the polymeric materials like LDPE extrusion 

on paper surface provide excellent barrier against water and certain biopolymers can be 

used as such in certain applications, such as disposable cups, without any major 

difficulties.  

Currently, the coating formulas used to improve the barrier properties of paper and 

board are mainly based on synthetic polymers: non-polar hydrocarbon polymers, such as 

polyethylene [139], have excellent water vapour barrier properties; polyolefins are 

generally chosen as paper coating materials to overcome porosity and hygroscopicity of 

paper; aluminium or ethylene-vinyl alcohol copolymers (EVOH), polyesters or 

polyamides are used to laminate paper-based packaging materials to obtain a low 

oxygen and a low water vapour transmission rate [140]. However, there are also some 

disadvantages of those treatments such as low recyclability, decreased biodegradability 

and, in some cases, limited use of packaging when contacting with foods [141]. 

Considering these aspects, some biodegradable materials or natural, biopolymers are 

becoming alternatives of high interest in recent years. Biopolymers like PHB/V [142]
 

have the potential to serve as coating materials for paper to improve its performance 



 

 

38 

properties. Natural polymers can be used as barrier coatings on paper packaging 

materials, which have the potential to replace currently used synthetic paper coatings, 

such as polyethylene, polyvinyl alcohol, rubber latex, and fluorocarbon in food 

packaging applications [143,144].  

Hydroxypropyl methylcellulose (HPMC), glycerol (Gly) and beeswax (BW) coatings on 

the physical properties and water vapour permeability (WVP) of coated papers were 

studied by Sothornvit
 
[145]. The results showed that HPMC-based coatings reduced the 

water vapour permeability (WVP) and when beeswax was incorporated in the HPMC-

lipid composite coated paper, the WVP was further reduced.  

Also research found that the coating with sodium caseinate and carnauba wax could 

improve the water barrier of the coated paper compared to uncoated paper [146]. 

Correspondingly, the work by Han et al. [147] revealed the decrease of water vapour 

permeability of whey protein coated paper, and soy protein coated paperboard [135]
 
and 

zein isolates coated paper [148] as well. Biopolymeric coatings were prepared and 

applied onto paperboard to improve its water barrier property by Han et al.
 
[149]. 

Different biopolymeric coatings including WPI and glycerol with regenerated cellulose 

film combined with beeswax (BW), prepared poly (vinyl butyral) (PVB)/zein , 

poly(vinyl alcohol) (PVA) and zein Coating layers, as well as soyprotein isolate 

(SPI)[135] with or without further treatment with CaCl2 cross-linking or formaldehyde 

treatment and compositing with organically modified montmorillonite (OMMT) 

investigated in their work. Analogously, laminates of compression-molded glycerol-

plasticized wheat gluten (WG) films surrounded and supported by poly (lactic acid) 

(PLA) films have been produced and characterized [150]. It was shown that the WVTR 
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values showed that the PLA layers did protect the WG layers from moisture to some 

considerable extent. Those results suggest that surface coating by biodegradable 

polymers may be utilized for the manufacture of paperboard containers in industrial 

applications.  

The derivatives of natural products are also prepared and used for water barrier 

properties enhancement treatment. Study on alkyl-chitosan derivatives as paper coating 

material for developing water barrier properties has been reported [151]. In the case of 

the alkyl-chitosan, the water absorption capacity decreased dramatically, due to the 

formation of a better structured, more uniform and compact film on paper surface 

because of less polymer migration into the internal pores of paper. Moreover, the 

WVTR evolution presented the same trend as water absorption capacity but, the 

decrease was lower. Because the WVTR was controlled mainly by gas diffusion through 

the surface and internal pores and is influenced strongly by paper porosity and only 

partially by surface. More interestingly, the utilization of lignin materials and their 

derivatives after modification is now becoming a trend for value-added products. 

Commercially available softwood lignin after esterification with tall oil fatty acid 

(TOFA) and as barrier material in fibre-based packaging material [130] has been 

reported. The results showed a significant decrease in WVTR for the paperboard coated 

with the resulting TOFA lignin esters or TOFA compared to the reference paperboard 

sample.  

In order to overcome the deficiencies of single layer coating, bilayer or multilayer 

coatings treated paper or paperboard were prepared. Studies on various combinations of 

proteins or polysaccharides with beeswax [120,152] were conducted to enhance barrier 
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properties of paper products. It was observed that as the concentration of chitosan 

solution increased, its water vapour transport rate (WVTR) decreased. Another study 

presented the wheat gluten (WG)/montmorillonite clay (MMT) multilayer coating 

lowered the WVTR compared with the uncoated paperboard [153].  

1.5 Enhance grease resistant properties of paper products 

Papers and boards are widely used packaging materials produced from renewable 

cellulose fibers. It is, therefore, considered an environmental friendly material 

[154].Paper as packaging materials should possess functions such as waterproof, gas 

barrier, grease resistance, flavor maintaining, and surface printable and so on. Paper 

packaging is still used substantially in food packaging applications. As far as food 

packaging is concerned, such like fast food packaging and pet-food storage, the 

grease/oil resistant properties are highly demanded and critically important because 

those packaging materials require an excellent resistance against staining through fat 

migration from the product and penetration in the paper [155]. 

1.5.1 Introduction to grease-resistant/greaseproof paper 

Grease resistant paper/greaseproof papers are the paper capable of delaying or 

preventing the penetration of greases/oil. Conventional treatments include chemical and 

physical modification on fibers and/or fiber networks or paper with fluorocarbon 

chemicals [87,156], waxes and polymers, and via coating [157] or laminating with metal 

foils or plastic films on the surfaces to induce grease resistant properties to the paper 

products.  
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1.5.2 Grease resistant testing methods  

A number of testing methods are presented for grease resistance in the literature, 

including the standards and the methods modified by researchers, are compiled in 

Table.1.1, and the testing methods summarized by Gietl et al. [158] are partially listed 

here in Table.1.2. 
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Table.1.2  Summary of different grease barrier testing methods  

Standards Summary Reagents conditions Report Ref. 

TAPPI  

T507 

Build a stack of 

components, test the 

area stained percent 

Oleic acid, vegetable 

oil, mineral oil, 

possible teat oil,  

red dye 

60 ± 3 
o
C, 

every 4h 

interval 

The area 

stained percent 

 

[43], 

[45] 

TAPPI  

T559-96 

Repellency of paper 

and board to 

grease,oil and waxes 

(Kit Test) 

Castor oil,  

n-heptane, Toluene, 

Kit solutions 

23±1.0
o
C, 

50.0±2.0% 

RH; 15s 

Report the test 

values 

 

[121] 

TAPPI  

T454(om-

10) 

For prototype end 

products ontaining 

the oils / grease 

Turpentine, red dye 23±1.0
o
C, 

50.0±2.0% 

RH;  

Until 30min  

Report for 

visual stain 

penetration in 

seconds 

 [159] 

[160] 

[161] 

modified 

ASTM 

F119-82 

method  

Hydroxyalkylated 

xylans coating paper 

Animal, mineral, or 

vegetable oil 

40 
o
C 

24 h 

Time for a 

visual change 

in light 

scattering 

  

[36]
 

modified 

ASTMD 

722 

An organic coating Turpentine, Solvent 

Blue 35 (1,4-bis-

(butylamino) 

anthraquinone 

Room 

temperature, 

max.30min. 

Report the time 

for visual stain 

penetration  

 

[158]
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In detail, the schematic illustrations of the TAPPI T507 were derived from the literature 

[45], and [43]. 

 

Figure.1.6 Schematic of TAPPI test method T507, Grease Resktance of Flexible Packaging Material, 

used for testing grease resistance of corn zein coated paper[45].  

  

Figure.1.7 Determination of percentage area stained for grease resistance [45]  
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Figure.1.8 Grease resistance of coated papers [43] was determined using a modified TAPPI test 

T507 

1.5.3 Approaches to improve grease resistance of paper products 

Fluorochemicals are widely used for surface modification of various materials such as 

clothes, leathers, interior decorations, domestic house-wares, papers, etc. [162]. 

Fluorochemicals have very good repellency against wetting by water and oil. Perng et al. 

[163] discussed in detail the optimization of greaseproof paper properties including the 

effects of furnish, refining, fillers and binders. Surfaces covered by fluorocompounds 

have been extensively applied to paper and paperboard [164-166]. They can inhibit the 

wetting of the fibres by oil due to their low surface energy. Commercial oil-proof papers 

containing new family of fluorochemicals with shorter perfluoroalkyl chains were 
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characterized and experiments revealed that the values of the surface energy of the non-

coated surfaces of oil-proof papers were low enough to repel both water and oil. The 

results also showed that the surface roughness was found to play a key role in barrier 

property [167]. Paper surface and regenerated cellulose materials were coated with 

fluorocarbon films to alter the barrier properties using pentafluoroethane (CF3CHF2) and 

octafluorocyclobutane (C4F8) as plasma deposition precursors [87].
 

Oleic acid 

experiments suggest that fluorocarbon plasma treated paper exhibits greater resistance to 

lipophilic material penetration as compared to untreated substrates. Moreover, the 

surface of model cellulose fibres, Avicell, as well as that of Whatman paper was 

chemically modified with two fluorine-bearing alkoxysilane coupling agents TFPS and 

PFOS. The results showed that the modified samples were promising in the field of 

grease proof flexible packaging [168]. 

However, due to the negative impact on the environment and the high cost, fluorocarbon 

chemicals also present disadvantages, it is necessary to replace these fluorochemicals 

and by environmentally friendly alternatives which are natural origin, biodegradable and 

able to limit grease/oil penetration. 

Natural polymer coatings on paper packaging materials can serve as moisture, grease, 

and oxygen barriers in many food pack-aging applications. 

Corn zein films and coatings have relative insolubility in water, and they form strong, 

glossy films resistant to grease and oxygen permeation [169]. Zein coating on paper for 

grease barrier with respect to coating level, plasticizer addition, time exposure, and it 

was found that zein-coated papers were as effective as polyethylene laminates used for 

quick-service restaurant sandwich packaging [45]. In addition, the water and grease 
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barrier properties of krfat paper coated with a combination of zein and paraffin wax 

were reports by Parris et al. [170]. Their results demonstrated that the zein layer of the 

bilayer coating contributes grease-proofing and the wax layer better for water resistance. 

Whey Protein including WPI and WPC might replace commercial paperboard coatings 

such as polyvinyl alcohol and fluorocarbon as grease and oxygen barriers while 

maintaining desirable color and gloss [141]. In the past, whey protein films [171] and 

whey protein coating on paper and paperboard [172,143] were investigated and found 

they provided excellent oil-barrier properties. Lin et al. [173] concluded that WPC with 

about 80% protein coatings on paperboard gave a grease barrier comparable to WPI 

coatings. And grease-resistant paper has been produced by coating paper with isolated 

soy protein (ISP) by Park and others [43]. Results showed that the ISP-coated papers 

were highly impermeable to grease penetration for the first 2 testing hours, and the 

grease resistance of ISP coated paper at a coating level higher than 2.0kg/ream was 

similar or lower than that of polyethylene laminates used for fast food sandwich 

packaging, however, the ISP coated paper showed better grease resistance than that of 

polyethylene laminates packaging. Similar results were obtained by studies on the 

grease resistance of carrageenan-coated papers by Rhim et al. [174].  

Chitosan is another most widely used biopolymer for enhancing the grease resistance, it 

is a polymer based on a renewable material. Chitosan has good barrier against grease 

[175] due to its positive charge on the amino group under acidic conditions. And the 

properties of chitosan binds to negatively charged molecules such as fats and lipids 

[176,177]
 
make chitosan become an attractive polymer for the barrier coating of 

cellulose-based materials for food packaging purposes. Chitosan-coated greaseproof 
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papers exhibited excellent grease resistance within the coat weight range of 2.4 to 5.2 

g/m
2 

were reported by Kjellgren et al. [178], and the results were found being affected 

by the air permeability of the coated materials. The bilayer chitosan-coated paper as fat 

barrier was investigated by Ham-Pichavant et al. [179]. Reveal of the nature of 

interactions between fatty acid (as model lipids) and chitosan were also reported in their 

work. The chitosan layer could act as a lipid trap coating to decrease fat transfer if the 

pH of the chitosan film-forming solution was adjusted to 5.5 to 6 prior to coating. And 

combination of chitosan and beeswax coating on paper surface also obtained great 

grease resistant reported by Zhang et al. [120].  

Furthermore, alginates could also act as barrier materials when used as films or being 

coated on paper. They are extracted from brown seaweeds, are the salts of alginic acid 

[180]. The interest in alginate concerns its unique colloidal properties, which include 

film forming, biocompatibility, biodegradability, and bioadhesiveness [181]. Alginates 

are generally used in sizing and/or coating paper to produce surface uniformity. Besides, 

biocomposite films based on alginate and cellulose baesd materials were produced.  

These biocomposites were produced by ionically cross-linked using Ca
2+

 cross-linking. 

The results showed that the resulting biocomposite films showed excellent grease barrier 

properties and the water vapour permeability was reduced a lot after the addition of 

certain kind of cellulose fibers [161].  

Other materials like starch, both native and modified starch, have been used extensively 

for internal or surface sizing to enhance the barrier properties of paper products, 

including physical strength, oil/grease resistance, and optical properties. There was 

report showing that water and oil absorption of paperboards were decreased and water 
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and grease resistance properties of coated paperboard were significantly increased by 

starch and stearic acid coating [154].  

In addition, films made from natural materials and their derivatives are used or 

promising in papermaking intended to enhance the grease resistant properties of paper 

products. A nanofibrillated cellulose (NFC) films that can be further surface-modified 

for functionality were prepared and the results revealed that the NFC films were good 

barriers for oxygen gas and grease because of their very dense structure [182]. 

Furthermore, wood-based xylan derivatives [36] to be used in coating applications and 

Xylan- and mannan- based films [183] as well as agar extraction waste of Gracilaria 

lemaneiformis [159] demonstrated opportunities for promising applications in 

improving the grease resistant properties of paper and packaging.  

Another interesting work has been reported by a team of researchers from the North East 

Institute of Science and Technology was that they recently discovered a new use of 

banana in making greaseproof paper [184]. Exploiting this research practically may 

offer a better use of the agricultural waste from banana cultivation and may also help 

reduce the demand for ‘pulpwood’. 
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Chapter 2 Plasma-induced Polymerization for Hydrophobic 

Modification of Cellulose Fiber 

ABSTRACT 

Hydrophobic modification of cellulose fibers was conducted via plasma-induced 

polymerization in an attempt to graft the hydrophobic polymer chains on paper surface, 

this increasing the hydrophobicity of paper. Two hydrophobic monomers, butyl acrylate 

(BA) and 2-ethylhexyl acrylate (2-EHA), were grafted on cellulose fibers, induced by 

atmospheric cold plasma. Various influencing factors associated with the plasma-

induced grafting were investigated. Contact-angle measurement, Fourier Transform 

infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and scanning 

electron microscope (SEM) were used to ascertain the occurrence of the grafting and 

characterized the changes of the cellulose fiber after modification. The results showed 

that the hydrophobicity of the modified paper sheet was improved significantly after the 

plasma-induced grafting. The water contact angle on the paper surface reached up to 

130◦. The morphological differences between modified and unmodified samples were 

also revealed by SEM observation. The resulting paper is promising as a green-based 

packaging material.  

Keywords: Plasma, Hydrophobic modification, Grafting, Contact angle 

2.1 Introduction 

Paper is made of cellulose fiber from green plant, which is the most abundant natural 

resource in the world. Cellulose fibers, as natural carbohydrate polymers, have 
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numerous advantages, such as renewable, low cost, biodegradable, environment-friendly 

and nontoxic. Apart from for printing and writing, paper has been widely used as 

packaging materials; where, natural cellulose fibers have been utilized as reinforcements 

for biocomposites and other industrial applications [1-3]. However, the cellulose fiber is 

far insufficient for high-barrier applications, moisture barrier in particular, because of its 

hydrophilic nature. In order to improve its hydrophobic properties and widen its 

applications, numerous studies over the past few years have been conducted, focusing 

on the hydrophobic modification of cellulose fiber surfaces, preparation of 

superhydrophobic papers [4-5], and some other fictionalizations of cellulose fibers via  

esterification and etherification reactions [6]. Cunha et al. [7] reported a simple, viable 

and green approach to the hydrophobic modification of cellulose fibers surface by 

adopting TCMS (trichloromethylsilane) as a stable and volatile reagent under mild 

conditions without the use of a solvent. The modification generated an inorganic coating 

around the fibers, which conferred a high hydrophobicity to the fibers. It was also 

reported that superhydrophobic cellulose nanocomposites were prepared using a multi-

step nanoengineering process [8]. The modification called upon an aqueous LbL (Layer 

by Layer) system followed by siloxane hydrolysis, and the resulting cellulose-silica-

silica composite materials gave rise to water contact angles approaching 150◦, which 

also opened the way to further valorizations of a ubiquitous renewable resource in 

applications such as water repellence and self-cleaning. 

Graft copolymerization has been applied extensively to chemical modification for 

cellulose fiber to achieve the desirable properties including hydrophobicity which is 

often achieved by grafting various hydrophobic monomers onto fibers [9-12]. Roy et al. 
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described the recent advances in graft polymerization techniques involving cellulose and 

its derivatives [13]. Some of the features of cellulose structure and cellulose reactivity as 

well as various techniques for grafting synthetic polymers from the cellulosic substrate 

were summarized. The work conducted in our group found that the hydrophobic-

modified cellulose microfibrils (CMF) could be achieved via surface-initiated atom 

transfer radical polymerization (SI-ATRP), and the resulting CMF is of great potential 

as reinforcement for biocomposites [14]. Similar work on the initiator-modified wood 

pulp cellulose acting as macroinitiator for surface-initiated ATRP was also reported [15]. 

It was proved that Kraft cellulose fiber was suitable as substrates for surface-initiated 

ATRP, thus opening the possibility to use wood fibers for value-added paper products. It 

was also reported that the chemical modification of jute fibers for the application of 

green composites using oleoyl chloride as coupling agent could turn the hydrophilic 

surface of jute fibers into hydrophobic [2]. 

Plasma is an attractive technique as it provides a volumetric heating process at improved 

heating efficiencies as compared with conventional techniques. Plasma is defined as an 

electrically conducting medium generally consisting of negatively charged electrons, 

positively charged ions, and neutral atoms or molecules or both. It contains equal 

numbers of ions and electrons in a sufficient density [16]. Broadly the plasma state can 

be considered to be a gaseous mixture of oppositely-charged particles with a roughly 

zero net electrical charge [17-18]. Plasma-induced polymerization has received 

considerable attention in recent years and favorable results have been obtained from 

plasma polymerization or plasma-initiated graft polymerization on the fiber surface [4, 

19-22]. Vaswani et al. [22] reported that plasma-polymerized fluorocarbon films could 
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deposit on paper and regenerate cellulose surfaces to enhance their barrier properties and 

hydrophobicity. The resulting paper had long-term hydrophobic characteristic. The 

surface of carbon fiber was modified by plasma grafting of silsesquioxane; and the 

results, revealed by XPS and AFM analysis, confirmed the high efficiency of plasma 

[23]. However, the plasma-induced polymerization on paper substrates has been seldom 

reported.  

In this study, the graft polymerization of butyl acrylate (BA) and 2-ethylhexyl acrylate 

(2-EHA) on the surface of additive-free handsheets, induced by plasma irradiation, was 

conducted. The paper was made up of Kraft softwood cellulose fibers whereas BA and 

EHA are typical hydrophobic monomers. The effects of various grafting reaction 

variables on the grafting percentage and grafting efficiency were investigated. The as-

modified hand-sheets were characterized using Fourier transform infrared spectroscopy 

(FT-IR), XPS (X-ray Photoelectron Spectroscopy), and scanning electron microscope 

(SEM). Moreover, the hydrophobic properties of the grafted handsheets were revealed 

by contact angle measurements. 

2.2 Experimental 

2.2.1 Materials 

The bleached kraft softwood pulps were kindly supplied by a company in China. 

Additive-free hand-sheets with an oven-dry weight of 60 g/m
2
 were prepared according 

to TAPPI standard method T205 sp-95. Two hydrophobic monomers, butyl acrylate 

(BA) and 2-ethylhexyl acrylate (2-EHA) used for fiber grafting, were purchased from 

Sigma-Aldrich.  heir purity was of ≥99% for BA and about 9 % for  -EHA; and both 
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were used without further purification. A low pressure glow discharge plasma reactor 

(HPD-100C) conducted at room temperature was used throughout the experiment. 

2.2.2 Sample preparation for plasma-induced polymerization 

The additive-free hand-sheets were soaked in monomer or mixture of monomers first for 

certain time at different temperatures. The samples were then treated in the plasma 

reactor under various conditions including the plasma power, vacuum degree, duration 

of plasma exposure. After plasma treatment, the samples were dried in the fume hood at 

room temperature for 4 h; followed by Soxhlet extraction in acetone and ethanol at 60 

o
C for 24 h in order to remove the residual monomers and copolymers. The hand-sheets 

were then dried in a vacuum oven for 12h prior to further testing or characterization.  

2.2.3 Sample characterization  

The hydrophobic property of the modified paper sheets was determined via contact-

angle measurements using a video based optical contact angle measuring instrument 

OCA20 (DataPhysics Instruments GmbH, Filderstadt). Each sample was measured on 5 

different points and the average values and standard deviation were obtained. The FT-IR 

spectra were recorded on a NEXUS 670 ATR-FT-IR (Thermo Nicolet, USA), in 

transmission mode, at 2 cm
-1

 resolution and 32 scans. The surface morphology of the 

modified paper was observed on a scanning electron microscope (SEM) (S-3700N, 

Hitachi Ltd., Japan) after gold-coated. 

X-ray photoelectron spectroscopy (XPS) measurements were performed at room 

temperature using a Kratos Axis Ultra spectrometer (AXIS-ULTRA
DLD

, Kratos 

Analytical Ltd., Japan), equipped with a monochromatic Al Kα X-ray source with a 
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power of 150 W. Survey spectra over a binding energy range of 0-1200 eV were 

recorded for each sample. High resolution spectra of C 1s and O 1s were acquired for 

quantitative measurements of binding energy and atomic concentration. The 

XPSPEAK41 software was used for background subtraction (Shirley type), peak 

integration, fitting and quantitative chemical analysis. The C1s (C-C) peak at 284.6 eV 

was used to calibrate the binding energy scale. 

The grafting ratio was determined gravimetrically, i.e., based on the weight change of 

the paper sheets before and after grafting polymerization. The following equation was 

used to quantify the ratios: 

                                                         Equation 2.1 

where W1 is the weight of paper sheet before grafting; W2 is the weight of paper sheet 

after grafting. 

2.3 Results and discussion  

2.3.1 FT-IR spectroscopy 

In order to investigate the changes of groups on cellulose fibres in paper after plasma-

induced grafting treatment, the FT-IR spectra of both modified and control samples are 

shown in Figure. 2. 1.  
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Figure.2.1 FT-IR spectra for modified and control samples 

The effect of plasma treatment can be assessed by observing the evolution of some new 

bands. It is obvious that there is a new absorption peak at 1736 cm
-1

 compared to the 

control sample, which is attributed to the absorption of carbonyl groups from the 

monomers. This literally demonstrates that a certain amount of monomers have been 

grafted onto the fibre surface in the hand-sheet successfully. 

2.3.2 Contact angle  

Contact angle measurements were performed on the surface of handsheets at room 

temperature. The contact angle value was recorded at 10 sec after the water droplet was 

applied on the surface of testing specimen. Figure.2.2 presents the images of the water 

droplet held on the surface of hydrophobic-modified papersheet. 
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Figure.2.2 Contact angle images of unmodified and modified paper (a) Unmodified paper, the water 

penetrated through the paper. (b) Modified paper. 

From  Figure.2.2, it is obvious that the contact angle for the paper after modification is 

increased significantly (from 0° to above 127°), which suggests the establishment of a 

stable hydrophobic surface of the paper sheet compared to the unmodified one for which 

the water droplet absorbed quickly after water was dropped on the surface of the paper. 

In other words, the control sample is very hydrophilic, leading to the complete 
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penetration of the water droplet in the paper; whereas the modified one is highly 

hydrophobic, preventing water droplet from flattering on the surface of the paper. 

2.3.3 SEM morphology 

The surface characterization of the fibre plays an important part in the property of paper 

sheet, especially for the water resistance ability. In order to test the hydrophobic 

property of the modified hand-sheet, the samples both unmodified (a) and modified (b) 

were observed using SEM (Figure.2.3).  

 

     (a)                                                                                      (b) 

Figure.2.3 SEM images of modified and unmodified samples (a) Unmodified sample(×1000), (b) 

Modified sample(×1000). 

From the SEM images shown in Figure.2.3, it is obvious that the morphology of the 

fibre surface in the paper after the modification with BA and 2-EHA has been changed 

significantly. There were less fibrils on the surface of the modified sample than on the 

unmodified one. After the plasma treatment and grafting reaction, it is very likely that a 

polymeric film was formed on the surface of the fibres, thus increasing the 
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hydrophobicity of the paper. This result is also supported by the fact of the high contact 

angle for the modified paper. 

2.3.4 XPS analysis (Elemental analysis) 

The elemental analysis was conducted by XPS measurement. Figure.2.4-1 shows the 

XPS survey spectra of the samples; whereas Figure.2.4-2 presents the high resolution 

C1s XPS spectra for the same samples. In both Figures (a) and (b) correspond to the 

control and modified samples, respectively. The chemical components on the surface for 

both control samples and modified samples are given in Table.2.1, which demonstrates 

the presence of carbon, oxygen, as expected. 

 

Figure.2.4-1(a) 
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Figure.2.4-1(b) 

 

Figure.2.4-2(a) 
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Figure.2.4-2(b) 

Figure.2.4 (1) XPS survey spectra of samples for both unmodified and modified. (a) Control sample, 

(b) Modified sample. (2) High resolution C1s XPS spectra. (a) Control sample, (b) Modified sample. 

 

Table.2.1 Comparison of C/O ratio through XPS survey spectra 

  (a) (b) 

Position 

BE(eV) 

Atomic 

Conc   

Mass  

Conc  

Position 

BE(eV) 

Atomic 

Conc   

Mass  

Conc  

O 1s 531.1 35.67% 42.48% 530.7 16.56% 20.91% 

C 1s 284.7 64.33% 57.52% 282.8 83.44% 79.09% 

C/O ratio -------- 1.80 1.35 -------- 5.04 3.78 

 

As can be seen from the data shown in Figure.2.4-1 and Table.2.1, there are some 

differences between the two survey spectra. The atomic concentration and mass 

concentration of C, as well as C/O ratios were enhanced remarkably after modification, 

increasing from 1.8 to 5.04 and from 1.35 to 3.78, respectively. This may be attributed 
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to the grafting of the hydrophobic monomers onto the fibre surface, which contain more 

carbons compared to the cellulose fibre itself.                                                                                       

It was reported that the peaks at binding energy of 285eV, 286.5eV, 288eV and 289eV 

or higher were attributed to C-C bounded carbons (alkane-type carbon atom), C-O 

bonds (alcohol/ether type carbon atoms), C=O group (acetyl type carbon atoms) and O-

C=O (ester/ ester/carboxylic acid type of moiety) group on fibre, respectively [24-25].  

Evidently, there is O-C=O group corresponding to the peak in Figure.2.4-2(b), which 

comes from the monomers, is on the surface of the fibre after modification by plasma-

induced grafting. Along with the changes in C/O ratio shown in Table.2.1, the results 

demonstrate that certain amount of monomers have been successfully grafted onto the 

fibre after plasma-induced grafting polymerization. 

2.3.5 Effect of monomer soaking time on contact angle 

Figure.2.5 shows the effect of soaking time on contact angle. For the handsheets tested, 

the reaction temperature and the plasma treatment time were fixed at 60 
o
C and 3min, 

respectively.  
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Figure.2.5 Effect of monomer soaking time on contact angle 

As can be seen, with the prolonging of soaking time in monomers from 30min to 6h, the 

contact angle increased gradually from 118° to 125°. However, after soaking time 

exceeded 1h, the curve tended to level-off as time increased, suggesting that 1 h soaking 

should be sufficient. 

2.3.6 Effect of reaction temperature on grafting ratio and contact angle 

The temperature also plays an important role on the modification of the samples soaked 

in the monomers. Figure.2.6 presents the effect of the reaction temperature on the 

grafting ratios and the contact angles, respectively, in which the grafting ratios were 

determined gravimetrically.  
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Figure.2.6 Effect of temperature on grafting ratio and contact angle 

It can be observed from Figure.2.6 that, with the change of reaction temperature, the 

grafting ratio increased firstly and decreased when the temperature was above 60
o
C; and 

the grafting ratio varied from 2.4% to 6%. Similarly, the contact angle reached the 

maximum, i.e., 126.6°, at 60
o
C. Obviously, the contact angle remained in the range from 

120° to 127°, which indicated that the modified paper sheet was rendered highly 

hydrophobic. 

2.3.7 Effect of plasma power on grafting ratio and contact angle  

The impact of plasma power on grafting ratio and contact angle is illustrated in 

Figure.2.7.  
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Figure.2.7 Effect of plasma power on grafting ratio and contact angle. 

As can be seen from Figure.2.7, the contact angles show a decreasing trend from 130° to 

120° as the plasma power increases; whereas the grafting ratio first decreased and then 

increased after the minimum at the power of 50W. At a high level power, the high 

grafting ratio corresponded to a relatively low contact angle, suggesting that the high 

power plasma might break down the fibres or create pores on the surface of the paper, 

thus lowering the hydrophobicity or contact angles of the paper-sheet. To reduce the 

effects, the plasma power set at 10W appeared to be appropriate. 

2.3.8 Effects of monomer dosages and treatment duration on contact angle 

The effect of monomer dosages on contact angle is shown in Figure.2.8, in which the 

mass ratio of BA to 2-EHA was 1:1, and the reaction temperature was at 60℃. After 

soaked in mixture of monomers for 1 h, the paper samples was exposed to the plasma 

for the duration varying from 1min up to 30 min, at 10W. 
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Figure.2.8 Effects of monomer dosage and plasma treatment time on contact angle. 

Clearly, the contact angles increased significantly even in the presence of a very low 

amount of monomers (0.2g monomer on 5g fiber). Further increase in monomer dosages 

did not change the contact angles remarkably, regardless of the treatment duration. It is 

also shown in Figure.2.8 that, when the time of plasma treatment increased, the contact 

angle of the modified paper decreased particularly at the treatment time of 9 min or 

longer. In other words, when the treatment duration was above 9 min, the sample 

showed poorer hydrophobic properties compared to the other samples treated at a 

shorter duration. It can be concluded that the monomer dosage is not necessarily very 

high to render the paper surface hydrophobic; and meanwhile, the duration of the plasma 

does not have to be very long (less than 3 mins). The results are of interest to the 

practical application due to the effectiveness created at a short time with a low dosage of 

monomers. Likely, a thin polymeric film was effectively generated over the plasma 
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treatment under such conditions. As a result, the hydrophobicity or contact angles of the 

paper samples were increased significantly. The resulting paper is of great potential as 

green-based packaging materials for various applications. 

2.4 Conclusions 

The plasma-induced polymerization appears to be an effective approach to enhance the 

hydrophobic properties of paper sheet consisting of cellulose fibres. Excellent 

hydrophobic properties were obtained by grafting the hydrophobic monomers on the 

paper substrates under appropriate plasma-induced conditions. After soaked in the 

monomer mixture for 1h and treated under 10W for less than 3min, the modified paper 

with the contact angle above 120
o
 could be achieved at the monomer dosage as low as 

4.0 wt% on cellulose fiber. The findings from this work are very encouraging in terms 

of the possibility of increasing the hydrophobic characteristic of cellulose fibres 

substantially through a relatively simple process. The resulting paper sheets are of great 

potential as green packaging materials. 
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Chapter 3 Effects of Zein Emulsion Application on Improving the 

Water and Water Vapour Barrier Properties and Grease Resistance of 

Paper 

ABSTRACT 

Due to the hydrophilic properties of natural cellulose fiber, untreated paper products fail 

to satisfy the requirements for high-barrier applications, such as high water-resistance in 

the food packaging industry. The effects of zein emulsion on the water resistance 

properties of paper were investigated in this work. The characteristics of treated 

handsheets were investigated by scanning electron microscopy (SEM), water contact 

angle, water vapor transmission rate (WVTR). The mechanical properties of the paper 

including tensile strength, and tear strength were evaluated as well. Compared to the 

untreated handsheets, for the wet-end treated handsheets, the WVTR values tested at 23
 

o
C, 50% RH and 37.8

 o
C, 90% RH were decreased as much as 85.9% and 59.9%, 

respectively. Correspondingly, the handsheets after combination treatment, the WVTR 

values tested at 23
 o

C, 50% RH and 37.8
o
C were decreased by as much as 92.1% and 

66.8%. The contact angle measurements also demonstrated excellent hydrophobic 

characteristics for the modified paper. 

Keywords: Zein emulsion, WVTR, Contact angle 

3.1 Introduction 

Paper products made of cellulose fiber have been widely used as packaging materials, 

due to their favorable properties such as biodegradable, sustainable and low 
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environmental impact. However, the hydrophilic properties of the cellulose fiber creates 

a low water vapour barrier property of the paper-based packaging materials which is 

insufficient to satisfy the requirements for high-barrier applications or extended 

application in packaging. Over the past few decades, a number of approaches, including 

grafting and surface modification, have been attempted to improve the hydrophobic 

properties of cellulose fibers or fiber network [1-3].  However, there are several 

unresolved issues or challenges remaining, including achieving a high efficiency of 

grafting and tailored barrier properties of the paper products. Increasing the hydrophobic 

properties in paper products or improving the water vapour barrier properties is of great 

importance and high fundamental research value to the development of “green”-based 

packaging materials [4]. 

Wax has been used extensively as a water-resistant coating in traditional food wrapping 

paper [5-6]. Plastic consumption in packaging has also drastically increased in recent 

years due to its low cost, good convertibility and excellent barrier properties. However, 

wax and plastic have created significant environmental concerns. Aqueous polymer 

coatings were considered as an alternative for wax in water resistance for packaging 

applications [7]. Polymers like polyethylene applied by extrusion give a more durable 

and flexible coating on paper or paperboard [8]. However, the content of the polymers 

and wax on the packaging material makes it difficult to separate, recycle, or compost 

them after use. With the rise in environmental awareness, the packaging industry has 

expressed an increased interest in biodegradable, environmentally friendly materials. 

Due to the biodegradable features of proteins, protein-based materials such as wheat-

gluten [9], whey protein isolates (WPI) [10-11], soy protein isolate (SPI) [12-13], and 



 

 

86 

corn zein [14] have already been considered as coatings for paper and paperboard with 

the goal of improving surface properties or water vapour transfer properties of the 

cellulosic substrates. 

As a natural product, zein is a unique and complex material; a class of prolamine protein 

which is extracted from corn in a relatively pure form. Zein is biodegradable and 

annually renewable. However, like most biodegradable materials, its performance is 

affected by water, which means that the properties of zein are subject to change with 

humidity [15]. Zein has long been investigated for uses other than food. Currently, the 

interest in zein utilization is again growing because of environmental concerns. Zein-

based products offer several potential advantages as a raw material for filming, coating 

and plastics applications. The most promising characteristics of zein are the increase in 

water resistance and grease resistance [16-18]. Zein can be dissolved in certain organic 

solvents (such as ethanol with 20% water and acetone with 30% water), but is not 

soluble in water. The insolubility of zein in water is due to the low content of polar 

amino acids and high content of non-polar amino acids [18], which hinders its direct 

application in the papermaking process.  

To address the problem associated with the water insolubility of zein, a range of 

emulsions based on biodegradable and environmentally friendly zein were developed in 

this work. Another natural product employed in the preparation of zein emulsion is 

stearic acid, which is a saturated fatty acid with an 18 carbon chain showing 

hydrophobic properties. It was expected to play a synergic role with zein in improving 

the hydrophobicity and water resistant property of paper. The resulting emulsion was 

applied to the pulp suspension as a wet-end additive for papermaking, and surface 
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treatment of paper as well, in an attempt to enhance the hydrophobic properties and to 

lower the water vapour transfer rate (WVTR) of paper products. Furthermore, the 

mechanical properties of the resulting handsheets were characterized. 

3.2 Experimental  

3.2.1 Materials 

The bleached softwood kraft pulp was kindly supplied by Tembec in Canada. Additive-

free handsheets with an oven-dry weight of 60 g/m
2
 were prepared according to test 

TAPPI method T205 sp-95. Zein from maize, purchased from Sigma, for laboratory 

research purposes. Stearic acid, Grade I, ≥98.5%, was bought from Sigma. Aqueous 

ammonia, ACS reagent, 33% NH3 basis, was purchased from Sigma-Aldrich Inc. 

Nonionic surfactants used in this work were OP-10, Span-80, and Tween 60, for 

laboratory research purposes, from Sigma-Aldrich Inc. All chemicals were used without 

further purification. 

3.2.2 Methods 

3.2.2.1 Preparation of zein emulsion 

Zein was first dissolved in the ethanol/water (80%/20%, v/v) solution, and then set aside. 

In the first step, the surfactants, along with half the amount of ammonia and water, were 

added to a 3-neck flask, to form an agitated mixture at around 40 
o
C. The mixture was 

heated until the temperature reached between 60 and 70 
o
C; an appropriate amount of 

zein solution and stearic acid (10% of zein, w/w) were then added. Afterwards, the 

heating was stopped; and the remaining ammonia was added. The remaining water at a 



 

 

88 

temperature below 40
o
C was then added slowly until a phase reversal took place. 

Various zein emulsions with different solid contents were obtained. The particle size of 

the zein emulsion is about 530 nm, measured using a 90Plus Particle Size Analyzer 

(Brookhaven Instruments Co. USA). 

3.2.2.2 Wet-end application of zein emulsion 

Handsheets with a basis weight of 60 g/m
2
 were prepared according to TAPPI method 

T205 sp-95. To a 1.0 wt% pulp suspension, certain amounts of zein emulsion were 

added under constant stirring. Afterwards, a fixed volume of the aqueous solution of 

CPAM (0.02 wt% on o.d. fibre) was added to the pulp suspension to ensure the high 

retention of zein latex particles within the fibres. The pulp suspension was then poured 

into the sheet machine to make a standard handsheet. Formed and wet-pressed 

handsheets were dried in a flat contact heater at 105 
o
C for 30 min and then conditioned 

at 23 
o
C and 50% relative humidity for more than 24 h, according to TAPPI T402sp-08, 

before testing. 

3.2.2.3 Surface/combination treatment with zein emulsion 

The resulting zein emulsion was applied in the surface treatment, coating process, or the 

combination of both methods addressed for further comparison. Specifically, the surface 

treatment of the handsheets with or without zein emulsion added at wet-end was 

performed using a K303 Multicoater (PK Print Coat Instruments Ltd, UK). The coating 

solution was spread onto the surface of the handsheets using a coating bar at a speed of 

5m/min, allowing the formation of the coated layer with relatively uniform coating 

thickness. Samples were then dried overnight at 75-80 
o
C in an oven. 
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3.2.3 Characterization 

3.2.3.1 Water contact angle measurement 

The hydrophobic properties of the zein emulsion treated paper were investigated by 

water contact angle measurements, which were conducted with the Sessile Drop test 

method using a versatile optical tensiometer (Theta Attension Tensiometer, 

Attension/Biolin Scientific, Finland). A drop of distilled water (3 μl) was deposited on 

the surface of the test specimen. The live contact angles were recorded by video and the 

dynamic values as a function of time were also calculated by the analysis software. Each 

sample was measured on 5 different points and the average values and standard 

deviation were obtained.  

3.2.3.2 Scanning Electron Microscopy (SEM) 

The morphology of the unmodified and modified paper for both the surface and cross 

section were observed on a scanning electron microscope (JEOL 6400 SEM, JEOL Ltd., 

Japan) after carbon coated with 10 kV accelerating voltage.  

3.2.3.3 Water Vapour Transmission Rate  

The WVTR measurements were performed using the 120 mm
2
 paper sample to seal an 

impermeable container containing saturated potassium nitrate solution at 90% RH or 

magnesium nitrate solution at 50% RH and then placing it in a micro-gravimetric 

chamber kept at 0% RH.  
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Figure.3.1 Schematic of the set-up of WVTR testing [19] 

WVTR determination was carried out according to TAPPI T464 om-   “Water  apour 

Transmission Rate of paper and paperboard at High Temperature and  umidity” at 37.  

o
C (100 

o
F) and 90% RH & TAPPI T 448om-09 “Water  apour  ransmission Rate of 

Paper and Paperboard” at  3 
o
C (73 

o
F) and 50% RH. The decrease in weight was 

measured by microbalance of gravimetric apparatus (IGA-003, Hiden Isochema is a 

subsidiary of Hiden Analytical Ltd., UK). The WVTR values were calculated from the 

slope of weight change versus time. The experiments were done in duplicate. The setup 

for WVTR testing is shown in Figure.3.1 [19]. 

3.2.3.4 Determination of mechanical properties 

Tensile and tear strength tests were carried out in a controlled environment of 23 
o
C and 

50% RH on the L&W Tensile Tester and L&W tearing strength tester (Lorentzen & 

Wettre, Sweden), according to TAPPI T 494, T 403, and T 414, respectively [20]. 
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Specimens of 1.5 cm×10 cm rectangular strips were used for tensile test. The average of 

ten tests was taken for each sample. 

3.2.3.5 Grease resistance test 

The oil/grease resistant properties of the sodium alginate coated papers were conducted 

according to TAPPI T 507 cm-99 “Grease resistance of flexible packaging materials”. In 

order to get more accurate results, a scanner (CanoScan, LiDE 700F) was employed to 

check the stained area in this research instead of the magnifier addressed in the TAPPI 

standard. The procedures were described as follows. First apply 1.0 ml of the testing 

reagent uniformly to each of the smaller blotters so as to substantially saturate them. 

Then build a stack of components from bottom to top as follows: a) bed plate, b) foil 

separator, c) stain absorber, d) test specimen with side to be tested facing up, e) 

saturated blotter; repeat b), c), d) and e) until make a pile up to 10 specimens, then put 

the cover with the pressure block (0.9lb) to ensure their intimate contact. Immediately 

place the assemblies in the oven for 24-72 h at 60 ± 3 °C (140 
o
F). Then use the scanner 

to detect the blotter paper every 4h if necessary. Finally the percentage of the stained 

area was calculated and reported. The results are reported as the average of three 

measurements. For comparison, the samples were also tested at room temperature in this 

work. The similar set-up was also used by Trezza et al. for grease resistance test of corn 

zein coated paper [14] The percentage area of clean blotters stained with grease was 

determined with the aid of a software (Spec*Scan 2001 software, Apogee Systems, Inc.) 

for counting the area. 
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3.3 Results and discussion 

Improving the hydrophobic and water vapour barrier properties utilizing zein emulsion 

treatment on handsheets was the main focus of the current work, along with the testing 

of the mechanical properties of the resulting paper products. 

3.3.1 Water contact angle measurement 

One of the effective ways commonly used to indicate the hydrophobic properties of 

paper is based on water contact angle measurement [21-23]. Water contact angles were 

determined on both wet-end and combined surface treated paper, and the results are 

shown in Figure.3.2. The images (from Theta Attension Tensiometer) of contact angles 

for unmodified paper and modified paper are shown in Figure.3.3. Here the dosage of 

zein emulsion varied from 1% to 20% mass ratio to oven-dried (o.d.) pulp, and the 

oneside surface coat weight was around 10±2 g/m
2
.  



 

 

93 

0 2 4 6 8 10 12 14 16 18 20
0

80

100

120

140

 combination 

 wet-end

C
o

n
ta

c
t 

a
n

g
le

 /
 o

Dosage of zein emulsion in wet-end / %

 

Figure.3.2 Effect of dosage of emulsion on contact angle 

 

                               

(3-a) contact angle for control paper             (3-b) contact angle for modified paper 

Figure.3.3 Contact angle images for both control and modified paper, (a)Contact angle for control 

paper;(b)Contact angle for modified paper 

For the untreated or additive-free handsheets, water droplets spread instantly leading to 

the complete penetration of the droplet on the surface of the paper making the accurate 
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reading of the contact angle values impossible, shown in Figure.3.3 (a). Therefore, the 

contact angle for the control sample was marked as 0° in Figure.3.2. After the dosage of 

zein emulsion exceeded 2% at wet-end application, the contact angle for the paper 

reached as high as 120° or even greater (Figure.3.1 (b)), establishing the excellent 

hydrophobic characteristic of the treated paper. For the combination treatment, the 

contact angles were around 90-120° which also established the good hydrophobic 

properties of the treated paper, although slightly lower than the wet-end application, 

which may be attributed to the application of zein emulsion on the surface, as we 

mentioned above that as a protein, zein is easily affected by water [16]. 

3.3.2 Water vapour transmission rate testing 

The WVTR values of the paper treated by zein emulsion, measured by IGA-003, are 

shown in Figure.3.4. The WVTR testing was conducted at 23 °C and 50% RH; and also 

performed at 37.8 °C and 90% RH in accordance with the TAPPI standard. The WVTR 

values were calculated from the slope of the weight change against time using the 

exposed surface area of the sample (120 mm
2
), and the equation shown below in 

Equation 3.1. 

 
  2sample weight change
WVTR g m d

area time



                                             Equation 3.1

 

The variation of zein emulsion dosage corresponded to the contact angle measurements. 

The comparison of the results presented in Figure.3.4 suggested that the WVTR is very 

sensitive to the environmental temperature and RH. High temperature and RH promote 

water vapour transfer, thus leading to very high WVTR values at 37.8 
o
C and 90% RH.  
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Figure.3.4 WVTR measured under different conditions 

As can be seen from Figure.3.4, after the pulp was treated with zein emulsion at the wet-

end, the WVTR values of the resulting paper were decreased dramatically, particularly 

at 23 
o
C and 50% RH conditions for measurements. The WVTR values were decreased 

from 1315.3 g/m
2
/d to 185.7 g/m

2
/d at 23 

o
C, 50% RH, and from 2107.1 g/m

2
/d to 845 

g/m
2
/d at 37.8 

o
C, 90% RH, i.e. reduced by as much as 85.9% and 59.9%, respectively. 

For the samples after combination treatment, the WVTR values were decreased from 

1315.3 g/m
2
/d to 103.5 g/m

2
/d at 23 

o
C, 50% RH and from 2107.1 g/m

2
/d to 700 g/m

2
/d 

at 37.8 
o
C, 90% RH, i.e. reduced by as much as 92.1% and 66.8%, respectively. In spite 

of the fact that the WVTR values are still high at 37.8 
o
C, 90% RH, the barrier 

properties toward water vapour transfer has been effectively created with both the wet-

end and the combination application of zein emulsion. The key reason for the decrease 
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of WVTR may be attributed to the spreading of zein emulsion particles retained in the 

fiber networks over the drying process, which resulted in the formation of hydrophobic 

layers or a thin film of zein within the fibre networks. Along with the surface coating, 

there would be changes in the transmission path and the speed of the water vapour 

transfer, leading to reduced permeation of the water [24-25]. Moreover, the WVTR 

results are consistent with the findings on contact angle, i.e., the low WVTR 

corresponds to the high contact angle. 

3.3.3 SEM morphology 

The hydrophobic property changes in the zein emulsion treated paper were also revealed 

by SEM. The morphologies observed by SEM in Figure.3.2 were the characteristics of 

the cross section of different specimens including control sample, wet-end addition and 

combination treatment with zein emulsion.  

                                                      

(5-a) Control sample(x200)     (5-b) Wet-end 20% (x200)    (5-c) Combination*(x200) 

* Wet-end 10%, coating weight was around 10 g/m
2
, (calculated at 10.08g/m

2
)     

Figure.3.5 SEM images of paper with/without emulsion treatment 

(5-a)Control sample(x200), (5-b) Wet-end 20% (x200), (5-c) Combination*(x200); * Wet-end 10%, 

coating weight was around 10g/m
2
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As shown in Figure.3.5, the cross sections of additive-free handsheets and the zein 

emulsion treated handsheets are quite different. The morphology of the fibre network 

after treatment became more compact, as revealed by the cross section image. In 

contrast, the additive-free handsheet appears less compact with large pores within the 

fiber networks. Compared to the porosity of the untreated paper, it is clear that in the 

treated paper there are particles from the zein emulsion coating the fibers thus blocking 

the pores between fibers network, reducing the overall porosity. This may explain why 

the WVTR decreased. As addressed above, with the contribution of combined treatment 

on the paper, although with a relatively thin coating layer, the transmission path and the 

speed of the water vapour would be changed which will reduce the permeation of water 

vapour. 

3.3.4 Grease resistance testing 

Oil/Grease resistance is of great importance for food packaging application. For certain 

applications, such as instant food packing, it is not necessary for the paper to possess 

very low WVTR. However, grease resistance appears to be important. The preliminary 

work on the characterization of grease resistance for the paper samples treated with zein 

emulsion was conducted using a modified TAPPI test T 507cm-99. The percentage area 

of the paper stained with grease was used to quantify the grease resistance efficiency.  

The oil/grease resistance properties for the paper treated with zein emulsion after the 

absorption of grease or oil for 4 h are shown in Table.3.1. 
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From the results shown in Table.3.1, it is clear that the oil/grease resistance was 

improved significantly by the addition of zein emulsion in wet-end. The percentage of 

the stained area declined dramatically with the addition of zein emulsion.  

Table.3.1  Comparison for oil/grease resistance property   

Wet-end addition (%) Count/sq.m Area (ppm) 

0 321473 169719 

5 3290532 11736 

10 897066 2464.9 

3.3.5 Mechanical properties testing 

The tensile and tear strengths of the paper samples containing the zein emulsion at the 

dosage ranging from 1% to 20% at wet-end application are shown in Table.3.2 and 

Table.3.3. 

Table.3.2 Tensile strength test for zein emulsion treated paper 

Wet-end dosage(%) Tensile strength(N/m) Tensile index(N*m/g) Changed by (%) 

0 684.98 11.42 0 

1 689.14 11.49 0.61 

2 679.68 11.33 7.9 

5 675.63 11.26 1.4 

10 785.58 13.09 14.67 

20 1385 23.08 102.1 

Table.3.3  Tear strength of zein emulsion treated paper 

Wet-end dosage(%) Tearing strength(mN) Tearing index(N*m
2
/g) Changed by (%) 

0 269.0 4.48 0 

1 245.7 4.095 8.59 

2 260.4 4.34 3.13 

5 279 4.65 3.79 

10 345.4 5.76 28.5 

20 410.8 8.58 97.5 

There is very slight variation for both tensile strength and tear strength when the 

emulsion dosage was lower than 5%. However, there is 28.5% improvement in tear 
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strength and 14.7% improvement for the tensile strength, respectively, when the dosage 

of the zein emulsion is up to 10%. As well, a 100% or higher improvement can be 

reached with the 20% addition of emulsion to the wet end. The reason may be attributed 

to the nature of zein properties as a soft and ductile protein, which has been tried as a 

plastic, either alone or in mixtures [15]. Once heated in the papermaking drying process, 

the zein tends to soften and spread out between the fibers within the cellulose network, 

which may strengthen the bonding of the cellulose fiber network and toughen the paper. 

That is also the reason why zein has been widely used in the film forming applications 

in the industry [17, 26]. 

3.4 Conclusions 

The effects of zein emulsion on the water resistance properties of paper were 

investigated in this work. Compared to the untreated handsheets, the WVTR values at 

23 
o
C, 50% RH and 37.8 

o
C, 90% RH for the paper treated with zein emulsion via wet-

end addition were decreased by as much as 85.9% and 59.9%, and for the samples after 

combination treatment, the WVTR values were decreased by 92.1% and 66.8%, 

respectively, under the same conditions. The water contact angle measurements 

demonstrated that the highly hydrophobic characteristics were developed for the 

modified paper; and the contact angle varied from 90° to 120° or above. The SEM 

characterization partially explained the reasons for the decrease in WVTR; however, 

further research is required to reveal the mechanisms of zein emulsion in increasing the 

water and water vapour barrier of the treated paper. 
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Chapter 4 Hydrophobic-modified Nano-cellulose Fiber/PLA 

Biodegradable Composites for Lowering Water Vapour Transmission 

Rate of Paper 

ABSTRACT 

New biodegradable nanocomposites have been successfully prepared by incorporating 

modified nano-cellulose fibers (NCF) in a biodegradable polylactic acid (PLA) matrix in 

this work. The hydrophobic-modified NCF was obtained by grafting hydrophobic 

monomers on NCF to improve the compatibility between NCF and PLA during 

blending. The resulting NCF/PLA composites were then applied on paper surface via a 

cast-coating process in an attempt to reduce the water vapor transmission rate (WVTR) 

of paper. The WVTR tests, conducted under various testing conditions and with 

different coating weights, demonstrated that the modified NCF/PLA composites coating 

played a critical role in lowering WVTR of paper. The lowest WVTR value was 

34g/m
2
/d, which was obtained with an addition of 1% of modified NCF to PLA and the 

composites coating weight at 40g/m
2
 and substantially lower than the control value at 

1315g/m
2
/d. The paper coated with the modified biodegradable composite is promising 

as green-based packaging materials. 

Keywords: Biodegradable, Nano-cellulose Fiber, Nanocomposites, PLA, WVTR 

4.1 Introduction 

The environmental awareness imposed to packaging films is to design or synthesize 

polymers that are biodegradable to be used as packaging materials. For the application 
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in a number of areas such as food packaging and containers, the benefits of using 

biodegradable packaging materials are obvious. Biodegradable polymers derived from 

sugars, natural fibres, renewable forest resources, and protein are able to reduce or 

replace the usage of the fossil-based materials thus reducing the pollution caused by 

conventional plastic packaging. 

Paper products made of cellulose fiber have been widely used as packaging materials, 

due to their favorable properties such as biodegradability, sustainability and low 

environmental impact. However, the hydrophilic properties of the cellulose fiber creates 

a low water vapour barrier property of the paper-based packaging materials, which is 

insufficient to meet the requirements for high-barrier applications or extended 

application in packaging. Over the past few decades, a number of approaches, including 

chemical modification of cellulose fibers or handsheets, have been attempted to improve 

the hydrophobic properties of cellulose fibers or fiber networks [1-2]. However, there 

are still several issues or challenges remaining, including how to achieve a high 

efficiency of grafting and tailored barrier properties of the paper products. Therefore, 

one of the factors of the massive use of conventional plastic in the food packaging 

industry is largely contributed by its water permeation barrier ability, i.e., the satisfying 

low water vapour transmission rate (WVTR). The WVTR, which indicates the amount 

of water vapour that can permeates per unit area of the packaging material and time [3], 

is also an important indicator in the barrier properties of paper and paper products. 

Therefore, increasing the hydrophobic properties of paper products and improving the 

water vapour barrier properties [4], like lowering WVTR, is of great importance and 

high fundamental research value to the development of packaging materials.  
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In order to develop paper products with higher water vapour barrier properties and 

maintain the green features of packaging materials, we intended to incorporate 

biodegradable materials into the paper products, typically via a coating process. Among 

various biodegradable polymers, polylactic acid (PLA) has been mostly used as a food-

packaging polymer for short shelf life products such as drinking cups, salad cups, 

containers, and overwrap and lamination films [5]. PLA has been studied extensively 

due to its well-established biodegradability and biocompatibility [6]. PLA is easily made 

and obtained from100% renewable resources such as corns, maize and wheat, wood 

residues or other biomass [7]. Its production consumes carbon dioxide which makes it 

more eco-friendly. PLA is of interest not only because of the need to ultimately replace 

many synthetic polymers but also because of PLA’s useful physical and mechanical 

characteristics [8]. Therefore, PLA has attracted extensive research interests. Making 

composites through reinforcing PLA with different kinds of cellulose fiber has been a 

popular research topic [10-12]. In addition to its advantages, PLA also has some 

shortcomings which restrict its applications, one of which is that the gas and water 

vapour barrier properties are not sufficient for some uses [13]. Therefore, the 

preparation of nanocomposites has also been considered as a promising method for PLA 

property improvement [11, 14-15]. Furthermore, cellulosic nanocomposites are 

currently considered as one of the most promising areas of scientific and technological 

development in the field of plant products [16].  Iwatake et al. [17] reported the 

reinforcement of PLA using microfibrillated cellulose (MFC) and explored the potential 

of reinforcement by a nanofiber network, with the goal of making sustainable ‘green-

composites’. In terms of combining M   with PLA, Okubo et al. [18-19] reported an 
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effective technique for improving the mechanical properties of PLA-based bamboo fiber 

composites. The fabrication of MFC/PLA nanocomposites based on a papermaking-like 

process has been presented as an industrially practical method by Nakagaito et al. [20].  

However, due to the hydrophilic nature of cellulose, MFC or NCF is not easily 

uniformly dispersed in most non-polar polymer matrix. Consequently, much attention 

has been paid to MFC modification in order to improve the compatibility with a wider 

variety of the hydrophobic matrices. Many methods have been tried for cellulose surface 

modification, such as acetylation, silylation, grafting and use of coupling agent [21]. 

Wang et al. [22] applied chemically treated cellulose nanofibers extracted from hemp to 

prepare PLA and PHB nanocomposites containing 5 wt% nanofibers. These 

nanocomposites were prepared by melt blending the polymer with the fiber followed by 

granulating and injection molding steps. Plentiful techniques for modifying natural fiber 

surfaces to improve the interaction between the fibers and polymers matrix have been 

reported [23-26]. Much attention has been paid to the preparation of nanocomposites 

and related film products, but it has been seldom reported on the application of 

nanocomposite coating on paper for packaging materials. 

In this work, the composites based on PLA reinforced with hydrophobic-modified NCF 

were prepared; the WVTR of paper coated with the resulting composites were also 

investigated. NCF was chosen prior to other types of cellulose since the composite 

materials containing NCF are a promising class of new materials [27-28]. The NCF was 

modified by grafting hydrophobic monomers via free radical polymerization to improve 

compatibility with the PLA matrix. The hydrophobic modification of NCF facilitated its 

dispersion in tetrahydrofuran(THF), a solvent used to dissolve PLA. After modification, 
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the NCF-PLA composites were made by a solvent casting method; the properties of 

composites as well as the WVTR of paper coated with the composites were determined. 

The key objectives in this work were to improve the compatibility of PLA and NCF via 

hydrophobic modification and to lower the WVTR of paper via PLA-NCF composite 

coating. 

4.2 Experimental 

4.2.1 Materials 

Nano-cellulose fiber, (NCF), 5.4% suspension in water made from purified wheat straw, 

(see images in Figure.4.1), was purchased from the Centre for Biocomposites and 

Biomaterials Processing, University of Toronto, Canada. Hydrophobic monomer, butyl 

acrylate (BA, ≥99%) used for fiber modification via grafting, and ammonium ceric(IV) 

nitrate(CAN) as initiator, were purchased from Sigma-Aldrich(USA)and were used as 

received. Polylactic Acid (PLA, Ingeo™  003D) was purchased from NatureWorks® 

LLC, USA, is a thermoplastic resin derived from annually renewable resources and is 

specifically designed for use in fresh food packaging and food service ware applications. 

                        

(a)                                     (b) 
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Figure.4.1 TEM images showing NCF and nanofiber bundles. Scale bars correspond to 2µm (a) and 

0.2 µm(b). 

4.2.2 Methods 

4.2.2.1 Hydrophobic modification of NCF 

The hydrophobic modification of NCF was conducted via a free radical polymerization. 

The initial NCF suspension in water (5.4%, w/w) was washed and centrifuged with 

acetone and anhydrous ethanol several times in order to remove the water as much as 

possible. After the centrifugation at 5000 rpm and 20°C for 5 min and the removal of the 

supernatant, the NCF was then re-dispersed in 200ml of anhydrous ethanol in a three-

necked round-bottomed flask equipped with a magnetic bar. After stirring and nitrogen 

purging to reduce the inhibiting effect of the oxygen in the radical polymerization 

reaction, a certain amount of hydrophobic monomer BA and initiator CAN were added 

via a dropping funnel. The system was maintained at 50 °C under constant stirring for 5-

6 hours as well as nitrogen purging until the end of the reaction. After termination of the 

reaction, the mixture was filtrated and the sediment was purified by Soxhlet extraction 

in the mixture of acetone and ethanol at 60°C for 24h-48h to remove the residual 

monomers and ungrafted copolymers. The grafting ratio was calculated by the weight 

change of the paper sheets before and after the modification. And the formula used is 

shown in Equation 4.1. 

                                                                   Equation 4.1 

Where, W1 is the weight of NCF before modification, W2 is the weight of NCF after 

modification.  
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4.2.2.2 Composites/ films preparation 

The solvent-casting composites were prepared by dissolving PLA pellets in 

tetrahydrofuran (THF) (10% w/v) and mixed with hydrophobic modified NCF. The 

modified NCF was added into the PLA solution after the PLA pellets were dissolved 

completely, and the mixture was thoroughly stirred for two hours. For reference, pure 

PLA films were made by dissolving PLA pellets in THF and those solutions were cast 

onto Petri dishes. Similarly, the composite films with 0, 1, 5, 7, 10% (w/w) of modified 

NCF in PLA matrix were also prepared subsequently before being coated on handsheets. 

The suspension mixture of PLA and NCF were also casted onto glass Petri dishes and 

left in a fume hood overnight to evaporate the solvent. The films were removed from the 

Petri dishes by dipping them into a glass bowl with deionized water for 10 seconds and 

then the films were carefully peeled off from the glass and stored in a vacuum desiccator 

until use. These composites films were used for mophorlogy characterization only. 

4.2.2.3 Coating with composites on paper surface  

Different amounts of the resulting composites formulations were coated onto the surface 

of the handsheets (60g/m
2
) made in lab. The solvent was allowed to evaporate at room 

temperature by putting the coated handsheets in a fume hood for at least 24 h, and the 

resulting products were dried in a vacuum oven at 50ºC for 48 h to remove the residual 

solvent [29]. 

4.2.2.4 Sample characterization  

The Fourier transform infrared spectroscopy (FT-IR) spectra of modified NCF were 

recorded using a Spectrum 100 Series (PerkinElmer Ltd, Beaconsfield, BUCKS, United 
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Kingdom) equipped with an attenuated total reflectance (ATR) device for solids analysis 

and a high linearity lithium tantalite (HLLT) detector, in transmission mode, at 2 cm
-1 

resolution and 32 scans. The surface properties of the composites were observed on a 

scanning electron microscope (SEM) (JEOL 6400 SEM, JEOL Ltd., Japan) after being 

carbon coated with 10kV accelerating voltage. 

The WVTR measurements were performed using the 120mm
2
 sample to seal an 

impermeable container containing saturated potassium nitrate solution at 90% relative 

humidity (RH) or magnesium nitrate solution at 50% RH and then were placed in micro-

gravimetric chamber kept at 0% relative humidity. The WVTR determination was 

according to TAPPI T464 om-12 at 37.8°C (100°F) and 90% RH & TAPPI T 448om-09 

at 23°C (73°F) and 50% RH.  The decrease in weight was measured by a microbalance 

of gravimetric apparatus (IGA-003, Hiden Analytical Ltd., UK). The WVTR values 

were calculated from the slope of weight change versus time. The experiments were 

done in duplicate. The setup for WVTR testing is shown in Figure.4.2[30]. 
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Figure.4.2 Schematic of the set-up of WVTR testing [30] 

The WVTR values were calculated from the slope of the weight change against time 

using the exposed surface area of the sample, and the equation shown in Equation 3.1. 

4.3 Results and discussion 

4.3.1 FT-IR spectroscopy for NCF 

The FT-IR was employed to investigate the changes of the functional groups on NCF 

after hydrophobic modification by free radical polymerization. The spectra of both 

modified and control samples are presented in Figure.4.3. 
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Figure.4.3 FT-IR spectrum for control and modified NCF 

The effect of grafting hydrophobic monomers onto NCF can be assessed by observing 

the evolution of changes in absorption bands. There is a new absorption peak at around 

1736 cm
-1

on the modified sample compared to the control sample, which is attributed to 

the absorption peak of carbonyl groups from the hydrophobic monomers. This literally 

demonstrated that a certain amount of monomers have been grafted onto the NCF fibres 

to form grafted polymer chains. The grafting ratio, estimated based on equation 4.1, was 

approximately 3%-5%. 

4.3.2 Surface morphology of composites 

In order to investigate the physical properties of the composites made of modified NCF 

and PLA, films were first prepared prior to the coating of the composites on the 

handsheets. The film was formed well, but sometimes the dispersion of NCF in the film 

was not optimal. One of the drawbacks of NCF is the poor dispersibility in organic 
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(hydrophobic) solvents and their propensity to aggregation because of the large number 

of hydroxyl groups on the surface [31]. To overcome this problem, the hydrophobic 

monomer, butyl acrylate, was grafted on the NCF via a free-radical polymerization. 

SEM was employed to determine the morphology and microstructure of samples. Both 

the surface and cross sections of films of various ratios of modified NCF and PLA were 

tested and the morphologies are shown in Figures 4.4 and 4. 5. 

 

4.4-a         4.4-b               4.4-c                4.4-d                4.4-e 

Figure.4.4 SEM morphology of PLA/NCF composite film(surface) 

PLA: NCF=100:0(4-a); 99:1(4-b); 95:5(4-c); 93:7(4-d); 90:10(4-e) 

 

4. 4-a            4.5-b             4.5-c              4.5-d               4.5-e 

Figure.4. 5  SEM morphology of PLA/NCF composite film (cross section) 

PLA: Modified NCF=100:0(5-a); 99:1(5-b); 95:5(5-c); 93:7(5-d); 90:10(5-e) 

As can be seen from the SEM images shown in Figure.4.4, there is some difference on 

the surface morphologies of the films made of NCF and PLA. The films based on 

modified NCF and PLA appear to be smooth and homogeneous, suggesting that casting 

is a viable method for preparing PLA/NCF composite films. Moreover, the hydrophobic 
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modification has improved the compatibility between the cellulose and the PLA matrix, 

compared to the unmodified cellulose. In the similar work, Sanchez-Garcia et al. [32] 

found that detrimental fiber agglomeration was clearly observed to take place for 

samples with fiber contents in excess of 5 wt%. It is of interest that the more 

homogenous surface structure was obtained even with the higher NCF content in the 

composites in the current work.  

Correspondingly, as can be seen from the cross section shown in Figure.4.5, 

morphologies varied significantly with different ratios between NCF and PLA. When 

the ratios of NCF were equal or lower than 5%, the composite films were very compact 

and homogenous; whereas those with NCF higher than 5% appeared to be porous and 

the NCF fibrils and porous structure could also be observed from the cross section 

images. The presence of ordered dispersed NCF (see Figure.4.5-b & Figure.4.5-c) in the 

cross sections means that there is no aggregated NCF in the films and the modified NCF 

showed good compatibility with the PLA matrix. Moreover the porous structure in the 

composite films tends to have a negative impact on lowering WVTR. 

4.3.3 Water vapour transmission rate  results 

The composites used for coating were made of pure PLA, PLA/NCF=99/1, 

PLA/NCF=95/5, PLA/NCF=93/7 and PLA/NCF=90/10 (mass ratio), marked as PLA100, 

PLA 99, PLA95, PLA93, and PLA90 here and below, and the coating weight was 

controlled at 10g/m
2
, 25g/m

2
, and 40g/m

2
, respectively. The WVTR values of the paper 

treated by composites, measured by IGA-003, are shown in Figure.4.6. The WVTR 
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testing was conducted at 23°C and 50% RH and also performed at 37.8°C and 90% RH 

in accordance with TAPPI standards.  

The comparison of the results presented in Figure.4.6 suggested that the WVTR is 

sensitive to environmental temperature and RH, as well as the coating weight. High 

temperature and high humidity conditions promote the transferring of water vapour, thus 

leading to much higher WVTR values at 37.8°C and 90% RH compared to those at 

23°C and 50%RH. Both the coating weight and the testing conditions played important 

roles in WVTR results. Figure.4.6 shows that, when the coating weight was at the low 

level of 10 g/m
2
, the coating layer hardly showed the positive effect on lowering the 

WVTR of coated paper when tested at 37.8°C and 90% RH; whereas the WVTR at 

23°C and 50%RH decreased dramatically. The higher the coating weight, the further 

lower WVTR values were achieved. The main reason is that the higher coating weight 

of the composites provided higher chances covering porous structure on the surface of 

the handsheets. 
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Figure.4.6-a 
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Figure.4.6-b 

Figure.4.6 WVTR of PLA/NCF nanocomposites coated paper (a)at 23°C & 50%RH, (b) at 38°C & 

90%RH 



 

 

117 

Moreover, as shown in Figure.4.6, the WVTR values fluctuated with the changing of the 

content of NCF in the composite coating layer. However, the WVTR values of the 

samples coated with nanocomposites containing hydrophobic-modified NCF were lower 

than those of the control samples (handsheet withou coating, basic weight at 60g/m
2
). 

When the content of NCF in composites was kept at a low level of 1%, the minimum 

WVTR of the samples was comparable with that of the other samples. And the lowest 

WVTR values at 23ºC, 50% RH and 38ºC, 90% RH were 34.6 g/m
2
/d and 164.9 g/m

2
/d, 

respectively, which were obtained when the coating weight was 40g/m
2
 of composites 

containing 1% modified NCF (named PLA99 in Figure.4.6). Among the nanocomposites 

coated paper samples, when the NCF content was lower than5%, the coated samples 

showed better water vapour barrier properties or lower WVTR values. In the compact 

interfaces, the transport of water vapour is believed to be retarded due to the compact 

and homogenous coating layer (See SEM image in Figure.4.5-b and Figure.4.5-c), and 

leads to a decreased mass transport rate through the composites coating layer, which 

then demonstrated a lower water transmission rate. Due to the hydrophobic modified 

NCF, which showed good compatibility with PLA matrix, the WVTR of the composites 

was further decreased, compared to the pure PLA film. For the composites containing 

5% modified NCF or higher, the WVTR values increased as the fibre content became 

higher. Owing to the hydrophobic properties of the modified NCF, the bonding among 

hydrophobic fibers was weakened, which resulted in the porous structure as revealed by 

SEM observation (See SEM images in Figure.4.5-d and Figure.4.5-e). Therefore, the 

porous structure makes it easier for the water vapour to transmit inside and the water 

vapour can transport larger distances in the porous interfaces, thus leading to the higher 
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permeability observed and further resulted in higher WVTR. This is also supported by 

the SEM morphologies in Figure.4.5. Another explanation for the increasing WVTR 

values is that, there should be abundant hydroxyl groups left after the modification, 

since the surface hydroxyls were only partially replaced by the functional group [33] or 

PBA hydrophobic chains in this work. From the work of Etzael Espino-Pérez et al. on 

preparing bio-nanocomposite based on PLA and hydrophobic modified cellulose 

nanowhiskers, it was found that the water vapour permeability of the grafted 

nanocomposite was lower than that of ungrafted one. The conclusion was the 

hydrophobic grafting and improved compatibility could counteract the effect of 

enhanced water vapour permeability because of inclusion of hydrophilic structures in 

the matrix [34], which is consistent with the findings in this work.  

Moreover, the explanation could be based on the water vapour transmission pathway. In 

composites, a tortuous pathway [35-36] was induced by adding nanofillers or nanofibers 

in the PLA matrix, because the fillers acted as impermeable physical barriers and forced 

water molecules to wiggle around them to follow longer and more tortuous paths, 

leading to a strong enhancement of water barrier properties. The passage of diffusing 

molecules through composite films is consequently limited. Similar effects on barrier 

PLA/cellulose nanowhisker composites [37] were also reported in the literature. The 

water permeability and diffusion appear to match the well-known tortuous path for the 

appearance of fibers [11], which was also suggested by Sanchez-Garcia et al. [32]. The 

interpretation based on tortuous pathway is adoptable for our current systems.  
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4.3.4 Effects of testing temperature on WVTR 

To further reveal the factors influencing WVTR results, the testing temperature was 

varied from 23ºC to 38ºC at the same humidity (90%RH). The corresponding changes in 

water vapour transmission rate were recorded and analyzed in this work (see Figure.4.7 

and Figure.4.8). Clearly, the testing temperature has significant impact on WVTR.  
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Figure.4.7 Effect of temperature on WVTR test (90% RH) 
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Figure.4.8 Weight change slope for samples at 23ºC (Figure. 4.8-a) and 38ºC (Figure. 4.8-b) 

The three samples tested in this work included handsheets without coating, samples 

coated with the composites at two fibre/PLA ratios (i.e., PLA95 and PLA99).As 

addressed previously, at constant temperature and ΔR  (%), a steady state will be 

reached where WVTR values were calculated from the slope of sample weight change 

versus time. Various samples with different changing trends for temperature changed 
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from 23ºC to 38ºC are marked in Figure.4.7 and the slope for each sample is shown in 

Figure.4.8 (a) (b). For the control sample, when tested at 23ºC (Figure.4.8-a), the sample 

weight changed from original 120.8mg to 116.6mg in the duration from 0.5s to 60.9min, 

and the slop of weight change versus time came to 0.0704. For the testing period at 38ºC 

starting from 90.1min to 155.7min in Figure.4.8-b, the sample weight changed from 

109.3 mg to 97.5 mg with the slope of 0.183, which is much higher than that of at 23ºC. 

Similar results were obtained for the composite-coated paper. For PLA99, the two slopes 

at 23ºC and 38ºC were 0.0259 and 0.0819.; For PLA95, the two slopes at 23ºC and 38ºC 

were 0.0543 and 0.170, respectively. The results showed that there was significant 

higher water vapour transfer ratio induced by the higher temperature at 38ºC compared 

to 23ºC.The results also proved that the WVTR is indeed sensitive to the testing 

temperature. 

When the water vapour transferred under a higher temperature, the transport behavior of 

water vapour is controlled by the molecule diffusion and Knudsen diffusion among the 

pores of the cellulose network and the PLA films, where the diffusivity is nearly 

independent of relative humidity because these samples were tested at same relative 

humidity. At a high temperature, the water vapour has a higher diffusion coefficient 

according to the diffusion theory, thus promoting its transmission cellulose fiber 

network or composites. Therefore, lowering WVTR at a relatively high temperature is 

still a challenge in developing completely green-based packaging materials. The 

utilization of the composite coating is a promising approach in enhancing water vapour 

barrier property of paper for packaging application, though further research in this area 

is definitely required. 
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4.4 Conclusions 

Novel biodegradable and environmental friendly nanocomposites were successfully 

prepared by incorporating nano-cellulose fibers in biodegradable PLA matrix. The 

hydrophobic-modified NCF were obtained by grafting hydrophobic monomers via a 

free-radical modified and mixed with PLA. The resulting NCF/PLA composites were 

applied on paper surface by a cast coating method. The WVTR tests, conducted under 

various testing conditions and with different coating weights, demonstrated that the 

modified NCF/PLA composites coating played a critical role in lowering WVTR of 

paper. The work on revealing the relationship between temperature and WVTR 

suggested that WVTR is sensitive to surrounding temperature. The lowest WVTR value 

was 34g/m
2
/d, which was obtained with an addition of 1% of modified NCF to PLA and 

the composites coating weight at 40g/m
2
 and substantially lower than the control value 

at 1315 g/m
2
/d (for handsheet withou coating). As a result, the paper coated with the 

modified biodegradable composite is promising as green-based packaging materials, 

thus minimizing the environmental concerns.  
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Chapter 5 Study on Alkali-treated Starches and Their Effects on 

Grease Resistance of Paper 

ABSTRACT 

The potato-starch was treated with NaOH at different concentrations, and the effects of 

alkali treatment on potato starch with respect to structural and functional properties were 

systematically investigated. It was found that the starch became gelatinization when the 

NaOH concentration was 0.15N and higher. SEM characterization was utilized to reveal 

the detailed structural changes for the starches treated with 0.05N and 0.1N NaOH after 

15 days and 30 days, respectively. Deformations were observed on the surface of alkali-

treated granules, and there was evidence of adhesion between some granules. The 

gelatinized starch was then subsequently used for paper coating; and the grease resistant 

properties of the resulting paper were improved significantly after alkali-treated starch 

coating. Results showed that the concentration of NaOH, the coating weight and the 

testing temperature were the key influencing factors. 

Keywords: alkali-treated starch, coating, grease resistant paper 

5.1 Introduction 

As far as food packaging (e.g., fast food packaging and pet-food storage) is concerned, 

the grease/oil resistant properties are highly demanded and critically important, because 

such packaging materials require excellent resistance against staining through fat 

migration from the product and penetration in the paper [1]. Greaseproof paper or grease 

resistant paper is the paper capable of delaying or preventing the penetration of 
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greases/oil. It is normally obtained by treating the paper physically or chemically to 

make it oil or fat repellent. Conventional treatments include chemical and physical 

modification on fibers and/or fiber networks or paper with fluorocarbon chemicals [2,3], 

petro-based waxes and polymers, and with metal foils or plastic films on paper surfaces 

via coating [4] or laminating to induce grease resistant properties of the paper products. 

Fluorochemicals [5] are typically used to provide oil and grease resistance in food 

packaging application, either via internal sizing, or as paper surface treatment agents [6-

8]. However, fluorocarbon chemicals also present disadvantages due to the negative 

impact on the environment. Therefore, it is necessary to replace the fluorochemicals by 

environmentally friendly alternatives which are natural, biodegradable and able to limit 

grease/oil penetration. 

Starch, a carbohydrate consisting of a large number of glucose units joined by glycosidic 

bonds, is a renewable and biodegradable carbohydrate polymer from a great variety of 

crops [9]. In numerous industrial and food applications, starch has been used as a 

thickening and gelling agent, a sizing agent in textiles [10], additives and antimicrobial 

coating for paper product [11-13].  

To date, a number of different modified starches have been developed, which have 

become important industrial materials [14, 15]. Compared to other modification 

methods, alkali-treated starch is a more convenient and cost-effective way. Low-

temperature swelling and gelatinization of starch can be induced by the addition of 

aqueous alkali [16]. The alkalizing agents have been used to produce modified starch 

products having the properties different from those prepared from native [17]. 

Alkalizing agents, such as sodium hydroxide, are widely used in the production of many 
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traditional food products [17, 18]. During alkaline steeping, starch can undergo changes 

in microstructure and physicochemical properties [19], depending on the type of 

alkalizing agent, concentration used, duration of steeping, and type of starch. Some 

studies of alkali hydrolysis have mainly focused on corn starch [20, 21], pea starch 

granules [22], rice starch[23], and sago starch [24, 25]; and the work was with respect to 

the surface morphological and structural changes of starch granules, protein content, 

solubility and starch crystallinity after the alkali or NaOH-treatment.  

Numerous reports are focused on the physical properties of alkali-treated starch and 

their application in food industry. However, there is lack of investigation on the 

application of alkali-treated starch in paper industry. The application of protein and 

starch surface sizing for oil and grease resistance used as a paper sizing and coating 

composition was reported by Billmers et al [26] in their patent work. Such coating 

composites including starch and a water-soluble protein were proved suitable for use in 

food packaging that was effective over a range of atmospheric conditions. However, the 

alkali-treated starches were not applied for grease resistant study.  

The main purposes of this work were to investigate the effect of alkali treatment on the 

surface morphological changes of potato starch granules, and the efficiency of grease 

resistance of paper after one-side coated with the resulting alkali-treated starch. This 

study provides important information in developing low-cost and green-based grease 

resistant materials by using alkali-treated starch and helps broaden the use of starch in 

papermaking and related industry. 
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5.2 Experimental  

5.2.1 Materials 

Base papers for coating used in this study were supercalendered paper with a base 

weight of 55g/m
2
, which were kindly provided by J.D. Irving Limited (Saint John, NB, 

 anada).  tarch from potato; sodium hydroxide ( aO ), reagent grade, ≥9 %, pellets 

(anhydrous); sodium azide (NaN3, ≥99.5%) were purchased from  igma-Aldrich, USA. 

5.2.2 Experimental methods 

5.2.2.1 Preparation of NaOH treated starch 

The alkali-treated starch was prepared according to the method in references [22, 24] 

with certain modifications. Several samples of potato starch (5 g dry weight) were 

separately suspended in 100 ml of various NaOH solutions containing 0.01% (w/v) 

sodium azide at 20
o
C. The concentrations of NaOH solution were 0.05, 0.1, 0.15, 0.2, 

0.3, 0.5, 0.75 and 1N respectively. After 15 and 30 days at 20
o
C with intermittent 

shaking by hand to suspend the starch granules, the slurry was filtered through filter 

paper with suction. The residue was washed with distilled water until the filtrate was at 

neutral pH and then twice with anhydrous ethanol. The resulting alkali-treated starch 

was dried overnight at room temperature in a fume hood prior to further characterization. 

5.2.2.2 Coating with treated starch on paper surface 

The resulting alkali treated starch solution was subsequently coated on the surface of the 

supercalendered paper. The coating was performed on a K303 Multicoater (PK Print 

Coat Instruments Ltd, UK). The coating solutions were spread onto the surface of the 
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hand-sheets using a coating bar at a speed of 5m/min, allowing the formation of the 

coated layer with relatively uniform coating thickness. Samples were then dried at 75-

80 °C in oven overnight.  

5.2.3 Characterization of paper sample after treatment with emulsion 

5.2.3.1 Morphology revealed by scanning electron microscope (SEM) 

The morphology of the native and alkali-treated starch granules, after being carbon-

coated, was observed on a SEM (JEOL 6400 SEM, JEOL Ltd., Japan) with 10kV 

accelerating voltage. 

5.2.3.2 Oil/Grease resistance testing 

The oil/grease resistant properties of the sodium alginate coated papers were conducted 

according to TAPPI T507 cm-99. In order to get more accurate results, a scanner 

(CanoScan, LiDE 700F) was employed to check the stained area in this research instead 

of the magnifier addressed in the TAPPI standard. The procedures were described as 

follows. First apply 1.0 ml of the testing reagent uniformly to each of the smaller 

blotters so as to substantially saturate them. Then build a stack of components from 

bottom to top as follows: a) bed plate, b) foil separator, c) stain absorber, d) test 

specimen with side to be tested facing up, e) saturated blotter; repeat b), c), d) and e) 

until make a pile up to 10 specimens, then put the cover with the pressure block (0.9lb) 

to ensure their intimate contact. Immediately place the assemblies in the oven for 24-72h 

at 60 ± 3°C (140
o
F). Then use the scanner to detect the blotter paper every 4h if 

necessary. Finally the percentage of the stained area were calculated and reported. The 
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results were reported as the average of three measurements with standard deviations. For 

comparison, the samples were also tested at room temperature in this work. The 

schematic illustration of the grease resistance testing set-up is shown in Figure.5.1, and 

similar set-up was also used by Trezza et al. for grease resistance test of corn zein 

coated paper [27].  

 

Figure.5.1 Schematic illustration of grease resistance test 

5.3 Results and discussion 

5.3.1 Morphology of native and alkali treated starch 

Micrographs from SEM of native and alkali-treated starch alkali-treated are presented in 

Figure.5.2. For those starch granules after alkali-treatment with different NaOH 

concentrations at 0.05N, 0.1N, 0.15, 0.2N, 0.3N, 0.5N, 0.75N and 1.0N, respectively, 

obvious changes in morphologies were observed. The surface of native starch granules 

appeared smooth, although grooves were evident on some samples; there were no 

observable pores or depressions on the surface [28] of starch granules (Figure.5.2.A-1). 

After alkali treatment of NaOH concentration at 0.05N, the surface of the starch 

granules showed tough and scaly corrosion. There was cementation between the 

granules, allowing them to adhere to each other (Figure.5.2.A-2 & A-3). For starch 

treated with NaOH at 0.1N, the starch granules were almost dissolved or gelatinized 
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with partial graininess can be seen under a higher resolution (Figure.5.2.A-4). 

Furthermore, for the treated starch with NaOH concentration higher than 0.1N, there 

were no residual starch granules appeared and the starch samples were completely 

gelatinized, becoming pasty solution (A-5 to A-8), similar to the samples was 

gelatinized with hot water according to conventional gelatinization method (Figure.5.2. 

A9). The corrugation and roughness observed from the SEM is due to the fact that 

wrinkle and irregular films were formed during drying when the samples were prepared 

for SEM characterization. As a result, it appeared that treatments with NaOH 

concentrations higher than 0.15N resulted in a progressive loss of granular morphology, 

likely due to an alkaline gelatinization phenomenon [29]. So further studies on the 

surface changes of starch granules were focused on the samples treated with NaOH 

concentrations of 0.05N and 0.1 

   
A-1. Native potato starch A-2.with NaOH at 0.05N A-3. with NaOH at 0.05N 

   
A-4. with NaOH at 0.1N A-5. with NaOH at 0.15N A-6. with NaOH at 0.2N 
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A-7. with NaOH at 0.5N A-8. with NaOH at 1.0N A-9. Gelled with hot water 

Figure.5.2 SEM images of alkali-treated starch with different conditions 

A-1. Native potato starch;  A-2.with NaOH at 0.05N; A-3. with NaOH at 0.05N; A-4. with NaOH at 

0.1N; A-5. with NaOH at 0.15N; A-6. with NaOH at 0.2N; A-7. with NaOH at 0.5N; A-8. with NaOH 

at 1.0N; A-9. Gelled with hot water 

5.3.2 Effect of steeping time on structural properties of starch granules 

To further investigate the surface and structure changes in alkali-treated starch granules, 

the samples treated with 0.05N and 0.1N NaOH were prepared. In this work, after 

treatment for 15 and 30 days, both washed and unwashed, dried at 70°C in convection 

oven were prepared for SEM characterization.  

    
A-1 A-2 B-1  B-2 

A. with NaOH 0.05N after 15days, 

unwashed 

B. with NaOH 0.1N after 15 days, 

unwashed 
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C-1 C-2 D-1  D-2 

C. with NaOH 0.05N after 15 days, 

washed 

D. with NaOH 0.1N after 15 days, washed 

    
E-1 E-2 F-1  F-2 

E. with NaOH 0.05N after 30 days, 

unwashed 

F. with NaOH 0.1N after 30 days, 

unwashed 

    
G-1 G-2 H-1  H-2 

G. with NaOH 0.05N after 30 days, 

washed 

H.with NaOH 0.1N after 30 days, washed 

Figure.5.3 SEM for alkali-treated starch after 15 days (A,B,C,D)and 30 days(E,F,G,H), 

unwashed(A,B,E,F)&washed(C,D,G,H). 

From the images shown in Figure.5.3, for both treatments after 15 days and 30 days, the 

granules were adhere to each other; and it was difficult to isolate the granules before 

being washed and more individualized granules exhibited after being washed. The 

samples after 15 day of alkali treatment, many starch granules were observed to be 
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rough and deformed with depressions evident on the surface of the granules [22] for the 

samples treated with NaOH of 0.05N (Figure.5.3-A&C). For those treated with 0.1N 

NaOH, isolated granules were rarely observed and the sample exhibited a gel-like aspect 

[23] (Figure.5.3-B). Even after being washed, some of the granules appeared to adhere 

to each other. The surface of the granules was rougher and, corrosion damage was 

clearly visible (Figure.5.3-D). Longer time, i.e., 30 days in this work, exposure to the 

alkali caused significant further changes to the surface morphology of the starch 

granules for those treated with 0.05N NaOH (Figure.5.3-G), but not so much as for 0.1N 

NaOH treatment (Figure.5.3-H). Further severe structural damage appeared after 30 

days compared to the slight depressions on granules after 15 days treatment.   

5.3.3 Effect of NaOH dosage on grease resistance at room temperature 

The starches alkali-treated with different NaOH concentrions were used for paper 

coating in this work. The NaOH concentrations herein used for starch treatment were 

varied from 0.05N to 0.5N, and the corresponding coating weights were 

4.63±0.33g/m
2 

,or detailed as 4.67g/m
2 

(0.05N), 4.19 g/m
2 

(0.1N), 4.83 g/m
2
 (0.15N), 

4.43 g/m
2 

(0.2N), 5.14 g/m
2 

(0.3N), and 4.49 g/m
2
 (0.5N), respectively. And the grease 

resistant properties of the resulting starch-coated paper were tested and the results are 

shown in Figure.5.4.  

The testing was conducted at room temperature with the testing duration of 48h. The 

percentage of area stained of blotter paper was recorded and calculated for the grease 

resistant properties. The smaller percentage of area stained of the tested blotter paper, 

the better grease resistance the samples had, and vice versa. 
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Figure.5.4 Effect of NaOH concentration on grease resistance 

 

As can be seen from the results shown in Figure.5.4, when the concentration of NaOH 

was at low levels of 0.05N and 0.1N, the area stained percentage of testing samples 

increased from 0% to 30-40 % with the increase of testing time. However, for those 

samples coated with other starches treated with higher NaOH concentrations, the grease 

resistance testing showed 0% area stained of tested samples throughout the entire testing. 

This means that the NaOH concentration has drastic effects on the prosperities of alkali-

treated starch, which further significantly affected the grease resistant properties of 

coated paper. When the NaOH concentration was up to 0.15N, there was no oil/grease 

penetrated the tested sample, suggesting that NaOH at a concentration of 0.15N is 

sufficient for the starch treatment to prevent oil staining. The gelatinization was 

observed due to alkali treatment, shown in the SEM images in Figure.5.2, helped to 

explain the reason. The improved grease resistance can be attributed to the uniform and 
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hydrophilic layer formed on the surface of the paper after coating, which prevent the 

coated paper from oil/grease penetration.  

5.3.4 Effect of coating weight on grease resistance 

To study the oil/grease resistant efficiency for alkali treated starch-coated paper at 

different coating weights and testing temperatures, the samples were tested at room 

temperature (Figure.5.5) and 60 ºC (Figure.5.6) for 72 h respectively. The NaOH 

concentration was set at 0.15N; and different coating weight varied from 4g/m
2
 to 24 

g/m
2
 in this part.  
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Figure.5.5 Grease resistance of alkali-treated starch coated paper at room temperature  
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Figure.5.6 Grease resistance of alkali-treated starch coated paper at 60 ºC 

From the results in Figures.5.5 and 5.6, the grease resistant properties of paper coated 

with NaOH-treated starch were greatly improved, compared to that of the control 

samples (supercalendered paper). Moreover, the grease resistance was enhanced as the 

coating weight increased. It is extraordinary that there was no increase in area stained 

percentage with prolonging the testing duration when samples were tested at room 

temperature (Figure.5.5). The result indicated that there was no oil/grease penetrated the 

testing sample, and the coating layer has complete prevention for oil/grease transmission 

through the coated paper. For those samples tested at 60
o
C, the grease resistant 

efficiency was decreased with testing time increased; on the other hand, the grease 

resistance efficiency was improved with the increase of coating weight. When the 

coating weight was higher than 8 g/m
2
, the percent of area stained increased slowly in 

72h; and the very low level of staining (almost 0%) was obtained when the coating 
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weight reached 15 g/m
2 

and higher. For the coating level at 4.0 g/m
2
 and lower, the area 

percentage remained at a relatively low level over 24 h periods.  However, the effect 

became exponential and the percent of area stained increased dramatically when testing 

time beyond 24h. Linear contrasts showed that the coating weight affected grease 

resistance significantly. Standard deviations of each coating treatment by 4-hourly 

measurement were very high. All those results showed that a higher temperature, a 

longer testing time and a lower level coating weight of starch promoted the oil/grease 

transmission rate through the tested paper, leading to an insufficient effect to hinder the 

oil penetration in the testing samples. According to diffusivity theory, at a higher 

temperature, the oil molecules have a higher diffusion coefficient which is temperature 

dependent. This indicated the enhanced promotion effect of high temperature on the oil 

penetration through the samples. This can partially explain why the grease resistance 

was much better at room temperature than that at 60
o
C shown in Figures.5.5 and 5.6.   

5.4 Conclusions 

The present study provided some insight into the understanding of the effects of 

different concentrations of NaOH on potato starch with respect to structural and 

functional properties. The alkali treatment resulted in structural changes of starch 

granules, which were accompanied by some changes in granules morphologies. The 

subsequent coating with alkali-treated starches on paper surface improved the grease 

resistant properties significantly. Results demonstrated that the concentration of NaOH, 

the coating weight and the testing temperature played important roles in governing the 

grease resistance of the coated paper. 
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Chapter 6 Influence of Sodium Alginate Coating on Moisture/Grease 

Barrier and Mechanical Properties of Paper 

ABSTRACT 

Sodium alginate was used for paper coating to enhance the barrier properties as well as 

the mechanical properties of coated paper. The results showed that sodium alginate 

coating was highly effective in enhancing the barrier for air permeability, oil/grease 

resistance and improving the tensile strength of the coated paper. The grease resistance 

of coated paper was improved by increasing the coating weight of sodium alginate, very 

good grease resistance properties were obtained at the coating weight around 5 g/m
2 

or 

higher, the percentage of area stained of the samples was less than 5% after 72h testing 

at room temperature. Tensile strength increased and air permeability decreased 

dramatically for sodium alginate coated paper. Sodium alginate coating was not 

sufficient to enhance the water barrier properties, neither the water contact angle nor the 

WVTR was satisfying for barrier applications.  

Keywords: Sodium alginate, Coating, Oil/grease resistance, WVTR, Barrier properties 

6.1 Introduction 

Paper products are widely used in packaging industry. As far as food packaging is 

concerned, such like fast food packaging and pet-food storage, the grease/oil resistant 

properties are highly demanded and critically important because those packaging 

materials require an excellent resistance against staining through fat migration from the 

product and penetration in the paper [1]. In addition, paper as packaging materials 
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should also possess other functions such as waterproof, gas barrier, flavor maintaining, 

and surface printable and so on. 

Grease resistant paper is the paper capable of delaying or preventing the penetration of 

greases/oil. Conventional treatments include chemical and physical modification on 

fibers and/or fiber networks or paper with fluorocarbon chemicals [2, 3], waxes and 

polymers, and via coating [4] or laminating with metal foils or plastic films on the 

surfaces to induce grease resistant properties to the paper products. Perng et al. [5] 

discussed in detail the optimization of greaseproof paper properties including the effects 

of furnish, refining, fillers and binders. Surfaces covered by fluorocompounds have been 

extensively applied to paper and paperboard
 
[6, 7]. They can inhibit the wetting of the 

fibres by oil due to their low surface energy, but does not necessarily prevent the oil/fat 

from penetrating the paper. However, due to the negative impact on the environment 

and the high cost, fluorocarbon chemicals also present disadvantages. Nevertheless, the 

typical wax-based coating cannot be separated to the degree necessary to enable 

satisfactory repulping [4], so it is unlikely to recycle the wax coated paper products. 

Therefore, it is necessary to replace these fluorochemicals and petro-based waxes by 

environmentally friendly alternatives which are natural origin, biodegradable and able to 

limit grease/oil penetration. 

Sodium alginate is a water-soluble linear polysaccharide derived from alginic acid, 

extracted from several species of brown algae [8]. The interest in alginate concerns its 

unique colloidal properties, which include film forming, biocompatibility, 

biodegradability, and bioadhesiveness [9]. It has been commonly used for preservation 

of minimally processed food products that can gain widespread acceptance by the 
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industry. Alginate films have been studied as edible coatings to be applied to a variety of 

foods such as fruits and vegetables [10] and meat products [11, 12]. Various kinds of 

sodium alginate films widely used were reported in great numbers. A few studies 

focused on the effects of sodium alginate edible coating on fresh foods [13, 14] for 

frozen storage [15], for antimicrobial activity [16] to protect aroma, flavor, taste or color, 

add value and enhance nourishment quality of the product in order to increase the shelf-

life. And in order to improve specific properties of sodium alginate films, treatment by 

CaCl2 solution as crosslinker were also reported [17, 18].  

The objective of this work was to potentially replace the fluorocarbon-treated paper-

based materials with sodium alginate-coated paper to produce oil/grease barrier 

packaging materials. In addition to the investigation of oil/grease resistance, the water 

barrier properties, air permeability and other properties of the sodium alginate coated 

paper were also investigated. Barrier coatings based on sodium alginate offer benefits 

which can be applied to the paper on-line as an aqueous solution using conventional 

coating techniques. It is easy to handle; and moreover, the use of recoverable oil/grease 

barrier coatings instead of laminates with aluminum or synthetic polymers must benefit 

the environment. However, there were seldom reports on the application of sodium 

alginate in papermaking industry. The most relevant work for evaluating the prospective 

application of alginate films as paperboard laminates as food packaging materials was 

reported by Enflo
 
et al. [19]. Calcium alginate films were manufactured by immersing 

sodium alginate films in a calcium chloride and glycerol solution. The mechanical 

analysis, gas chromatography and oxygen transmission rate were examined. However, 

there were no relevant results for grease resistant properties for the alginate film 
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laminated paperboard. To take advantage of sodium alginate being a biopolymer with 

fat adsorption properties and having good film-forming capacities, a serial of sodium 

alginate-coated paper was prepared and the resulting oil/grease barrier properties were 

mainly studied in this work. 

6.2 Experimental  

6.2.1 Materials 

Base papers for coating used in this work were supercalendered paper with a base 

weight of 55g/m
2
, which was kindly provided by J.D. Irving Limited (Saint John, NB, 

Canada). Sodium alginate from brown algae was received as solid with tan to light 

brown color, with viscosity at 5.0-40.0 cps and pH 5-8 (1%, 25°C in water) from Sigma-

Aldrich, USA. 

6.2.2 Experimental methods 

6.2.2.1 Preparation of sodium alginate solution 

Sodium alginate powder was added to constantly stirring distilled water at room 

temperature, and the mixture was constant stirred until clear when the sodium alginate 

powder was completely dissolved. Mass concentration of 2% and 5% sodium alginate 

solutions were prepared respectively.  

6.2.2.2 Coating process 

The resulting sodium alginate solution applied in the coating process was performed 

using a K303 Multicoater (PK Print Coat Instruments Ltd, UK). The sodium alginate 
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solution with different concentrations for coating were separately spread onto the 

surface of the coating base paper using a coating bar at a speed of 5m/min, allowing the 

formation of the coated layer with relatively uniform coating thickness. Finally, the 

samples were then dried at 75-80 °C in an air convection oven overnight [20]. 

6.2.3 Characterization  

The sodium alginate coated paper samples were tested with respect to air permeance, 

contact angle, water vapour transmission rate, grease resistance, tensile strength. 

6.2.3.1 Air permeability 

 he air permeance tests were performed using an Air Permeability  ester “Gurley 

Densometers” (Model: 4  0 ,  roy,  .Y.  A). It is used for determination of the air 

permeance of paper and paperboard according to the Gurley Method conforming to 

TAPPI T-460om-02. The densometer test measures the time required for a given volume 

of air to flow through a standard area of material tested, under light uniform pressure. 

The air pressure is supplied by an inner cylinder of specific diameter and standard 

weight, floating freely within an outer cylinder partly filled with oil to act as an air-seal. 

The sample is held between clamping plates having a circular orifice area of 1.0 

(standard), 0.25 or 0.1 square inch (optional). The Model 4110 used in this work 

includes a 20 oz. cylinder and 1.0 square inch orifice lower clamp plate and upper 

adapter. The 20 oz. cylinder is graduated to 25cc for the first two spaces and 50cc for 

each space thereafter, for a total of 300cc. The samples test conditions were at 23°C and 

50% RH. The results are reported in seconds as the average of five measurements. 
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6.2.3.2 Oil/Grease Resistance testing 

The oil/grease resistant properties of the sodium alginate coated papers were conducted 

according to TAPPI T 507 cm-99 “Grease resistance of flexible packaging materials”. In 

order to get more accurate results, a scanner (CanoScan, LiDE 700F) was employed to 

check the stained area in this research instead of the magnifier addressed in the TAPPI 

standard. The procedures were described as follows. First apply 1.0 ml of the testing 

reagent uniformly to each of the smaller blotters so as to substantially saturate them. 

Then build a stack of components from bottom to top as follows: a) bed plate, b) foil 

separator, c) stain absorber, d) test specimen with side to be tested facing up, e) 

saturated blotter; repeat b), c), d) and e) until make a pile up to 10 specimens, then put 

the cover with the pressure block (0.9lb) to ensure their intimate contact. Immediately 

place the assemblies in the oven for 24-72h at 60 ± 3°C (140
o
F). Then use the scanner to 

detect the blotter paper every 4h if necessary. Finally the percentage of the stained area 

was calculated and reported. The results are reported as the average of three 

measurements. For comparison, the samples were also tested at room temperature in this 

work. The schematic illustration of the grease resistance testing set-up is shown in 

Figure.6.1, and similar set-up was also used by Trezza et al. for grease resistance test of 

corn zein coated paper [21].  
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Figure.6.1 Schematic illustration of grease resistance test 

6.2.3.3 WVTR test  

The WVTR tests procedures in this part are the same as addressed in reference [22, 23] 

with modification. In this study, the testing samples were sealed in the testing 

impermeable dishes containing saturated potassium nitrate solution at 90% RH or 

magnesium nitrate solution at 50% RH. WVTR determination was also carried out in 

accordance with TAPPI T464 om-12 at 37.8C (100F) and 90% RH & TAPPI T 448 

om-09 at 23C and 50% RH. The dishes assembly was weighed periodically and the 

changes in the weight were plotted as a function of time [22]. The WVTR values were 

calculated from the slope of weight changes versus time. 

6.2.3.4 Water contact angle measurement 

In order to detect the water resistant properties of sodium alginate coated paper, the 

samples after treatment were investigated via water contact angle measurements, which 

were conducted with the Sessile Drop test method using a versatile optical tensiometer 

(Theta Attension Tensiometer, Attension/Biolin Scientific, Finland). A drop of distilled 

water (3µl) was deposited on the surface of tested specimen. The live contact angles 
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were recorded by video and the dynamic values as a function of time were also 

calculated by the analysis software. Each sample was measured on 5 different points and 

the average values and standard deviation were obtained. 

6.2.3.5 Determination of tensile strength 

Tensile strength testing was carried out in a controlled environment of 23C and 50% 

RH on the L&W Tensile Tester (Lorentzen & Wettre, Sweden), according to TAPPI T 

494, T 403, and T 414, respectively. Specimens of 1.5 cm×10 cm rectangular strips were 

used for tensile test. The average of ten tests was taken for each sample. 

6.3 Results and discussion 

6.3.1 Effect of coating weight on air permeability 

Air resistance is the resistance to the passage of air, offered by the paper structure, when 

a pressure difference exists across the boundaries of the specimen. It is quantified by 

obtaining the time for a given volume of air to flow through a specimen of given 

dimensions under a specified pressure, pressure difference, temperature, and relative 

humidity. 

The air resistance of paper may be used as an indirect indicator of Z-directional fluid 

permeance, as well as other variables such as: degree of beating refining, absorbency 

(penetration of oil, water, etc.), apparent specific gravity, and filtering efficiency for 

liquids or gases. As described in TAPPI 460om-02 air resistance is influenced by the 

internal structure and also the surface finish of the paper. Internal structure is controlled 

largely by the type and length of fibers, degree of hydration, orientation, and compaction 
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of the fibers; as well as the type and amount of fillers and sizing. Since the base paper 

used in this work was the supercalendered paper from industry, the internal structures 

could not be changed any more. Therefore, the air permeability would be dominated by 

the conditions of surface treatment, especially by the coating weight changes of sodium 

alginate.  

The air permeability results are shown in Figure.6.2. As can be seen, the coating weight 

of sodium alginate played an important role in air resistance of paper. With the increase 

of coating weight, the time required for the inner cylinder to descend the required 100ml 

(from the 150ml mark to the 250ml mark, TAPPI T 460) increased significantly, which 

means the air permeability of testing samples decreased dramatically. For the control 

samples, the time required was 412s. For those samples with coating weight around 

2g/m
2 

and higher, the time required exceeded 1800s; especially for the samples with 

coating weight at 7 g/m
2
, the time consumed too long to be recorded, which were out of 

the range of the Gurley method. However, this revealed at least the fact that those 

samples have very low air permeability; and the air resistance has been improved 

significantly after sodium alginate coating. One possible reason for the low air 

permeability is the decreased porosity of the paper after coating. This is consistent with 

the results reported by Duraiswamy et al. [24] on the ethylated starch-sized papers. 

Moreover, it was also proved that the inherent hydrophilicity of sodium alginate makes 

it excellent barrier to nonpolar substances such as oxygen and some aroma compounds 

[25]. And alginate films have been reported to reduce oxygen transport and aroma loss 

in various food products [26]; likewise, the films also showed capability to decrease the 

air permeability in this work. 
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Figure.6.2 Effect of coating weight on air permeability of sodium alginate coated paper 

6.3.2 Contact angle measurement 

The water contact angle results and the related images are shown in Figures.6.3 and 6.4, 

respectively. Due to the inherent hydrophilic property and plenteous hydroxyl groups in 

sodium alginate, all the contact angle results of sodium alginate coated paper were 

below 90°. Although there was a slight increase in contact angle when the coating 

weight was up to 3g/m
2
, the contact angle results were still at relatively low levels 

around 60°. The images in Figure.6.4 demonstrated the water contact angles after a 

water droplet was dropped on the paper surface with different coating weight. Another 

explanation for the low degree of contact angle might be the uniformity and smoothness 

of the coated film composted of sodium alginate. This uniform film with dense structure 

and low porosity endowed the coated paper with low contact angle. Similar conclusion 

was addressed by Yuan et al. [27] the contact angle on a smooth surface was lower than 

that on a porous surface with the same composition. 
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Figure.6.3 Effect of coating weight on water contact angle of sodium alginate coated paper 
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Figure.6.4 Contact angle images of sodium alginate coated paper 

6.3.3 Oil/Grease resistance results   

To study the oil/grease resistant properties of sodium alginate coated paper, the samples 

were tested at room temperature and 60 ºC for 72 h respectively. The grease resistant 

results are shown in Figure.6.5 and Figure.6.6.  
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Figure.6.5 Grease resistance results of sodium alginate coating paper (room temperature) 
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Figure.6.6 Grease resistance results of sodium alginate coating paper (60 °C) 

As can be seen, the grease resistant properties of paper coated with sodium alginate 

were greatly improved compared to that of the control samples. The less percentage of 

area stained of the tested blotter paper, the better grease resistant properties the samples 
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had, and vice versa. On one hand, for both testing conditions, the percentage of area 

stained increased with testing time increased, which means that there was more oil 

penetrated through the testing samples in a relatively longer time period. On the other 

hand, based on the results for both testing conditions, when the coating weight increased, 

the percentage of area stained decreased, which means that the grease resistant 

properties were better at a higher coating weight. For the 5.5 g/m
2
 and 7.5 g/m

2
 coating 

levels, both at room temperature and 60
o
C, the increase in percentage of area stained 

over time was almost linear and the percent of area stained was kept at relatively low 

level even after 72h testing. However, for the coating level at 3.0 g/m
2
 and lower, the 

effect was exponential and the percent area stained increased dramatically with time 

increased. Linear contrasts showed that the coating weight affected grease resistance 

significantly. Standard deviations of each coating treatment by 4-hourly measurement 

were very high. 

By comparison of the results obtained under different temperatures, better grease 

resistant properties of coated paper tested at room temperature (in Figure.6.5) were 

obtained compared to those at 60
o
C (in Figure.6.6). According to the diffusivity theory, 

at a higher temperature, the oil molecules possess a higher diffusion coefficient which is 

temperature dependent. In other words, the high temperature promotes the oil 

penetration through the samples. For the samples tested at both room temperature and 

60
o
C, after 24h testing, paper with 7.5g/m

2
 coating level treatment still showed zero 

percentage area stained. Even for testing after 72h at room temperature, the samples 

from the two higher coating levels at 5.5 and 7.5g/m
2
 showed less than 5% area stained. 

While for those tested at 60
o
C, the percent area stained reached 15% or higher when 
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time exceeded 48 hours, suggesting that both coating weight and temperature were both 

very important factors in grease resistance of sodium alginate coated papers. 

6.3.4 Water vapour transmission rate  

The WVTR values of the paper treated by sodium alginate coating are shown in 

Table.6.1. The WVTR testing was conducted at 23C and 50% RH, 37.8C and 90% RH 

in accordance with the TAPPI standards.   

Table.6.1 Effects of coating weight on WVTR results  

Coating weight  (g/m
2
) WVTR ( g/m

2
/d) 

Designed  Measured  38 ºC, 90%RH 23 ºC, 50%RH 

0(control) 0 3270.1 1534.0 

1.5 1.65±0.39 2675.9±364.4 1489.3±220.6 

2.5 2.86±0.28 2570.3±243.3 1434.9±310.7 

3.5 3.69±0.23 2738.2±477.1 1226.6±261.8 

4.5 4.69±0.17 2466.1±539.6 1167.1±246.8 

5.5 5.71±0.44 2664.7±453.9 1398.9±108.0 

7.5 7.39±0.30 2372.2±111.3 1309.4±34.8 

 

From the results shown in Table.6.1, the sodium alginate coating papers provided barely 

any barrier against water vapour. Since the base papers were coated by sodium alginate, 

both of which are hydrophilic and sensitive to water vapour. This means that not only 

the pores in paper but also the sodium alginate coating layer may take up water, 

therefore the hydrophilic nature of the coating material limited the water resistant 

properties of the coating papers. As a result, the sodium alginate coating layer became 

the limiting factor affecting the water vapour barrier properties of the coated papers. As 

shown in Table.6. 1, there was no obvious decrease in WVTR values with the increase 
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of coating weight under both testing conditions, compared with the base paper. This is 

also coordinate with the results of contact angle measurement and the same reason for 

the low contact angle for coated papers. 

6.3.5 Tensile strength results 
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Figure.6.7 Tensile strength of sodium alginate coating paper 

The results of tensile strength of sodium alginate coated paper with different coating 

weight are illustrated in Figure.6.7. The tensile strength of the samples increased 

significantly to 3.58KN/m with sodium alginate coating weight of 1.5g/m
2
, compared to 

1.68KN/m for control papers, indicating that the sodium alginate coating is highly 

effective in improving the tensile strength. However, the results also indicated that there 

was no distinct increase in the tensile strength as the increasing the coating weight 1.5 to 

7.5g/m
2
. In other words, coating weight changes have very limited impact on the tensile 

strength.  
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Although the coating weights were very low in comparison with the grammage of the 

base papers at 55g/m
2
 and the tensile strength of the coated paper was not changed very 

much when the coating weight exceeded 1.5g/m
2
, thus the tensile strength of the coated 

papers was dominated by the sodium alginate coating layer. A thin film of sodium 

alginate coating layer would be formed as a result of the entanglements of alginate 

chains when water was removed. The contribution of the excellent film-forming 

capacity and high tensile strength of sodium alginate film was also shown in the work of 

 illagόmez-Zavala et al. [28]. And the enhanced tensile strength by addition of sodium 

alginate in composites films of sago starch films or soy protein isolate films [29, 30] was 

also reported. Coordinately, the good tensile strength of sodium alginate was 

demonstrated convincingly by the significant increase in tensile strength for coated 

paper observed in this work. 

6.4 Conclusions 

In this work, the supercalendered paper was coated by sodium alginate to increase the 

barrier and mechanical properties of paper. The results demonstrated that sodium 

alginate coating was highly effective in enhancing the barrier for air permeability, 

oil/grease resistance and improving the tensile strength of the coated paper. It was also 

shown that the grease resistance of coated paper was improved by increasing the coating 

weight of sodium alginate, and the excellent grease resistant properties were obtained at 

the coating weight around 5 g/m
2 

or higher, and the percentage of area stained of the 

samples was less than 5% after 72h testing at room temperature. Tensile strength 

increased and air permeability decreased dramatically after sodium alginate coating. On 
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the other hand, it was found that sodium alginate coating was not sufficient to enhance 

the water barrier properties since neither the water contact angle nor the WVTR could 

be satisfying for the hydrophobic application. For high quality packaging products both 

excellent water and oil/grease barrier properties are required. Therefore, further 

modification on sodium alginate coating should be performed in an attempt to lowering 

WVTR. 
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Chapter 7 Preparation of IPNs of Sodium Alginate and PDMS and 

Their Application in Improving Grease Resistance of Paper 

ABSTRACT 

IPNs composed with hydrophilic sodium alginate and hydrophobic hydroxyl-terminated 

PDMS were prepared and applied on paper surface coating to develop barrier properties 

of coated paper. The cohydrolysis of the PDMS and TMOS under mild alkaline 

conditions in sodium alginate solution led to the formation of hydrophilic-hydrophobic 

hybrid networks and spherical particles. These networks are expected to be stable with 

respect to hydrolysis and crosslinking reaction. The results showed that the barrier 

properties of the coated paper differed significantly for various IPNs prepared under 

different conditions. The contact angle measurement demonstrated that IPNs containing 

PDMS could enhance the hydrophobic properties of the coated papers greatly with 

contact angle as high as 140
o
.  The IPNs with higher sodium alginate played positive 

roles in increasing the grease resistance of coated papers. However, there was no 

significant decrease in WVTR. 

Keywords: IPN, Sodium alginate, PDMS, Water contact angle, WVTR, Grease resistant 

7.1 Introduction 

Interpenetrating polymer networks (IPN) is regarded as a combination of two or more 

incompatible polymeric networks, at least one of which is synthesized and/or 

crosslinked in the presence of the other [1]. The two polymeric components in the IPN 

systems are separately cross-linked into two interpenetrated networks without chemical 
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bonds between them [2]. With the polymeric synthetic and the crosslinking reaction, the 

reacting components are well mixed, and permanent interlocking of polymer segments 

of different networks limits the degree of phase separation [3].Typically, there are two 

ways of synthesizing IPNs: sequential crosslinking and simultaneous cross-linking, 

depending on the sequence and how the two polymeric networks were formed [2, 4, 5].  

The objective of this work was to prepare the IPNs consisting of sodium alginate (SA) 

and hydroxyl-terminated poly (dimethyl siloxane) (PDMS); and the resulting IPNs were 

then applied to the paper surface via coating in an attempt to enhance the paper barrier 

properties. Effects of the IPNs coating on the barrier properties, including air 

permeability, water vapour barrier properties and grease resistant properties of the 

treated paper, were systematically studied.  

Alginate is a polysaccharide extracted from brown seaweed composed of a-1, 4-L-

glucuronic acid and poly-β-1, 4-Dmannuronic acid in varying proportions by 1–4 

linkages. It is hydrophilic and a suitable candidate for chemical modification due to the 

carboxyl and hydroxyl groups distributed along its backbone [6]. Poly (dimethyl 

siloxane) (PDMS) also has a good application prospect in biomedical field due to its 

good biocompatibility, mechanical strength and ease of fabrication [7, 8]. The feature of 

this work lies in the fact that the hydrophilic and hydrophobic phases were chemically 

linked into one interpenetrating polymer network during the preparation process, with 

the aim to make the most of the advantage of the complementary characteristics from 

both polymers.  

The research was conducted over three stages. In the first stage, the reaction ratios and 

the potential reactions between PDMS and TMOS (as crosslinker) were investigated to 
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determine the optimum reaction conditions for the first network of the IPNs. In the 

second stage, effects of different ratios between PDMS and SA, as well as reaction 

temperatures for forming the IPNs were investigated. In the last stage, the coating 

process was studied along with the other influencing factors to examine the synergetic 

effects on the barrier properties of coated paper, i.e., air permeability, water vapour 

barrier property and grease resistance. The schematic illustrations of the three stages are 

shown in Figures.7.1 and 7.2. 
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Figure.7.1 Potential reactions between PDMS and TMOS and preparation route of IPNs 
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Figure.7.2 Schematic of IPNs coating on paper surface 

7.2 Experimental  

7.2.1 Materials 

Hydroxyl terminated Poly (dimethyl siloxane), PDMS, average Mn=550; Tetramethyl 

orthosilicate, TMOS, molecular weight 152.22, ≥99%, were purchased from  igma–

Aldrich, USA. Sodium Alginate, from brown algae, was received as solid with tan to 

light brown color, viscosity at 5.0-40.0 cps and pH 5-8 (1%, 25°C in water) from 

Sigma–Aldrich, USA. CaCl2, anhydrous, was from Fisher Scientific. Base paper for 

coating used in this work was supercalendered paper with a base weight of 55g/m
2
, 

which was kindly provided by Irving Limited Co. (Saint John, NB, Canada). 

7.2.2 Methods 

7.2.2.1 Preparation of IPNs  

The key for a sequential IPN is that, the first network is formed by polymerizing the first 

mixture of monomers or reactive polymer chains, and then swollen with the second 

combination of monomers or reactive polymer chains and crosslinking agent and 

polymerized to form an IPN. A simultaneous IPN is formed by polymerization of two 

different monomers or polymer chains along with complementary crosslinking agent 
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pairs together in one step. The key to the success of this process is that the two 

components must be polymerized or crosslinked by reactions that will not interfere with 

the other one [2].  

In this work, the IPNs were synthesized via a combination of those two synthesis ways. 

In the first step, various molar ratios of PDMS and TMOS were mixed together, and 

water with alkaline (pH=7.2) was added at four equivalents of TMOS for cohydrolysis 

of TMOS and PDMS. Meanwhile, sodium alginate liquor solution of 2% and 5% were 

prepared ready for use. After the optimum reaction ratio between TMOS and PDMS was 

determined in the first step, the mixture of PDMS and TMOS after 30min stirring was 

added into the SA solution and kept stirring for another 30min in the second step. The 

aim for this was to hydrolyze TMOS and polymerize the first network with PDMS and 

TMOS using the water in the SA solution in alkali environment. This step was followed 

by the addition of CaCl2 as a crosslinker for SA network. Afterward, the entire reaction 

system was stirred and kept for 2 hours at 20
 o
C or 80

o
C [9] to synthesize various IPNs.  

7.2.2.2 Paper surface coating with IPNs 

The coating of resulting IPNs on paper was performed using a K303 Multicoater (PK 

Print Coat Instruments Ltd, UK). The IPNs for coating were separately spread onto the 

surface of the base papers using a coating bar at a speed of 5m/min, allowing the 

formation of the coated layer with relatively uniform coating thickness. Finally, the 

samples were dried at 75-80°C in an air convection oven overnight [10]. 
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7.2.3 Characterization 

7.2.3.1 FT-IR  

The FT-IR spectra of IPNs were recorded using a Spectrum 100 Series (PerkinElmer 

Ltd, Beaconsfield, BUCKS, United Kingdom) equipped with an attenuated total 

reflectance device for solids analysis and a high linearity lithium tantalite (HLLT) 

detector, in transmission mode, at 2 cm
–1 

resolution and 32 scans. 

7.2.3.2 SEM  

The morphology of the resulting IPNs and the paper treated by IPNs were observed on a 

scanning electron microscope (SEM) (JEOL 6400 SEM, JEOL Ltd., Japan) after being 

carbon coated with 10kV accelerating voltage. 

7.2.3.3 Air permeability 

The air permeability tests were performed using an Air Permeability  ester “Gurley 

Densometers” (Model: 4  0 ,  roy,  .Y.  A). It is used for determination of the air 

permeance of paper and paperboard according to the Gurley Method conforming to 

TAPPI T-460om-02. The densometer test measures the time required for a given volume 

of air to flow through a standard area of material tested, under light uniform pressure. 

The air pressure was supplied by an inner cylinder of specific diameter and standard 

weight, floating freely within an outer cylinder partly filled with oil to act as an air-seal. 

The sample was held between clamping plates having a circular orifice area of 1.0 

(standard), 0.25 or 0.1 square inch (optional). The Model 4110 used in this work 

includes a 20 oz. cylinder and 1.0 square inch orifice lower clamp plate and upper 
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adapter. The 20 oz. cylinder was graduated to 25cc for the first two spaces and 50cc for 

each space thereafter, for a total of 300cc. The samples test conditions were at 23°C and 

50% RH. The results were reported in seconds/100ml as the average of five 

measurements. 

7.2.3.4 Water contact angle measurement 

In order to detect the hydrophobic properties of the IPNs coated paper, the samples after 

treatment were investigated via water contact angle measurements, which were 

conducted with the Sessile Drop test method using a versatile optical tensiometer (Theta 

Attension Tensiometer, Attension/Biolin Scientific, Finland). A drop of distilled water 

(3µl) was deposited on the surface of tested specimen. The live contact angles were 

recorded by video and the dynamic values as a function of time were also calculated by 

the analysis software. Each sample was measured on at least 5 different points and the 

average values and standard deviation were obtained. In addition, the contact angle 

changes with time were also recorded and calculated.  

7.2.3.5 Oil/ Grease resistance  

The oil/grease resistant properties of the IPNs coated papers were conducted according 

to TAPPI T 507 cm-99 “Grease resistance of flexible packaging materials”. In order to 

get more accurate results, a scanner (CanoScan, LiDE 700F) was employed to check the 

stained area in this research instead of the magnifier addressed in the TAPPI standard. 

The procedures were described as follows. First apply 1.0 ml of the testing reagent 

uniformly to each of the smaller blotters so as to substantially saturate them. Then build 

a stack of components from bottom to top as follows: a) bed plate, b) foil separator, c) 



 

 

169 

stain absorber, d) test specimen with side to be tested facing up, e) saturated blotter; 

repeat b), c), d) and e) until make a pile up to 10 specimens, then put the cover with the 

pressure block (0.9lb) to ensure their intimate contact. Immediately place the assemblies 

in the oven for 24-72 hours at 60 ± 3°C (140
o
F). Then use the scanner to detect the 

blotter paper every 4h if necessary. Finally the percentage of the stained area was 

calculated and reported. The results are reported as the average of three measurements. 

For comparison, the samples were also tested at room temperature in this work. The 

schematic illustration of the grease resistance testing set-up is shown in Figure.7.3, and 

similar set-up was also used by Trezza et al. for grease resistant test of corn zein coated 

paper [11].  

 

Figure.7.3 Schematic illustration of grease resistance test 

7.2.3.6 WVTR test  

The WVTR tests procedures in this part are the same as addressed in reference [12, 13] 

with modification. In this study, the testing samples were sealed in the testing 

impermeable dishes containing saturated potassium nitrate solution at 90% RH or 

magnesium nitrate solution at 50% RH. WVTR determination was also carried out in 

accordance with TAPPI T464 om-12 at 37.8C (100F) and 90% RH & TAPPI T 448 
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om-09 at 23C and 50% RH. The dishes assembly was weighed periodically and the 

changes in the weight were plotted as a function of time [12]. The WVTR values were 

calculated from the slope of weight changes versus time.  

7.3 Results and discussion 

7.3.1 Determination of reaction ratio between PDMS and TMOS 

In this work, the TMOS after hydrolysis is supposed to be used as the crosslinker for the 

formation of the first PDMS network. There are three methods to hydrolyze TMOS: the 

acid method, the alkaline method, and the one induced by fluoride salt solutions [14]. 

During the preparation process in this work, the TMOS and the PDMS were 

polymerized in the presence of the SA solution at pH around 7.2. Therefore, those two 

materials were cosslinked in the alkali condition [15], or this reaction can be called 

cohydrolysis based on the similar reaction between PDMS and tetraethoxysilane (TEOS) 

[16, 17], which led to simultaneous occurrence of the formation of a condensed 

polysiloxane network with cross-linking points [16]. In attempt to identify an appreciate 

reaction ratio between PDMS and TMOS, the reaction conditions and the primary 

results of the barrier properties for coated paper are listed in Table.7.1. In this step, 

instead of sodium alginate solution, water with alkali pH around 7.2 was added at a 4:1 

molar ratio to TMOS. 

Based on the reaction and results shown in Table.7.1, it was concluded that the fairly 

good hydrophobic property or high water contact angle of coated paper was obtained 

when the molar ratio of PDMS to TMOS was 1:1. With a low coating weight of sodium 

alginate, the primary results on grease resistance were also satisfying. Therefore, the 



 

 

171 

molar ratio or PDMS to TMOS at 1:1 was determined for the next steps, since both the 

grease resistance and the hydrophobic properties were satisfying for the treated paper. 

This determination was similar with the reaction condition in literature [17]. 

Table.7.1  Reaction conditions for PDMS and TMOS  

Samples Mole ratio  H2O(g) 

(4:1(mole) 

to TMOS) 

PDMS/ 

TMOS 

coating 

weight 

Contact 

angle 

Outcome  

description 

SA 

coating 

weight  

Grease 

resistant 

(area%, 

48h) 
PDMS TMOS 

control 0 0 0 0 58 NA 0 69.14  

1 100  0  0  10.34  91.35 PDMS 4.5 58.86  

2 99  1  0.0026 11.63 90.25 Transparent 

liquid 

6.7 18.32  

3 95  5  0.014 12.97  81.32 Liquid with 

solids 

6.1 29.32  

4 90  10  0.029 11.66 94.11 Cloudy with 

granules 

2.9 67.28  

5 70  30  0.11 10.81  83.90 Cloudy with 

granules 

6.1 49.82  

6 50  50  0.26 11.36 102.96 transparent 3.7 22.13  

7 10  90  2.36 NA NA Solid layer 

&little liquid 

NA NA 

8 5  95  4.97 8.50 89.21 Oily layered 

Liquid  

8.8 31.49  

9 1  99  25.92 NA  NA Too much 

Water  

NA NA 

10 0  100  0.24 NA  NA Crystal solids NA NA 

7.3.2 Preparation and results of IPNs 

There was a set of eight IPNs prepared based on different experimental variables, shown 

in Table.7.2. The molar ratio of PDMS: TMOS is 1:1, effects of SA concentration (2% 

and 5%), crosslinker (CaCl2), and different reaction temperatures were studied in this 

work. All the IPNs presented gel or emulsion like products. 
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Table.7.2 Reaction conditions for IPNs   

IPN # PDMS TMOS SA CaCl2 Temperature Coating weight 

1 1 1 2%  N 20
o
C 7.65 

2 1 1 5% N 20
o
C 9.89 

3 1 1 2% Y 20
o
C 9.97 

4 1 1 5% Y 20
o
C 11.77 

5 1 1 2% N 80
o
C 10.33 

6 1 1 5% N 80
o
C 9.96 

7 1 1 2% Y 80
o
C 8.67 

8 1 1 5% Y 80
o
C 10.46 

 

7.3.3 FT-IR analysis for IPN 
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Figure.7.4 FT-IR spectra of (a) Sodium alginate and (b) SA/PDMS IPN 

The FTIR spectra of the sodium alginate, SA/PDMS IPNs were recorded and compared 

(Figure.7.4). The spectrum of sodium alginate showed important absorption bands 

regarding hydroxyl, ether and carboxylic functional groups. Stretching vibrations of O-
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H bonds of alginate appeared in the range of 3000–3600 cm
− 

 (3450 cm
-1

) [18]. Other 

characteristic peaks of sodium alginate are -COO-(1,620 cm
-1

 and 1,410 cm
-1

) and C–O 

stretching vibration of secondary alcohol is 1110 cm
-1

, C–O stretching vibration of 

tertiary alcohol is 1150 cm
-1 

[19], which verified that the chemical structure of alginate 

in IPN was not changed.  

From the spectra of IPN, the peaks at around 3300-3400cm
-1

 are attributed to the -OH 

functional group, and the characteristic peaks at 2965.31 cm
-1

, 2905.30 cm
-1

, 1613.89 

cm
-1

 and 1408.14cm
-1

 and the peaks around 1000cm
-1 

for Si-O peaks are from the 

PDMS-TMOS network in IPN, the similar results were obtained in reference [20]. The 

absorption peaks originated from sodium alginate and PDMS are both presented in IPN 

spectra, indicating that the polymer chains have been well incorporated in the network 

structure. 

7.3.4 SEM analysis of IPNs 

The morphology of the IPNs of PDMS/SA has been studied by SEM, shown in 

Figure.7.5. Dried IPNs were dipped in liquid nitrogen and fractured. The images (a) (b) 

(c) (d) shown in Figure.7.5 are corresponding to the IPNs3, 4, 6, and 8 in Table.7.2. 

Pictures (a) (b) are chosen for the comparison of different sodium alginate solutions, 

while (c) (d) were prepared with or without CaCl2 at 80
 o

C. As can be seen from the 

pictures, the IPNs exhibited heterogeneous morphology consisting of dispersed spherical 

particles. Noteworthy the fact that, the IPNs image characteristics varied due to the 

different preparation conditions.  
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Figure.7.5 SEM images for IPNs, (a) (b) (c) (d) are corresponding to the IPNs3, 4, 6, 8 

From the comparison of (a) & (b), it can be concluded that with a lower SA 

concentration (2%), the IPNs have more chances to get well-distributed hydrophilic SA 

and hydrophobic PDMS hybrid networks with comparatively average granules. While 

for the IPNs prepared with higher SA concentration at 5%, the particles size distribution 

is not uniform.  

Furthermore, to compare images (c) (d) with (a) (b), it is obvious that much denser 

networks and better-distributed granules size were obtained at higher reaction 

temperature (80
o
C). It may be explained in the way that the higher temperature 

promoted the curing process for the PDMS/SA networks, thus leading to a denser and 

compact structure.  

It was also mentioned in the literature that, the morphology of the IPN is dependent on 

several influencing factors, such as the compatibility of the polymers, polymerization 

conditions, scale of mixing, and kinetics of each reaction. Compatibility issues such as 

co-solubility and relative hydrophobicity between the polymers are major constraints in 

IPN formation, as well as the complexity of the synthesis. These issues are particularly 

evident when trying to polymerize networks of hydrophobic and hydrophilic polymers 

simultaneously [21, 22].  
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7.3.5 SEM images for IPNs coated paper samples  

The morphologies of paper after IPNs coating were revealed by SEM, shown in Figure 

7.6. 

 

 

 

Figure.7.6 SEM images for control and IPNs coated paper samples. The images of (c) (e) (g) are the 

higher-magnification(x1000) ones for those of (b) (d) (f) (x300), respectively. Shown in the insets are 

the water contact angle images of static water droplets (3μL) on the samples. 

The contact angle of control sample (i.e., supercalendered paper) was around 59
o 

(see 

Figure.7.6 (a)). It should be noted that, the coating weights of samples (b) (d) (f) were 

10g/m
2
, 1.5g/m

2
, 5.7g/m

2
, respectively. Additionally, the IPNs used for (b) (d) (f) 

coating were IPN4, IPN7, and IPN1 (See Table 7.2 for details). To better observe the 

surface morphology of the coated samples, and understand how the IPNs affected the 

paper surfaces, the images with higher magnifications (x1000) are also presented in 

Figure.7.6. The surfaces of coated samples covered with different IPNs showed 

significant diversities and varied from each other. For sample (d), with the least coating 
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weight, the cellulose fibers can be observed even after being coated, and the image (e) in 

higher magnification showed that the surface was covered by IPN7 evenly with a water 

contact angle of 96°, as shown in Figure.7.6. For sample (f) with a coating weight of 

5.7g/m
2
, the fibers can still be seen vaguely and particles from IPN1 are clearly visible 

in the image with a higher magnification. The particles resulted in a relatively rough 

surface and led to a very high contact angle at 143°for the coated paper surface, which 

can be related to the lotus leaf theory [23, 24] or the nano-structure created on the 

surface. Although the sample coated with IPN4 at a higher level of 10g/m
2
, an evidently 

lower contact angle of 84° was obtained. Particles tangled with sticky gel-like materials 

in IPN on coating layer were presented. All the results from the SEM images showed 

different characteristics of surfaces after IPNs coating and the increase of contact angles 

in various degree as well. However, the results also revealed that, the hydrophobic 

properties for different kinds of IPNs coated papers were not quite strongly linked with 

the coating weight, but were highly dependent on the IPNs structures and properties. 

7.3.6 Air permeability of IPNs coated papers 

The most important permeability factors in packaging foods and drugs are water vapour 

and gas permeabilities. In some instances, the air permeability characteristic assumes 

importance and must be taken into consideration in packaging foodstuffs. This factor is 

of interest because of its relation to possible losses or retention of flavor and odor 

constituents of packaged materials [25]. The results of air permeability of the IPNs 

coated paper were shown in Figure.7.7. 
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Figure.7.7 Effects of IPNs coating on air permeability of coated paper 

Based on the Gurley testing method, the less amount of time required for a certain 

volume of air to pass through a test specimen in the testing, the lower air permeability 

and the better air resistance of the tested samples. As can be seen from Figure.7.7, the 

air permeabilities of the IPNs treated paper ranged from 240 to 600s/100ml. The best 

result of the IPNs coated paper was obtained for the IPN7 coated paper, with an air 

permeability of 240.4s/100ml. The other samples with high air permeability could 

possibly have been caused by the pinholes [26] of the paper and the coating layer. Since 

the results from SEM revealed that the surface of the coated samples presented with thin 

platy aggregates and there was no uniform and continuous films formed. As a result, 

there was a low coverage of the pores among fiber networks, which further induced a 

high transmission rate of the air through the species. Another reason is that PDMS was 
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reported to have excellent oxygen permeability [8]. However, the excellent oxygen 

permeability might be a main defect in the IPNs for the final products in packaging. 

7.3.7 Water contact angle of IPNs coated paper  

The hydrophobic properties of the IPNs coated paper were examined by water contact 

angle measurement. It is one of the effective ways commonly used to demonstrate the 

hydrophobic properties of paper [27-29]. The dynamic measurements of water contact 

angle (up to 10s period) were recorded in this work; and the results were shown in 

Figures 7.8 and 7.9.  

 

control IPN1 IPN2 IPN3 IPN4 IPN5 IPN6 IPN7 IPN8
0

30

60

90

120

150

180

C
o

n
ta

c
t 
a

n
g

le
 /
 o

IPN samples

 

Figure.7.8 Effect of IPNs coating on contact angle of coated paper 
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Figure.7.9 Contact angle changes with time for IPNs coated paper 

 

In general, the water contact angle values of the papers coated with IPNs have been 

increased compared to the control paper, shown in Figure.7.8. The contact angle values 

decreased slightly within 10s testing period, which means that the coating surfaces were 

water resistant and there was not much water absorbed (see Figure.7.9). The reason for 

this may be attributed to the existence of PDMS in the IPNs systems, and PDMS is 

inherently hydrophobic [30, 31]. The water repellence and low-density surface 

properties also make it an attractive material [32]. Further comparison for the different 

IPNs, it is obvious that odd-numbered IPNs (i.e., prepared with 2% sodium alginate 

solutions) showed better results than the even-numbered samples (prepared with 5% 

sodium alginate solutions, see in Table.7.2.). Because sodium alginate is a hydrophilic 

material, therefore, the less sodium alginate was contained in the coating networks, the 
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better hydrophobic of the coated paper. Similar results were reported in the study by 

Ahn et al. [33], it was shown that the hydrophobicity of the hybrid IPN alignment layer 

prepared from organic-inorganic materials was increased with the increase of the 

content of PDMS owing to its low surface energy.  

One distinguishable finding was that, IPN6 coated paper showed a higher contact angle 

compared to the other even-numbered IPNs. The main differences existed in the 

preparation process, since the IPN6 reaction system was heated up to 80
o
C and there 

was no CaCl2 as a crosslinker. As a result, this system is actually can be divided as a 

semi-IPN. Without crosslinking between sodium alginate backbones, there were lower 

chances to lock the sodium alginate chains to form very dense networks. During the 

coating process, the hydrophilic sodium alginate tended to absorb on the hydrophilic 

surface of the paper, while the hydrophobic PDMS might migrate to the upper surface of 

the coating layer, thus leading to the very high water contact angle of the treated paper 

sample.  
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7.3.8 WVTR of IPNs coated papers 
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Figure.7.10 Effect of IPNs coating on WVTR of coated paper (23
o
C) 
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Figure.7.11 Effect of IPNs coating on WVTR of coated paper (38
o
C) 
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The WVTR values of the paper treated by IPNs coating are shown in Figures.7.10 and 

7.11. The WVTR tests were conducted at 23C and 50% RH, 38C and 90% RH, 

respectively, in accordance with the TAPPI standards.   

From the results shown in Figure.7.10, the IPNs coating paper showed very limited 

barrier capabilities against water vapour compared to the control sample with a WVTR 

value of 1534g/m
2
/d. For the samples tested at 38C and 90% RH in Figure.7.11, there 

was not significant decrease in WVTR values either. The reasons may be explained in 

several ways. The first reason can be attributed to the containing of SA in IPNs. Since 

SA is hydrophilic and possesses considerable water absorbing and retaining properties, 

it has been widely used for water absorption or superabsorption applications [34, 35]. 

Further explanation is that moisture has a plasticizing or swelling effect on hydrophilic 

polymers, thus resulting in the increased permeability [36]. On the other hand, the weak 

water barrier properties may be attributed to the platy aggregate observed in SEM, along 

with the excellent permeability of PDMS [5], which were mentioned in the explanations 

for air permeability. 
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7.3.9 Grease resistance of IPNs coated papers 
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Figure.7.12 Effects of IPNs coating on grease resistant properties of coated paper (Room 

temperature) 
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Figure.7.13 Effects of IPNs coating on grease resistant properties of coated paper (60℃) 
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The IPNs coated paper were tested at room temperature and 60
o
C for different time 

intervals (up to 72 h), in order to study the effects of temperature and testing time on the 

grease resistant of IPNs treated paper. The results are shown in Figures.7.12 and 7.13. 

It should be noted that the coated paper presented better grease resistant properties with 

lower percentage of stained area at room temperature than those at high temperature 

(60
o
C).  

When tested at room temperature (Figure.7.12), all the samples presented good grease 

resistant properties with lower than 5% area stained in the first 4 hours. In the 72 h 

testing period, the best results were obtained for the paper coated with IPN 4 and IPN6. 

It was shown that the area stained percentage was nearly 0%, which means that there 

was scarcely any oil penetration through the tested sample in 72 hours. The grease 

resistance results with 10% area stained of samples coated with IPN5, IPN7 and IPN8 

are in the second place. However, the results showed that there were as high as 30-70% 

area stained for the rest of the treated samples, showing relatively poorer grease 

resistance.  

When tested at 60
o
C, the best grease resistant results were obtained for the samples 

coated with IPN8, with a 25% stained area in 72 h testing period. The other samples did 

not show very promising grease resistance since the area stained percent gradually 

increased to 80% or higher in 72 hours.  

The reasons may be attributed to the structures and the properties of the IPNs, and also 

the temperature effects. Based on the grease resistant results, it is not difficult to find out 

that, for the samples coated with IPN 4, 6, 8, better results were obtained regardless of 

testing temperatures. For analysis of the recipes, all these three samples were prepared 
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with 5% sodium alginate solution, which meant that there was relatively higher sodium 

alginate content in the IPNs compared to the other samples except IPN2. For IPN5 and 

IPN7, although the grease resistant results at room temperature were fairly good, the 

results changed when being tested under 60
o
C. For preparation of those two IPNs, 2% 

sodium alginate solution was used. Comparison showed that sodium alginate content 

affected the grease resistance significantly as expected; it is known that PDMS is 

hydrophobic but not oleophobic [37]. These findings revealed that the higher sodium 

alginate content, crosslinking agent, and a higher temperature for IPNs preparation 

played positive roles in enhancing the grease resistance for the IPNs and their coated 

paper. The temperature effect could be elaborated in terms of the diffusivity theory. At a 

higher temperature, the oil molecules possess a higher diffusion coefficient which is 

temperature dependent. In other words, the high temperature promotes the oil 

penetration through the samples.  

7.4 Conclusions 

A new approach for functional coating was developed, which was based on the coating 

layer consisting of hydrophilic sodium alginate and hydrophobic PDMS to form 

interpenetrating polymer networks. The cohydrolysis of the PDMS and TMOS under 

mild alkaline conditions in sodium alginate solution led to the formation of hydrophilic-

hydrophobic hybrid networks and spherical particles. These networks are expected to be 

stable with respect to hydrolysis and crosslinking reaction. Although the synthesis and 

characterization of the IPNs based on PDMS have been largely investigated, the present 

approach appears to be applicable to a variety of hydrophilic-hydrophobic IPNs whose 
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properties can be tuned by selecting appropriate reaction conditions and reagents. The 

results showed that the barrier properties of the coated paper differed significantly for 

various IPNs prepared under different conditions. The contact angle measurement 

demonstrated that IPNs containing PDMS could enhance the hydrophobic properties of 

the coated papers greatly; whereas the IPNs with higher sodium alginate played positive 

roles in increasing the grease resistance of coated papers. However, there was no 

significant decrease in WVTR, which suggested that the IPNs prepared from sodium 

alginate and PDMS were not effective in lowering water vapour transmission rate and 

the challenge in lowering WVTR using the current IPN system still remains.  
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 Chapter 8 Conclusion and Recommendation for Future Work 

The objectives of this dissertation were targeted on improving water/water vapour 

resistant and oil/grease resistant properties for paper-based green packaging materials.  

For the water resistant properties, hydrophobic modified paper was produced via 

plasma-induced polymerization, and the excellent water contact angle around 130
o 

was 

achieved. The study on the application of zein emulsion at wet-end and for surface 

treatment also showed satisfying hydrophobic properties with water contact angle higher 

than 100
o
. However, the water vapour transfer barrier properties, which were evaluated 

by WVTR, were not improved significantly for the plasma-induced hydrophobic 

modified paper. The WVTR values decreased more than 80% of zein emulsion treated 

paper; however they didn’t meet the requirements for the commercial packaging 

products.  

For the grease resistant properties, alkali-treated starch and sodium alginate coating 

were employed. The results showed that both alkali-treated starch and sodium alginate 

coating enhanced the grease properties of the coated paper greatly. It was shown that 

excellent grease resistant properties were obtained at the sodium alginate coating weight 

around 5 g/m
2
 or higher, and the percentage of area stained of the coated samples was 

less than 5% after 72h testing at room temperature. While for alkali-treated starch coated 

paper, when the coating weight was higher than 3.5 g/m
2
 there was no oil penetrated the 

tested sample after 72h testing at room temperature, which indicated the excellent grease 

resistant properties. These two methods are promising for preparing green based 

packaging products since the raw materials are biodegradable and they are easy to 
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handle in industrial production. Moreover, the use of recoverable oil/grease barrier 

coatings instead of laminates with aluminum or synthetic polymers must benefit the 

environment. 

Finally, in order to develop the multi-functional approach to enhance both water 

resistant and grease resistant of treated paper, the IPN system was introduced. Based on 

the results, the water contact angle reached as high as 140
o
, the grease resistant 

properties were improved a lot while lowering WVTR was not promising. 

The summary and comparison of  all approaches  are detailed as follows.  

8.1 Summary of hydrophobic modification of cellulose fibers and paper  

This thesis presented extensive studies to enhance the hydrophobicity of paper products. 

The plasma-induced polymerization appears to be an effective approach to provide 

excellent hydrophobic properties of paper composed of cellulose fibers. After being 

soaked in the monomer mixture for 1 h and treated under 10 W for less than 3 min, the 

modified paper with the contact angle above 120° could be achieved at the monomer 

dosage as low as 4.0 wt% on cellulose fiber. The findings from this thesis work are very 

encouraging in terms of the possibility of increasing the hydrophobic characteristics of 

cellulose fibers substantially through a relatively simple process.  

The handsheets treated with zein emulsion synergetic with stearic acid demonstrated 

that the highly hydrophobic characteristics were developed and the contact angle values 

varied from 90° to 120° or above.  

And the application of synthesized sodium alginate/PDMS interpenetrating networks 

coating on supercalendered paper enhanced the hydrophobic properties of the coated 
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papers greatly. The hydrophilic-hydrophobic hybrid networks with spherical particles 

endued the treated papers with excellent hydrophobic properties with water contact 

angle values 130
o
 and higher. The resulting papers are of great potential as green 

packaging materials.  

8.2 Summary of lowering WVTR of paper 

The lowering of water vapour transmission rate of paper products were also extensively 

studied in this Thesis.  

For zein emulsion treated handsheets via wet-end addition, compared to the untreated 

handsheets, the WVTR values at 23
o
C, 50% RH and 37.8

o
C, 90% RH were decreased 

by as much as 85.9% and 59.9%; and for the samples after combination treatment, the 

WVTR values were decreased by 92.1% and 66.8%, respectively.  

Biodegradable nanocomposites were successfully prepared by incorporating 

hydrophobic modified nano-cellulose fibers in biodegradable PLA matrix. The resulting 

NCF/PLA composites were applied on paper surface by a cast coating method. The 

WVTR tests demonstrated that the modified NCF/PLA composites coating played a 

critical role in lowering WVTR of paper. The lowest WVTR value was 34.6 g/m
2
/d, 

which was obtained with an addition of 1% of modified NCF to PLA and the 

composites coating weight at 40 g/m
2
 and substantially lower than the control value at 

1315 g/m
2
/d. As a result, the paper coated with the modified biodegradable composite is 

promising as green-based packaging materials, thus minimizing the environmental 

concerns. 
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8.3 Summary of grease resistance of paper  

In this work, the supercalendered paper was coated by sodium alginate solution, sodium 

alginate IPNs, and alkali-treated starch separately to increase the grease resistant 

properties.  

The results demonstrated that sodium alginate coating was highly effective in enhancing 

the barrier for oil/grease resistance, as well as air permeability and improving the tensile 

strength of the coated paper. It was also shown that the grease resistance of coated paper 

was improved by increasing the coating weight of sodium alginate, and the excellent 

grease resistant properties were obtained at the coating weight around 5 g/m
2 

or higher, 

and the percentage of area stained of the samples was less than 5% after 72h testing at 

room temperature.  

The effects of NaOH at different concentrations on potato starch with respect to 

structural and functional properties were studied. The subsequent coating with alkali-

treated starches on paper surface improved the grease resistant properties significantly. 

Results demonstrated that the concentration of NaOH, the coating weight and the testing 

temperature played important roles in governing the grease resistance of the coated 

paper. 

The third promising approach to enhance grease resistance of paper was that, coating on 

supercalendered paper with IPNs involving hydrophilic sodium alginate and 

hydrophobic PDMS. The results showed that the IPNs with higher sodium alginate 

played positive roles in increasing the grease resistance of coated papers and there was 

around 25% area stained of the testing sample.  The comparison for each approach and 

the potential for industrial application are listed in Table.8.1. 
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Table.8.1 Comparison of approaches  

Methodology Advantages Limitations Industrial 

readiness 

Plasma-induced 

polymerization to 

enhance paper 

hydrophobicity 

High hydrophobicity; 

Efficient grafting 

Constrained for large 

scale production; 

Limited decrease in 

WVTR  

Difficult  

Zein emulsion to 

enhance water resistance 

High hydrophobicity;  

Wet-end applicable  

Limited decrease in 

WVTR  

Medium 

NCF/PLA coating to 

lower WVTR 

WVTR decreased 

dramatically 

Complicated; High 

cost 

Difficult  

Alkali-treated starch & 

sodium alginate  coating 

for  grease resistance 

Excellent grease 

resistance; Easy to 

produce;  

Cost-effective 

Hydrophilic; Poor 

water barrier 

properties 

Easy 

IPNs to enhance water 

and grease resistance 

Highly hydrophobic, 

Good grease 

resistance 

Limited WVTR; 

Complicated 

Difficult 

 

8.4 Recommendations for future work  

Based on the conclusions above, there are some recommendations for the future work on 

this project.  
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First, further research is required to investigate the relationship between hydrophobic 

properties and lower WVTR of paper products. Based on our work, there are some 

challenges remain in lowering WVTR even if the paper surface is rather hydrophobic 

with high contact angle.  

Second, according to the results demonstrated in this work, applicable multi-functional 

systems have to be developed. Noteworthy the fact that, coatings with natural products 

like sodium alginate and alkali-treated starch provided treated paper with excellent 

grease resistant properties, however, they were not sufficient to enhance the water 

barrier properties since neither the water contact angle nor the WVTR could be 

satisfying for the hydrophobic application. The IPNs containing hydrophilic sodium 

alginate was not effectively lower the WVTR, although they were highly effective in 

hydrophobic modification with extremely high contact angles for coated paper. Whereas, 

for zein emulsion treated paper, or for polymers grafted papers, the WVTR or 

hydrophobic properties were satisfying but further investigation is needed for the grease 

resistant properties. Based on these results, a balanced or combined approach should be 

further developed to meet the requirements of highly barrier paper products, thus to 

broaden the applications of barrier packaging materials. 

Third, the most important one is to study and reveal the mechanisms for both grease 

resistance and water vapour resistance of paper products. As long as the mechanisms 

were revealed, effective approaches could be possible to enhance the barrier properties.  
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