ABSTRACT
TYAGI, PREETI. Nanocellulose-based Sustainable Barrier and Antimicrobial Coatings (Under
the direction of Dr. Lokendra Pal and Dr. Martin Hubbe).
The use of biomaterials, especially nanocellulose, has been limited due to their constraints
for water barrier properties. The other main constraint with biomaterials used for large scale
application is the cost of raw materials and limited supply. The aim of this study is to explore
sustainable ways to modify nanocellulose materials including cellulose nanofibers (CNF) and
cellulose nano crystals (CNC) for obtaining less hydrophilic nanocellulose-based coatings. Along
with obtaining gas, oil and water barrier properties from CNF and CNC, the antimicrobial aspect
was also integrated into nanocellulose coatings to improve the scope of application.
The first part of the research was focused on obtaining a less hydrophilic and oleophobic
sustainable modified CNC coating using a composite forming approach. For this task, CNC were
preferred over CNF because the crystalline structure of CNC don’t allow penetration any liquid
through their crystalline packed structure. To prepare functionalized CNC-composite, additives
such as high aspect ratio montmorillonite (MMT) clay, soy protein and alkyne-ketene-dimer
(AKD) were employed to improve the packing density of the films. The Fourier-Transform
Infrared Spectroscopy (FTIR) confirmed that fewer hydroxyl groups, which are the principal
means of hydrophilicity of CNC, were exposed on the surface in CNC-composite coated paper
compared to CNC. The CNC-composite coatings were confirmed to have improved water barrier
properties and superior oil resistance.
The second part of the research includes studying the potential of CNC-composites and
CNF in a multilayer coating system. Employing CNF as bottom layer and CNC-composite as top
layer was hypothesized to be the best way to minimize the surface energy of coatings along with
obtaining highest oxygen and gas barrier properties. The results were validated by measuring

surface energy and water contact angle hysteresis. The more hydrophobic protein moieties were
confirmed over the top surface of multilayer coated paper surface using Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS). A substantial increment in gas and oil barrier properties
compared to commercial plastic materials and a significant improvement in water barrier
properties were observed.
In the third part of the research, potential of CNC along with chitosan was explored for
their antimicrobial properties. There were two motives of using CNC in chitosan matrix: one, it
would help in overcoming the water absorption and softness issues arising with chitosan. The
second hypothesis was based upon the rod-like, rigid, stiff and narrow morphology of CNC
particles; that would synergistically help chitosan as bactericidal agent by causing significant
damage to the cell membrane due to its specified morphology. The morphology of rigid CNC
particles protruding out of the chitosan surface was confirmed using scanning electron microscopy,
auger microscopy and ToF-SIMS. The chitosan and CNC composite in a specified ratio showed a
significant reduction in bacterial growth along with improving hydrophilicity of chitosan.
The last part of the research (Chapter 5) was aimed at combining barrier and antimicrobial
properties in one all-rounder coating recipe by changing the feedstock for preparing nanocellulose.
In this work, the hemp hurds cellulose fibers were obtained using four different treatments ranging
from mild (water) to a chemically intensive pulping process, namely water-autohydrolysis, mild
alkaline/carbonate (4% Na2CO3), unbleached kraft, and bleached kraft. To see the impact of
feedstock, hardwood (Eucalyptus) chips were also treated using similar pulping methods, except
autohydrolysis. The obtained cellulose fibers were given mechanical treatment to obtain lignin
containing and bleached CNF. The objective of using lignin containing hemp hurd cellulose fibers
was to obtain a low-cost CNF, which are less hydrophilic and have the potential to show

antimicrobial activity due to the presence of active compounds in them. The hemp hurd powder
was confirmed to have the cannabidiol (CBD) using gas chromatography and mass spectrometry
(GC-MS). The CBD peak in GC-MS was confirmed by comparing it with standard CBD. The
antimicrobial activity of extractives from hemp hurd powder and auto hydrolyzed defibrillated
cellulose fibers were confirmed against E. coli. The lignin containing CNF showed less
hydrophilicity from both the feedstock hemp and Eucalyptus. The antimicrobial and barrier
properties result of hemp hurd CNF gives a huge motivation to explore them deeply for qualitative
and quantitative chemical characterization.
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CHAPTER 1. Introduction and Background
Breakthrough research on bio-based materials is not only focusing on reducing
dependence on fossil feedstock and the environmental impact of petroleum-based waste, but also
on taking advantage of the large functional diversity of biomass-derived building blocks for the
synthesis of unique materials, which are not achievable by employing conventional resources 1.
The forest products industry needs to be reformed to create high value and a wide range of products
due to new digitization era and lost demand of printing papers 2,3. However, packaging and tissue
paper have potential growth numbers, provided by a number of reports

4,5

For the future

economical sustainability of forest industry, either it needs to improve the current product lines
with better and unique properties, or must create new product lines based on new technologies 3,6,7.
The development of nanocellulose, particularly cellulose nanofibrils (CNF) 8 and cellulose
nanocrystals (CNC) 9 using wood pulp has opened enormous opportunities for the forest industry
due to its multitude of applications studied academically 10. Nanocellulose has been studied for its
potential applications such as rheology modifier, biomedical 11–14, polymer composites 15–18, paper
additives and coatings

19–24

, and others

14,25–27

. Though numerous studies show the potential

applications of nanocellulose, very few studies suggest potential scalable, feasible and viable
applications

20

. For instance, either the earlier studied applications require intensive chemical

modifications of nanocellulose that are limited to the lab scale, or are limited in some aspects of
scaling-up viable applications

28–30

. This progress related to cellulose nanomaterials is still very

much on the research and development level, and larger scale utilization is yet to emerge.
1.1 Motivation
There are many demands from the market that require a growing number of substantial
advances in technology, leading to greater innovation at numerous levels. The packaging and
1

hygiene industry is one of the leading potential market for the forest based paper industry 6. Market
demands for more sustainable packaging and hygiene products are increasing, as are regulatory
requirements that are forcing companies to consider new alternatives 31. For instance, FDA limited
the use of fluorinated compounds in U.S fast food packaging, which is a principle compound
family representing oil and grease barrier coatings for paper based food packaging 32.
1.2 Ojectives
In light of the current needs, the objective of this research was to develop sustainable and
industrially viable nanocellulose based multifunctional coatings for gas, water, oil, and grease
resistance. Considering the multifunctionality of nanocellulose, the antimicrobial properties of
CNC were also studied in a CNC-Chitosan system that exhibited synergistic behavior, which will
be elucidated shortly. The antimicrobial activity of CNF obtained from hemp hurd fibers will also
be studied, considering the fact that hemp contains five major cannabinoids responsible for its
antimicrobial property 33.
A major part of the work was devoted to obtaining a sustainable barrier coating against
gases, oil and grease, and water using CNC and CNF. In ‘Paper I’ (Chapter 2) a sustainable
functionalized CNC-composite (CNC*) barrier coating was developed using high aspect ratio
nanoclay, natural amphililic binders, and hydrophobisizing agents showing excellent resistance
against gases and substantially good resistance properties against oil and grease. ‘Paper II’
(Chapter 3) describes how the unmodified CNF and CNC* coating helped in attaining an
excellent oil and grease resistant coating. To obtain an excellent barrier coating for gases and
grease, a CNF layer was first coated on a substrate followed by a CNC* layer. This provided more
gas and grease barrier properties with less sensitivity to moisture. ‘Paper III’ (Chapter 4)
describes the use of CNC to make antimicrobial coating for tissue and hygiene products. CNC was
2

shown to perform synergy along with chitosan to improve its antimicrobial property and improve
its water absorption capacity to be used in tissue paper and hygiene products.
Chapter 5 describes the way to obtain sustainable antimicrobial and barrier coating using
hemp (Cannabis sativa L.) nanofibrils. The work included the preparation of fibrillated
nanocellulose from hemp, surface modification using cannabinoids, and its application as barrier
paper coating and films. Further, chapter 5 includes a complete description of antimicrobial
activity testing of these products against Gram negative bacteria.
The work in Papers I, II and III presents the use of CNC and CNF for developing
multifunctional barrier and antimicrobial barrier coatings. By using CNF and CNC in one integral
multilayer system, excellent barrier properties against gases, oil, and grease were achieved. The
unique needle-shaped geometry of CNC along with chitosan can be a sustainable and forest-based
solution for developing antimicrobial hygiene products. These observations provide an interesting
starting point, considering the development of future forest-based products combining low-cost
with high functionality.
1.3 Background
In the past decade, cellulosic nanomaterials such as microfibrillated cellulose (MFC), CNF,
and CNC have shown enormous potential in the forest products industry. The discovery of
microfibrillated cellulose in 1977 by an American scientist Ablin F. Turbak in the ITT Rayonier
Eastern Research Division (ERD) Lab in Whippany, N.J., opened new opportunities for the forest
industry. Following that discovery, other nano-scale variations of cellulose such as CNF
CNC

9,28

, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-CNF

38

8,34–37

,

were prepared using different

processes. CNFs are the nano-fibers with diameters in the nanoscale range of 20-50 nm and lengths
of several micrometers, with amorphous as well as crystalline regions, chemical composition, and
3

degrees of polymerization of 300 to several thousand, depending on the sources and methods of
preparation (Tables 1-1 and 1-2)

23,36,39

. The terms “MFC” and “CNF” are both used in the

literature, depending on the relative widths of the fibrils. However, no strict dimensions have been
defined to differentiate between these two highly fibrillated celluloses (MFC and CNF)

23

.

Separation of cellulose nanofibers from the native plant fiber involve several steps of
chemical/enzymatic pretreatment and a final mechanical separation process. Several mechanical
methods have been developed to produce CNFs, such as microfluidization, ultrafine grinding,
refining, high intensity ultrasonication, steam explosion, cryo-crushing, etc.40 Among these,
ultrafine grinding and homogenization techniques are the most studied and used methods for CNF
preparation 41,42.
Table 1-1. Chemical composition of nanofibers from different sources after selective chemical
treatments
Cellulose
Hemicellulose Lignin
Extractives References
Raw
material/Feedstock
43
40 ±2
23 ± 2
21 ± 1
2 ± 0.2
Unbleached wood
pulp
Bleached wood pulp

91 ± 1

4±1

1 ± 0.5

0.5 ± 0.1

Kenaf bleached pulp

92 ± 0.5

4.7 ± 0.7

0.5 ± 0.3

0.4 ± 0.1

Kenaf unbleached

82.6 ± 0.9

11.8 ± 0.4

1.8 ±0.4

0.8 ± 0.2

Hemp untreated pulp

75.56 ± 4.0

11 ± 1

7.0 ± 2

Hemp bleached pulp

94.53

1.59

2.71

Untreated Flax fibers

75.4 ± 0.2

13.4 ±2.8

3.4 ± 0.9

Chemically purified

88.8 ± 1.5

9.1 ± 1.0

0.4 ± 0.1

44

pulp
45

46

fibers

4

Table 1-2. Diameter of cellulose nanofibers and nanocrystals from various sources

Cellulose nanofibers

Cellulose
nanocrystals

Source
Bacterial cellulose
Bagasse
Banana rachis
Hemp
Kenaf
Rubber wood
Jute
Cotton linter
Rice straw
Eucalyptus wood
Kenaf bast

Diameter
40-70
5-15
3-5
30-200
10-70
10-90
3-10
10-13
30.7
11-15
2-5

References
47
48
49
45
50
44
51
52
53
54
55

CNCs are the sole crystalline derivatives of cellulose that are prepared by acid hydrolysis
of various forms of cellulose, resulting in diameters in the range of 2 to 30 nm with lengths of
several hundred nm. CNCs can be prepared upon acid hydrolysis of cellulose by hydrolyzing the
amorphous regions of cellulose, leaving behind only the domains having crystalline structures 56.
There are many options for acids such as sulfuric acid, hydrochloric acid, bromic acid and
phosphoric acid, which can be used to hydrolyze cellulose to give rise to nanocellulose crystals
56,57

. The surface structure and functionality of cellulose crystals depends on the type of acid used

for degradation of amorphous regions (Table 1-3). Thus, one can obtain surface charged or neutral
nanocrystals depending on the requirements. Sulfuric acid is most commonly used to prepare a
negatively charged and stabilized suspension of rod-like nanocellulose crystals

57

. Dong et. al.

optimized the production of CNC from wood pulp cellulose by hydrolyzing it with 64 wt%
sulFuric acid at 45C for 45 minutes and then quenching the suspension with deionized water
followed by a centrifugation step to obtain concentrated CNCs. During hydrolysis, sulfuric acid
diffuses through the most accessible part of cellulose, i.e. the amorphous region, and as the reaction
continues, it hydrolyzes the crystalline surface as well. Thus, it results in the conversion of primary

5

hydroxyl (-OH) groups to sulfate groups (-OSO3- ) on CNC surfaces. The charge density of the
crystalline surface depends on the concentration of the acid, the reaction time, and the temperature
56,57

. Figure 1-1 gives the morphological differences between CNF and CNC 58.

Table 1-3. Different acids used to prepare CNC and their attributes
Special attribute
Acid
Charged surface due sulfate groups on CNC surface
Sulfuric acid (H2SO4)

References
56

(C6-O-SO-3) (Stable colloidal dispersion)
Hydrochloric acid (HCl)

59

No surface charge on CNC (unstable colloidal
dispersion)

hydrobromic acid (HBr)

60

No surface charge on CNC (unstable colloidal
dispersion)

61

phosphoric acid

Charged surface due phosphate groups on CNC

(H3PO3)

surface (C6-O-PO-3H) (Stable colloidal dispersion)

These nano-scale variants of cellulose (MFC, CNF and CNC) have been suggested suitable
for many applications such as strength promoters and barrier materials 62–67, as well as for advanced
applications, such as in preparing transparent flexible films
aerogels

71,72

, and films with tunable optical properties

73

68–70

, magnetic or superabsorbent

. Using nanocellulose as an additive or

applying it as a coating for packaging material is a potentially big area for research

23,74–76

. One

important function of a package can be to inhibit the passage of gases or liquids into or out of the
contained products. Nanocellulose has been studied intensely for gas and oxygen barrier properties
related to their use as coatings for potential applications in packaging

22,23,77

. A few studies are

focused on liquid (polar and non-polar both) barrier properties of nanocellulose. Most of these
studies are carried out with physical or chemical modifications of nanocellulose coatings over
substrates such as glass 78–80. Another study focusing on nanocellulose is antimicrobial activity in

6

conjugation with other materials such as sodium alginate

81

, allicin

82

83

, polyrhodamine

, nitric

oxide and chitosan 84.
Amorphous region
CNF
bundles
Microfibril
Depolymerization

Crystalline region
Acid hydrolysis

CNF
Cellulose fiber

Individual crystalline region

Mechanical grinding

200 nm

CNF (Cellulose nanofibrils)

200 nm

CNC (Cellulose nanocrystals)

Figure 1-1. Morphological difference between cellulose nanofibers (CNF) and cellulose
nanocrystals (CNC) (Source: [42])
Another recently developed variant of nanocellulose is lignin containing nanocellulose 85.
Few studies have been done to produce lignin containing nanocellulose fibers (LCNF)

86–90

and

lignin containing nanocellulose crystals from wood as raw material 91–93. LCNF and LCNC have
been shown to be different compared to CNF and CNC respectively in terms of morphology,
dewatering, flocculation rheology and mechanical properties

88,94

. Also, LCNF and LCNC have

been found to be more hydrophobic compared to CNF and CNC

86,87,90,94

, which can be an

advantage for many packaging applications. Although, lignin content is considered to interfere
with hydrogen bonding between fibrils during coating or film formation

95,96

, the mechanical

strength of LCNF films has shown improved results when compared to CNF films 87,90,94. This has
been explained based on uniform distribution of lignin seemingly aiding stress-transfer between
7

fibrils and thus preserving mechanical properties 94. Compared to bleached nanocellulose, LCNF
and LCNC have also been shown to be thermally stable material

88,91

. Lignin containing

nanocellulose can be another low-cost sustainable solution for feasible applications. A detailed
description of applications of different variants of nanocellulose as a barrier coating and its
antimicrobial activity is provided in the following sections.
1.4 Nanocellulose based functional coatings
Nanocellulose has potential use as a functional coating for barrier and mechanical strength
properties. The mechanisms and limitations of functional nanocellulose based coatings is
described later.
1.4.1 Gas Barrier
A gas barrier packaging coating or film should prevent the penetration of specific gases,
aroma/odor which could compromise the integrity of the packed product. Typically, gas barrier
coatings and packaging are available for resistance to oxygen, moisture, CO 2 and aroma. Several
materials are being used for providing such barrier properties such as glass, tin, aluminum,
ceramics, uncoated/coated/laminated plastic films and paper. All these materials possess one or
two advantages over the other. For example, glass and tins are excellent barriers, and are strong
and heavy. On the other hand plastics and coated papers are comparatively poor barriers but light
weight. Printability is another principal requirement for todays’ barrier packaging materials 97.
The permeability of gases through a substrate is defined as the quantification of permeate
(gas and vapor) transmission through a resisting material

98,99

. In a packaging substrate without

any defects such as pinholes or cracks, the primary mechanism of gas or vapor flow is diffusion.
Permeate diffusion across the substrate depends upon the types of gas molecules, temperature,

8

differences in pressure, concentration gradient, film thickness, and area. According to Henry’s law
theory, gas molecules are unable to permeate a substrate if they are insoluble into the substrate
material 100. Thus, gas permeation into semicrystalline polymers is influenced by their amorphous
regions, porosity, and tortuosity created by their network structure to increase flow path for gas
molecules 101–103. Figure 1-2 depicts the basic theory of permeation of gas molecules through the
substrate using Henry and Fick’s laws.
Adsorption
(Henry’s law)

thickness=l

Desorption
(Henry’s law)

P2, c2

P1, c1

Diffusion
(Fick's’ law)

Figure 1-2. Mechanism of gas or vapor flow through a film
The permeation flux (j) of gas molecules through a film of thickness (l) in stationary
conditions can be given by Fick’s First Law (equation 1-1):

𝐽 = −𝐷.

∆𝑐
𝑆∆𝑃
= −𝐷.
… … . . . 𝐸𝑞. 1 − 1
𝑙
𝑙

Where, J (mol cm−2 s−1) is the diffusion flux, D (cm2/s) is the diffusion coefficient or
diffusivity and Δc (mol/cm3) is the concentration difference across the membrane thickness l (cm).
In its steady state condition, the equilibrium of the gas concentration c at the surface and the gas
partial pressure p obey Henry’s law. When the permeant is a gas, it is more convenient to measure
the vapor pressure P (atm), so Δc can be replaced by SΔP, where S (mol/cm3 atm) is the solubility
9

coefficient which reflects the amount of permeant in the polymer and ΔP is the pressure difference
across the substrate. Similarly, the transmission rate (TR) of gas molecules can be expressed as
the volume of gas permeant passing through the substrate per unit area and time, and can be given
as equation 1-2:

TR = k[

V
… … … 𝐸𝑞. 1 − 2
T(29N − t)

Where k = 9.89 x 108, TR is the permeance (cm3/m2/day/atm), V is the measured gas
volume (mL) transmitted or permitted through film, N is the slope of the measured curve (sec), T
is the temperature (K), and t is the time-lag value (sec).
Like other polymers, the gas barrier properties of nanocellulose films or coatings are
determined by the crystallinity and the network structure formed by the constituting units. The
lower oxygen permeability of nanocellulose films and coatings is due to two major reasons. One
is the non-solubility of oxygen (non-polar) into nanocellulose (polar) and the second is the more
tortuous path of gas molecules through the network structure formed by nanocellulose fibrils in
films and coatings 67,104. Increasing tortuosity of coatings or films increases the path length of gas
molecules and lowers the permeability through film structure. High crystallinity and dense packing
due to the nanoscale size of CNF and CNC results in a high oxygen barrier. Due to the structural
properties discussed above, CNF forms a more entangled, dense network solid matrix to provide
oxygen barrier properties. In earlier literature, CNF films and coatings have shown promising
results, but only at lower relative humidity (RH) values (23%-50%). For instance, Osterberg et al.
studied a rapid method of making CNF films with a high oxygen barrier property, at RH < 65%;
the oxygen permeability (OP) of these films was below 0.6 cm3 μmm−2 d−1 kPa−1. However, the
OP of CNF films increased with an increase in relative humidity. This is mainly due to the
10

plasticizing and swelling of nanofibrils through the adsorption of water molecules at high relative
105

humidities

.

Modified CNFs such as acetylated and carboxymethylated CNFs have

demonstrated excellent oxygen barrier properties at lower relative humidities. Likewise, TEMPOoxidized CNF films have resulted in a tremendous drop in the oxygen permeability of PVA and
PET films, but acetylation affected bonding and other mechanical properties of the derivatized
films 106,107.
However, CNC can be a potentially more promising base material than CNFs for the
preparation of barrier films that can resist air permeation even at higher moisture contents due to
its crystalline structure. Compared to CNFs, CNCs are more crystalline and have less accessibility
to water absorption and swelling. However, films comprised of CNCs alone have been rarely tested
for oxygen barrier ability due to their brittleness. A reduction in oxygen permeability by adding
50% sulfonated CNC in xylan and the sorbitol matrix was observed 108. Pereira et al. performed a
similar test with the polyvinyl alcohol (PVOH) matrix and used CNCs as a filler 109. Though 100%
of CNC films have not demonstrated similar results compared to CNF films for improving oxygen
barriers

110

, they have the potential advantage of overcoming moisture sensitivity due to their

higher crystallinity. This property of CNCs has been explored in this study by making it synergetic
with other suitable additives for preparing an all-around film for barrier properties.
1.4.2 Oil and grease barrier
Similar to nanocellulose films that have lower permeability due to their non-polar nature,
i.e., less solubility (Henry’s law), a solid CNC or CNF film should be impermeable or at least
minimally permeable as per surface diffusion theory. This is according to which molecules with
higher polarity (such as water vapor) are selectively adsorbed onto the surface of the membrane
and pass through the membrane by moving from one adsorption site to another 98. Due to the non11

polarity of oils, barrier properties of these fluid should demand similar surface characteristics as
for oxygen barrier films, except that the state of fluid is different

111

. Though non-polar liquids

are rare to diffuse through the packed crystalline structures of nanocellulose without defects,
CNF has amorphous parts, which causes diffusion of liquids through it 75. When we use CNC as
a film or coating, good oil and grease resistance barrier properties can be obtained, considering
their high crystallinity

67,74

. However, brittleness of the film and cylindrical geometry of CNC

particles make it hard to form defect-free films 112,113.
Very few publications have dealt with the potential of CNF or CNC films to serve as oil
and grease barriers 20,74. For making a film or coating suitable for oil and grease containing food
packaging, it must show substantial resistance to the passage of oils and grease. Studies have
shown that CNF films prepared for oxygen barrier performance also tend to perform for reducing
oil/grease permeability through the matrix 20,75,114. Kisonen et. al. observed an increase in contact
angle with glycerin for CNF films coated with O-acetyl-galactoglucomannan (GGM) composites
and concluded it as improving oil and grease barrier properties. Several studies have shown the
impact of nanocellulose on oil and grease barrier properties of plastic composite materials. when
115

used as a reinforcing agent

. Very few publications show the barrier properties of individual

CNF and CNC films or coatings 116,117.
1.4.3 Water and vapor barrier
Targeted water and vapor barrier properties are very important for a packaging material.
Several studies on nanocellulose have focused on the evaluation of water and vapor barrier
properties

114,118–122

and obtained a minimum value of 34 g/m2/day using chemically modified

CNF in PLA composite

123

. However, unmodified nanocellulose containing films and coatings

have proven to be poor water vapor barriers due to the hydrophilic nature of the cellulose molecule.
12

Cellulose bears hydroxyl groups on the pyranol structure of its anhydroglucose (AGU) unit. These
hydroxyl groups make the cellulose and its derivative hydrophilic 124. Chemically native cellulose
does not get dissolved in water, but water can pass through the porous layer made up of cellulose
125

. Films constituted of CNFs are not purely crystalline in nature and thus, contain some

amorphous domains. When water passes through these amorphous regions, it leads to swelling of
the amorphous part and greatly alters the local properties of the nanocellulose films as a whole.
Although the crystalline regions of the film should not become swollen with water, Aulin et al
demonstrated the swelling of CNC films during QCM-D tests, which could be due to the
penetration of water between two crystals, causing water imbibition into the film

125

. Sacui et al

studied the morphology and structural properties of CNCs from different sources and demonstrated
that dispersive energy (hydrophobic interactions) makes a larger contribution to the total surface
energy than acid-base surface energy (hydrophilic). This results in a larger total surface energy of
nanocellulose containing films and coatings 126.
Several factors such as the chemical composition of wood sources
plasticizers

128

127

, addition of

, crystallinity, etc., affect the water barrier function of films and coatings. To

minimize the penetration of water, certain post treatments such as acetylation

107

, gas phase

esterification 129, and treatment with alkyl ketene dimer 130are performed. Most of these treatments
tend to reduce the wettability of nanocellulose films. The water contact angle has been measured
in the hydrophobic range using the aforementioned chemical modifications

94,107,131,132

. However,

mechanical strength and oxygen barrier properties were dramatically attenuated due to a reduction
in hydrogen bonding between fibrils 67,128.

13

1.4.4 Mechanical strength enhancer
For practical and realistic applications, nanocellulose-based barrier coatings should
provide enough strength to the substrate in addition to holding out gases or liquids. The level of
hydrogen bonding between CNF/CNC during film formation and the coating process influences
the strength properties of the coated substrate

133

. This is further influenced by fibrillation,

crystallinity, chemical modification, cellulose raw material, and the production method used to
obtain nanocellulose
film preparation

127,130,134–141

66,142,143

. In addition, the techniques used for the coating application or

and drying conditions

144

employed affect strength properties.

Furthermore, the degree of polymerization of cellulose and the porosity and moisture content of
nanocellulose films and coated substrates such as paper have also been reported to influence the
mechanical properties of films 145. The tensile strength index and elastic moduli of bare CNF films
are found to be 130–212 kNm/kg and 8–11 GPa, respectively 133. For pure CNC films, the range
for elastic moduli has been reported as 5-10 GPa 146. From this, we see that there are similarities
in the strength properties of CNF and CNC films; however, both types of nanocelluloses also have
distinct features. For instance, CNCs are more rigid (less flexible) and have lower porosity than
CNFs 147,148. These properties of CNCs add strength, function, and value to many hybrid materials
that incorporate these crystalline nanoparticles, such as emulsions, hydrogels, foams, paints,
adhesives, and thin films 23,140,149.
In addition, CNC films tend to be more brittle compared to CNF films, which might create
problems in coating and packaging applications. For instance, if CNC is used in coating
applications for folding cartons, it may lead to failure of both strength and barrier properties due
to brittleness. In such a case, Although the coated material has a higher modulus, the elongation
distance before failure can be much lower 150–153. Plasticizers such as glycerol and sorbitol can be
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used to reduce the brittleness or rigidity of nanocellulose films

131,154–156

. However, this comes at

the cost of the mechanical strength of the films or coated substrate 23.
1.4.5 Antimicrobial applications
Antimicrobial applications are of the areas where nanocellulose has been considered

157–

159

. Nanocellulose itself does not possess any antimicrobial properties. 160,161 However, it has been

studied for in an antimicrobial support function in conjunction with antimicrobial agents such as
antibiotics, polycationic polymers, organic and inorganic nanoparticles, etc.

159,162–166

. Several

studies have also been focused on imparting antimicrobial properties to packaging using
nanocellulose along with active antimicrobial agents

167–171

. These antimicrobial agents (except

antibiotics) are more useful when microbes have developed resistance to conventional antibiotics
172

.
Different antimicrobial agents such as nanoparticles and cationic agents such as zinc oxide

(ZnO) interacts upon microbial cells using different modes. For instance, most known metals and
metal oxide nanoparticles (NPs) such as silver (Ag), gold (Au), copper oxide (CuO), and iron oxide
(Fe2O3) interact with bacterial membranes, causing membrane disruption. This can be done either
by (1) disruption of membrane potential or (2) by generation of reactive oxygen species (ROS) 173–
175

. In an ROS pathway of cell disruption, free radicals are produced due to nanoparticles-cell

membrane interactions. These radicals further initiate secondary membrane damage and protein
and DNA malfunctioning, resulting in a more radical production. Most of these cell disruption
actions are nanoparticle size dependent 176–178. Other pathways of cell disruption are photocatalytic
or photoactivation pathways

179

. In this pathway, the generation of ROS is induced by visible or

UV light. For example, TiO2 and nitric oxide (NO) in the presence of near UV- light cause lipid
peroxidation that finally results in respiratory malfunction and cell death

180

. Among organic
15

nanoparticles, cationic polymers such as

Poly-ε-lysin, quaternary ammonium compounds,

quaternary phosphonium or sulfonium groups, benzoic acid, chitosan, and polycationic
nanoparticles are studied for their antimicrobial activity

172

. Among these, chitosan has been

considered as the most sustainable and safest antimicrobial agent against a broad spectrum of
bacteria, fungi and viruses. Chitosan is obtained by N-deacetylation of N-acetylglucosamine chitin
found in the exoskeleton of insects such as crab shells

181

. The antimicrobial activity of chitosan

depends upon factors such as pH and solvents 182,183. Though the antimicrobial mode of action of
chitosan is not fully understood

174

, it has been shown that it causes dysfunction of membrane

potential, respiration, modulation cell division, and nutrition transportation

183

. The antibacterial

schematic mechanisms associated with these nanomaterials are summarized in figure S 1-3

172

.

Some examples of nanocellulose films and coatings as carriers for these antimicrobial agents to
enhance their antimicrobial activity are discussed below. Abdulkhani et al. evaluated the
antimicrobial activity of the CNF and polylactic acid (PLA) composite coated with ethanolic
extract of propolis (EEP)

184

. Barud et al. prepared bacterial cellulose and Ag-NPs composite

membrane using hydrolytic decomposition of silver nitrate and antimicrobial activity for both
gram positive and gram negative bacteria

163

. A multilayer system of TEMPO-oxidized

nanocellulose (TOCN), polyvinyl acetate (PVA) and polypyrrole (PPy) was synthesized by Bideau
et al. using the chemical polymerization method, and its antimicrobial activity was tested against
B. subtilis (gram positive) and E. coli (gram negative). Certain studies have been done by
conjugating nanocellulose with other antibiotics for antimicrobial applications 82,164,166. Though it
has been shown that nanocellulose fibrils have no antimicrobial properties, on the other hand, acid
hydrolyzed CNC has been studied for their moderate antimicrobial properties 82. Due to the slow
release properties of antimicrobial agents through nanocellulose networks in films and coatings, it
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has been studied for wound healing processes

161,165,185

. Chitosan has also been used with

nanocellulose as a blend or in the form of composite for antimicrobial applications

157

. In

summary, CNF and MFC have been involved extensively for controlled and slow release studies

Figure 1-3. Different schemes for antibacterial associated with nanomaterials (Source: [153])
of antimicrobial agents for active packaging, wound healing, and biomedical applications

165,185–

191

.

1.5 Paper Coating and application methods
Several techniques are available for the application of coatings over substrates, which can
be divided into three basic categories based on three metering processes: self-metered, premetered, and doctored. In the self-metering process, the coating equipment itself controls the final
coverage; example are comma roll, reverse roll 192, and dip coating 193 processes. For pre-metering,
all fluid fed to the applicator transfers to the web. The volume of solution supplied to the applicator
controls final coverage for the slot die

20

and curtain coaters

195

. Doctored processes such as air

knife, mayer rod, and blade and knife coaters use the metering off action as an applicator device
17

that removes excess applied coatings to control final coverage. Industrially the most commonly
used technique for paper coating is the rod or blade metering/doctored method. Blade metering
has an advantage over the rod metering process because it can run at higher speeds, up to (~2000

Substrate
Substrate
Coating
Coating

Rod
Rod

Mayer
Meyer
Rod rod

Wire
Wire
Figure 1-4. Wire wound Mayer rod for bench-top coating
m/min)

196

. Recently a lot of attention is also being given to the curtain coating method. Though

there are several coating processes available for paper coating, only a few of them are applicable
when nanocellulose suspensions are used as coating materials.
The low solid content (2-3 % for CNF and ~8-10% for CNC) and very high viscosity of
nanocellulose suspensions limit high speed and pressure of blades or other metering coating
techniques 23. The most commonly used technique on a lab scale for nanocellulose is the benchtop Mayer rod coating method.

75,76,203–205,117,186,197–202

In the Mayer rod coating method, a wire-

wound bar-rod is used to apply a thin film of the coating suspension over the paper substrate
(Figure 1-4). This method gives users the ability to fine-tune coating thickness quickly and easily,
without altering the chemistry of coating materials and without time-consuming and expensive
changeovers. Coating thickness can be controlled with a selection of rod having wire wrappings
of different diameters, as specified by the number designation of a selected rod. When wire-wound

18

rods are used, the approximate wet film thickness over substrates can be calculated by using the
following equation: where ‘n’ is the rod number chosen (Equation 1-3).
𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡) = 𝑛 × 0.10 × 0.0254 𝑚𝑚 … … … 𝐸𝑞. 1 − 3
For CNF, most coating applications have been done at 0.5-2% solids and very few cases
show coatings done at 3% solids

203,204

. The other methods used for nanocellulose coating over

paper substrate are size press 206, size press with flooded configuration 207,208, slot die configuration
20

, foam coating

209

, spray coating

210

, filtration and deposition method,

171

etc. These techniques

work for nanocellulose coating applications with certain limitations such as low coat weight, slow
drying issues, and the handling of high viscous suspensions.
1.6 Conclusion
Nanocellulose is one of the most studied forest biomaterials in recent years for several applications.
It has been used for barrier coatings extensively in terms of oxygen barrier properties. However,
it lags behind in terms of the water and oil barrier properties. Apart from barrier properties, the
scalability of nanocellulose materials for coatings has been a big question due to their low solid
concentrations. From the literature, it was found that nanocellulose can be synergized with other
antimicrobial agents to add the value to be used as barrier and antimicrobial coatings.
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CHAPTER 2. High Performance Nanocellulose-based Composite Coatings for

Oil and Grease Resistance
2.1 Abstract
A sustainable packaging system with excellent liquid- and gas-barrier properties and
enhanced strength properties was highlighted by a composite coating containing a mixture of
cellulose nanocrystals (CNC), a high-aspect ratio nano-filler montmorillonite clay (MMT), an
amphiphilic binder soy protein, and a surface-active agent alkyl ketene dimer (AKD). They were
tested on various surfaces of commercially available packaging papers and compared with the
appropriate control (i.e., CNC-only coating) to determine surface morphology, chemical
composition, barrier, and mechanical properties. Scanning Electron Microscopy (SEM) image
analysis showed a compact matrix whose defects (cracks) were significantly attenuated compared
to the control while FTIR showed fewer exposed hydroxyl (-OH) groups. The compact structure
and reduced –OH groups are attributed to the plate-like structure, high aspect ratio of clay, and
uniform distribution of additives to help inhibit gas, moisture, water, oil, and grease permeation.
The base paper used also had a significant impact on how coatings interacted with various fluids.
Overall, sustainable CNC-composite barrier coatings with relatively low-cost additives were
fabricated and showed improved barrier and strength characteristics with a strong potential as
barrier coatings for packaging.
2.2 Introduction
Nearly 1.3 billion tons of food is wasted each year after the manufacturing, distribution,
and disposal of household waste

211

. Furthermore, one-third of food in developed countries such

as Britain, Sweden, and the USA are wasted due to expiration of shelf-life 212. Such waste indicates
the overriding importance of packaging for maintaining quality and facilitating movement of food
20

along the value chain. An ideal packaging material should have substantial barrier properties for
gases, water, oils and grease materials to protect food from its surroundings and increase shelflife.
Cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) are among the most studied
materials over the last two decades due to their intrinsic nanoscale dimensions, excellent
mechanical strength, light weight, tunable chemistry and assembly, and biodegradability

75

.

However, difficulty in processing due to a very high viscosity of CNC and CNF suspensions at
low solids, and susceptibility to moisture have limited their commercialization prospects in
applications such as barrier coatings for paper and paperboard. CNFs possess amorphous as well
as crystalline regions with diameters in the nanoscale range (5-50 nm) and lengths of several
micrometers depending on the source and method of preparation

213

. CNCs are crystalline

derivatives of cellulose prepared by acid hydrolysis of various forms of cellulose with diameters
in the range 2 to 30 nm and lengths from one to several hundred nm 214,215. A higher crystallinity
provides the potential for superior film barrier properties

216

. However, high crystallinity makes

this type of structure more susceptible to fractures resulting in defects, including pin-holes.
Several studies have employed nanocellulose materials as composites or fillers for plastic films
217,218

and coating on paper substrates 66,198. Synthetic films with CNC as reinforcement material

have demonstrated an increase in mechanical properties 107.
Regarding oxygen barrier properties, CNFs are promising, but only at lower relative
humidity (RH) values (23%-50%). Permeability increases with relative humidity due to the
plasticizing and swelling of nanofibrils

105

. A reduction in oxygen permeability by adding 50%

sulfonated CNC in a xylan and sorbitol matrix has already been observed 219. Luís et al. performed
a similar test with a polyvinyl alcohol matrix and used CNCs as filler 220. Though 100% CNC films
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have not demonstrated similar results compared to CNF films for improved oxygen barriers,
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they have a potential advantage due to their higher crystallinity.
The intrinsic nature of cellulose is hydrophilic due to the abundance of hydroxyl groups 222
which must be modified to make them suitable for packaging

223

. Modified CNFs such as

acetylated and carboxymethylated CNFs have demonstrated excellent oxygen barrier properties at
higher relative humidities, but acetylation adversely affects bonding and other mechanical
properties 224. Unmodified CNC has also been a filler in many composite films with higher water
barrier properties 225. Bardet et al. showed that when 32.5 % of CNC and nano-clay were filler in
CNF matrix, both resulted in similar WVTR values of 85% RH 226. Khan et al. studied the effects
of CNC as a filler in methylcellulose films and demonstrated a decrease in water vapor
permeability by 25% with the addition of 1 wt% CNC in CMC films
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. Yet, there is still a lack

of work in water vapor barrier and oil resistance for nanocellulose-based coatings in paper-based
products 77. Substrates for food packaging and serving must show substantial resistance to stains
and the passage of oils and grease. Studies have shown that CNF films prepared for oxygen barrier
performance tend to provide greater oil/grease resistance

114

. However, more work is required to

study the difference in diffusion phenomenon of oil and oxygen through nanocellulose films and
coatings.
As already described, chemical derivatizations generally inhibit intermolecular bonding in
nanocellulose, resulting in a lower strength 228. However, underivatized cellulose does not dissolve
in water, but both liquid water and vapor can pass through its pores. When water passes through
this porous structure, it leads to the swelling of the amorphous regions and adversely affects barrier
and mechanical properties. The research objective of this study is to therefore develop composite
CNC-based barrier coatings with high aspect ratio additives such as nanoclays, naturally occurring
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amphiphilic polyelectrolytes (e.g., protein) binders, or cationic hydrophobic agents (alkyl ketene
dimer emulsion) to induce CNC impermeability to gases, water, water vapor, oil, grease, and other
liquids while maintaining packaging mechanical properties.
2.2.1 Rationale
The theme underlying the current work is illustrated in Figure 2-1 in which the development
of a CNC coating layer with compatible additives is demonstrated. Generally, a uniformly aligned
arrangement of CNCs in films is expected to give better barrier properties 23. However, for paper
coatings which is dried at very fast rate at high temperature to avoid penetration of water through
paper sheet
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. These conditions will not provide enough time for CNC coatings to attain such

align orientations. However, a randomly settled CNC coating may be less permeable to gas, water,
oil and grease. It is further proposed that nano-scale fillers, selected to impart desired
characteristics to the coating, can be deployed such that film remains dense and relatively defect-

Randomly oriented CNC
crystals in suspension

MMT

Hydrated MMT
in CNC coatings

Clustering of hydrophobic
groups of protein away from
bulk hydrophilic interactions
Soy Protein

“Fluid/water penetrates through
“Fluid/water cannot penetrate porous structure of CNC film”
through crystalline structure”

AKD
Drying coatings at
temperature ~100 C

O O O O O O O O O O O O O O O
H- H- H - H- H - H- H - H- H - H - H- H - H- H- H O O O O O O O O O O O O
H - H- H- H- H- H - H- H - H - H- H - H-

O O
H- H-

Ideal packed CNC Film

Actual condition for CNC Film

Packed structure with selective nanofillers and hydrophosizing the surface
–OH groups will perform in similar way as that of ideal packed CNC film

Figure 2-1. Schematic displaying how coating materials such as randomly distributed CNC
can lead to high barrier and strength properties.
free, and therefore able to resist air penetration. Sodium montmorillonite, MMT, (i.e., bentonite)
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was selected as a co-additive in a blend with CNC suspension because of its nanoscale (~1 nm
thickness) platelet structure. Pal et al. have demonstrated that plate-like shaped engineered clays
in acrylic-copolymerized coatings help reduce WVTR and air permeation 230. Rearrangements in
MMT were observed as a direct result of the breakdown of MMT particles due to increased
hydration. The CNC coating thus has pores filled with plate-like MMT particles that individually
block the passage of fluids 231. The high crystallinity of MMT effectively prevents the penetration
of fluids through the mineral phase. The shape and size attributes of MMT clay can change CNC
suspension coated layer behavior; therefore, kaolin clay with higher size and lower aspect ratio
was selected for comparison. Considering its amphiphilic nature, biodegradability, and
conformable and surface-active nature, soy protein was chosen to improve CNC-MMT coating
attributes. Finally, AKD in a cationic emulsion form was selected as the hydrophobizing agent. It
has been proposed that by adding a reactive cationic hydrophobic agent in the form of an emulsion,
spreading will tend to be delayed until late in the heating and drying of the paper (or coating, in
the present discussion), at which point a significant proportion of potential hydrogen bonding
among the cellulose surfaces would have already had a chance to form 232. The expected chemical
ineraction between selected components of coatings is presented in Figure 2-2.

Figure 2-2. Possible chemical interactions among various components of coatings
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2.3 Experimental Plan
An experimental procedure was set up based on a lab drawdown method for coating paper
to better understand the interactions between CNC and other additives, and to compare the results
obtained from CNC-composite coatings with CNC-only coatings. Table 2-1 shows the chemical
ingredients and amounts used to prepare barrier coatings in the current study. Three different
packaging papers were selected for the coating application to evaluate the functionality of
optimized CNC-composite coated layers from each major component combination.
Table 2-1. Chemical ingredients and amounts used to prepare barrier coatings.
Dry Parts
CNC

CNConly
100

CNCAKD
100

MMT

0

Kaolin

CNC- S-AKD
100

100

0

0

0

0

0

0

0

Soy protein

0

0

10

20

AKD

0

2

0&2

CNC-S-AKD-K

CNC-S-AKDMMT
90 85 80 75 90 85 8
75
0
0 0 0 0 10 15 2
25
0
10 15 20 25 0 0 0
0
0 & 20
0&2

0 & 20
0

&2

2.4 Materials and Methods
The main coating components involved in this study were nanocellulose crystals (CNC),
used as a primary coating material together with sodium montmorillonite (MMT), kaolin clay
(K), soy protein (S), and alkyl ketene dimer (AKD) as co-components. CNC was procured from
the University of Maine in an aqueous suspension form, which was 12.2 wt.% CNC in water.
The CNC had been prepared by acid hydrolysis using sulfuric acid, so it had 0.85 wt.% sulfur
content based on dry CNC, in the sodium form. Sodium montmorillonite (bentonite), which was
obtained from BASF with the trade name HYDROCOL 2D6, is 95-99 % MMT and 1-5%
crystalline silica with a bulk density of 2.4 g/cm3 at 20 0C. Kaolin clay used in this study is a fine
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clay with 95% of particles less than 2 µm. Soy protein, with a neutral pH of 6.3-6.8 used as a
binder in this study, was obtained from DuPont USA with the trade name ‘SoBind TM Balance
HVL Soy Polymer’. A protein solution was prepared by first making a 10% slurry in water under
a continuous high shear, and then cooking it at 80 0C for 30 minutes. AKD emulsion cationic
polymer (Hercon™ 100) was procured from Solenis, LLC, Wilmington, USA.
2.4.1 Coating preparation
First, each coating ingredients dry and wet weight was calculated based on the dry parts in
Table 2-1 and each ingredient solid contents for a batch size of 250 grams at a target coating solid
of 10 wt.%. Second, the water needed to achieve a target solid of 10 wt. % was calculated by
subtracting ingredient total wet weight from the target wet batch size (250 grams). The coatings
were prepared by first weighing each ingredient according to the desired coating recipe, and then
slowly adding it into a small beaker while continuously mixing using a ‘constant-torque’ lab mixer
at 500 rpm. Ingredients were added in the following order: water, MMT, K, CNC, SA and AKD
ingredients. This helped avoid agglomeration of the coating suspension. CNC, MMT, and K were
considered the main ingredients (100 parts), and other components were added on their basis. After
making sure of enough hydration of clay by mixing with water for 1 hour, all other ingredients
were added. The overall coating recipe was mixed at 1000 rpm for 2 hours to make a uniform
suspension.
2.4.2 Wet coating properties
Rheology testing was done using the TA instrumentation Advanced Rheometer (AR 2000)
with a plate geometry of diameter 40 mm. The steady-state viscosity was measured at a shear rate
of range 1 to 1000 s-1 at a temperature of 25 0C. For the flow step, steady state flow was selected
with 3 points per decade and a sample period of 10 seconds. Apparent viscosity was also measured
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using a Brookfield DV-III Ultra viscometer with spindle number 3 and 5 at a speed of 200 rpm at
20 0C. The water retention value of coatings was determined using the TAPPI T 701 method.
2.4.3 Coating application
CNC-composite coatings were applied on packaging paper using a Mayer rod and dried
using hot air (approximately 100 C) for 5 to 8 minutes. The target wet coating thickness was
achieved by changing the Mayer rod. The wet film thickness on the substrate was approximated
by using the following equation, where n is the rod-number chosen and directly correlates to the
applied wet coat thickness in inches (n × 0.001 inches).
𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑛 ₓ 0.001 ₓ 25.4 … … … … 𝐸𝑞. 1
2.4.4 Morphological and chemical properties
The surface morphology of coated samples was examined using a FEI Verios 460L field
emission SEM at an accelerating voltage of 2 kv and 13pA current. Prior to imaging, samples were
sputter-coated with a thin layer of gold in a low vacuum of 90 mTorr of Ar gas pressure with an
accelerating voltage of 600 V for 3 minutes at a coating rate of 7 nm/min. For high magnification
imaging, no gold coating was carried out and a biased voltage was used. The chemical
characterization of the coated surface was carried out using a Bruker-Opus ATR-FTIR instrument
within the range of 400 to 6000 cm-1 wavenumber with 4 cm-1 resolution for 64 scans. Packaging
base paper pH measurement was done by weighing 2 grams of paper and soaking it in 100 ml of
deionized water. After slushing in a Waring blender, the resulting pulp was boiled in a hot water
bath for 5 minutes, and pH was measured after cooling the pulp to room temperature. Fiber
characterization of each paper type was carried out using the TAPPI T271 method with a HiRes
fiber quality analyzer (FQA) from Op Test Equipment.
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2.4.5 Mechanical & surface smoothness properties
The bending stiffness of papers was measured using a Taber tester as per the TAPPI T566
method. The roughness of the papers was measured using the TAPPI T538 method, which is an
indirect measure of smoothness. Results were reported in Sheffield-units.
2.4.6 Barrier Properties
Barrier properties such as water resistance, water vapor transmission rate (WVTR),
resistance to air permeance, and oil and grease resistance (OGR) of CNC-containing coated
substrates were measured. The WVTR was tested using the water cup method in accordance to the
ASTM E-96 test method, by using standard cups from Thwing-Albert Instrument Company. Water
absorption (Cobb test) was determined using the TAPPI T441 method. For resistance to air
permeance, the TAPPI ‘Gurley Densometer method’ of air resistance T460 was used. Results are
reported as Gurley seconds per 100 ml air displacement (Gs/100ml). The OGR was tested by
performing a 3M Scotchban test, which has been adopted under TAPPI T559. Results were
reported as kit number from 1 through 12.
2.5 Results and Discussion
2.5.1 Packaging base papers
Three different base papers were selected with different characteristics and labeled A, B,
and C, as described in Table 2-2 to study coating behaviors. Base paper A had the lowest roughness
that can help more uniform distribution of the coating layer on the surface. Base paper B had the
highest water absorption (Cobb), and lowest contact angle, but also the highest air resistance (least
porosity). Base paper C seemed to have most hydrophobic surface (highest contact angle and least
Cobb60 value), but the least air resistance (highest porosity).
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Table 2-2. Three base papers selected for current study and their characterization
Base Paper ID
Basis weight (g/m2)

Base paper A
300

Base paper B
325

Base paper C
195

378±4

428±4

421±8

2.24

1.37

1.62

264±2.6

351±4

428±4

Surface pH

5.7

7.4

5.94

Bulk (cm3/g)

1.26

1.32

2.16

Air resistance *(G.s./100ml)

36.1

212

3.1

Cobb60 (g/m2)

48.3

455.9
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Contact angle

89.8

71

103

Caliper (µm)
Fiber length (Lw) (mm)
Roughness *(S.U.)

2.5.2 Wet coating properties
Properties such as apparent viscosity, pH, and water retention were measured before
applying the coating on base papers by a Mayer rod and then drying. Table 2-3 shows fluid
properties measured for selected coating recipes. These were used to select a Mayer rod number
to obtain a target coat weight of 5 g/m2. For convenience, a special abbreviation is given to each
selected coating recipe for reference in further discussion.
Table 2-3. Fluid properties of selected coating recipes
Coating Recipe
Abbreviatio pH
Apparent
n used
viscosity [cP] @
200 rpm
CNC-Only
C100
6.17 1150±84

Water
Retention
[g/m2]
1349±41

Mayer
Rod
no.
6

CNC100-AKD

C-A

6.75

396±27

1258±23

8

CNC80-AKD-MMT20

C-A/M20

8.76

544±43

1051±67

8

CNC100-S20-AKD

C-SA

6.75

728±16

1196±19

8

CNC80-S20-AKD-K20

C-SA/K20

6.94

394±38

1069±46

12

CNC80-S20-AKD-MMT20

C-SA/M20

7.62

619±48

1062±53

8

2.5.3 Rheological properties
Figure 2-3 shows the rheological power law behavior for major coating formulations
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studied as a log-log curve between viscosity against shear rate. From the graph, it is clear that all
coating formulations are pseudoplastic following the power law of fluids (slopes of the graphs are
less than 1 showing shear thinning behavior of coatings), which is desirable for coating application
purposes 233,234. The steady viscosity of ‘C-A’ coatings was significantly higher than that of other
CNC and additive formulations, indicating stronger networks formed by hydrogen bonding, which
keeps on disrupting at high shear rates due to the shear thinning behavior of CNC. This is very
surprising that with Brookfield viscometer, apparent viscosity of CNC was found to be much
higher as compared to C-A. The possible explanation for this can be that CNC at low shear values
presents higher viscosity compared to C-A. However, at high shear rates, steady viscosity
decreases due to the disruption of hydrogen bonding and shear-thinning. C-A (where AKD is
cationic stabilized as dispersion in water) had more interaction even at higher torque due to
additive ionic interaction between CNC and AKD. Also, likelihood of depletion of CNC
concentration in the neighborhood of wall boundaries can another reason for lower viscosity in
case of plate geometry rheometer 235. Among multi-component coatings, ‘C-SA/K20’ showed the
least viscosity and stress at the same shear rate, indicating the least coating interactions at a given
concentration. Following ‘C-A’ formulation, MMT in combination with CNC and AKD (‘CSA/M20’) showed the highest shear stress and viscosity, which was slightly greater than for CNConly particles. This was due to structural compatibility and ionic interaction between bentonite’s
platy structure and CNC’s cylindrical shapes, both at nanoscale structures. Such rheological
behavior of CNC-containing suspensions gives a stronger point to the microscopic-structural
behavior of coatings (Fig. 2-4 and 2-5). For all these coatings, viscosity decreased with shear rate.
Upon shearing, the internal structure of coatings breaks down, showing the thixotropic behavior
of both CNC and MMT suspension.
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Figure 2-3. Rheological behavior of selected coatings, Viscosity (η) as a function of shear
rate.

2.5.4 Morphology of coatings
Figure 2-4 shows the SEM images of CNC coatings with different additives. It can be
inferred from the Figure that CNC with MMT (Fig. 2-4e) provided the most compact matrix

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2-4. SEM images of (a) Uncoated, and coated base paper with (b) C100, (c) C-SA,
(d) C-SA/K20, (e) C-A/M20 (f) C-SA/M20 coatings on base paper B at 100x magnification.
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covering all the paper types with the least number of defects (cracks). This allows the papers to
develop a barrier against the diffusion of moisture and gases. The compact packing structure of
CNC and MMT clays can be attributed to the platy structure and high aspect ratio of bentonite clay
226

. An even tighter matrix was observed when soy protein was used as a binder (Figure 2-4f).
However, a combination of kaolinite and CNC gave rise to a defective coating layer over

the same base paper due to the incompatible shape and size of kaolin clay with CNC coatings
(Figure 2-5b and 2-5d). This can be attributed to large particle size and comparably low aspect
ratio of kaolinite. Figure 2-5a and 2-5c shows how MMT platy particles are distributed throughout
the paper surface, either embedded into the CNC coatings or covering the outer surface. However,
kaolin particles had the tendency to protrude from the CNC-S matrix and, hence, provided no
contribution to barrier properties.

(a)

(b)

(c)

(d)

500 nm

500 nm

Figure 2-5. SEM images of (a), (c) C-SA/M20 and (b), (d) C-SA/K20 coating layer on
base paper B at 10,000x and 50,000x magnification.
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2.5.5 FTIR spectroscopy
To confirm the presence of clays on coated base papers, FTIR spectra of CNC coatings
with and without clays were compared with respect to their characteristic peaks (Fig 2-6). ‘CNC
only’ spectra reproduce the same CNC characterization as studied by Pei et al 236. For ‘C100’ and
‘C-SA coated base paper the presence of soy protein in ‘C-SA’ coating was confirmed by the
following peaks: 3200 cm-1 to 3500 cm-1 corresponds to the stretching vibration of hydroxyl groups
present on CNC surface. The peaks in the range of 3000-2800 correspond to the stretching

1152 1158
902 985
1316

1636

2906

3333
3289

T%

3621

3329

1636

1636

vibration of the -CH and -CH2 bond in CNC; their intensities were reduced with the addition of

(d)

(c)

(b)

(a)
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 2-6. FTIR spectrums of a) C100, b) C-SA, c) C-SA/M20, and d) C-SA/K20 coatings
on paper B.
clay. Peaks at 1634 cm-1 (redundant with water absorption peak at 1636 cm-1) correspond to amide
I (C=O stretching), 1537 cm-1 for amide II (N-H bending), consistent with the previous reports
237,238

. However, another confirmatory peak for soy protein, which should have been observed at

1234 cm-1 for amide III (C-N and N-H stretching), was absent. This confirms the denaturation of
the tertiary structure of soy protein while heating during coating preparation and drying. The
presence and reaction of AKD in the coating has been confirmed with the ester peak (bending of
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C-O) at 1048 cm-1.
The presence of kaolin on the surface of C-SA/K20 coated base paper was confirmed by a
stretching peak at 3692 cm-1 due to crystalline -O-H and Al—O-H , the Si-O in-plane stretching
at 1023 cm-1, and 464 cm-1 due to Si-O-Si bending vibration 239. The intensity of water absorption
peak at 1636 cm-1 is reduced in the kaolin-containing coating and almost disappeared in the MMTcontaining coated surface (‘C-SA/M20). This confirms significant interaction between amide I of
soy protein and O-H of MMT. The intensity of -OH stretching vibration peaks at 3200-3500 cm-1
has been reduced significantly in ‘C-SA/M20 coatings. MMT-containing coated surface exhibited
almost flattened or no peak between 2800 and 3000 cm-1, confirming the absence of -CH and -CH2
groups 240 and good coverage of the CNC surface with MMT platy structure as shown in the SEM
picture of C-SA/M20 coatings (Fig. 2-5a).
2.5.6 Water absorption
Water absorption was reduced substantially for CNC coatings on the selected base paper
(B). Further reduction was observed with the addition of AKD to CNC-MMT coating. MMT was
optimized for blending with the CNC at 20 parts for a given coating recipe with CNC and reduced
water absorption by 78% on base paper B (Fig. 2-7b). The base paper used had a significant impact
on how coatings interacted with the substrate surface. Substrate B, which had the highest air
resistance ~212.0 Gs (Table 2-2), resulted in the highest reduction of water absorption from 455
g/m2 to 100.86 g/m2 with ‘C-SA/M20’ coating (Figure 2-7a). However, for substrate A and C,
which had very low air resistance (i.e., ~36.1 and 3.1 Gs), little difference existed even at higher
concentrations of MMT particles.
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Figure 2-7. Water absorptiveness of: a) Optimized CNC coatings with different
combinations of additives on different base papers (A, B, C); b) un/coated base paper B
with different concentration of MMT in CNC-S20-AKD2-MMT coatings.

2.5.7 Water vapor transmission rate
In contrast to the significant reduction in water absorption, no significant reduction in
WVTR was observed for a kaolin blend with CNC on base paper B. However, soy protein, AKD
and MMT in CNC coatings showed a slight reduction in WVTR. As shown in Figure 2-5a, MMT
platy particles are distributed more uniformly throughout the paper surface, either embedded into
the CNC coatings or covering the outer surface. However, kaolin particles had the tendency to
protrude from the CNC-S matrix and, hence, provided no significant reduction in water vapor
transmission rate. This could further be explained by a lower viscosity (Table 2-3 & Figure 2-3)
of Kaolinite containing coatings in comparison to MMT and soy coatings, potentially leading to
more non-uniform coating application. Increasing the concentration of MMT from 10 to 25 parts
showed no reduction in WVTR (Fig. 2-8b). Different base papers exhibited a significant impact
on the application of functional coatings. For instance, substrate A, which was comprised of
unbleached longer fibers and had a smoother surface, showed better results with CNC-blend
coatings when compared to rough papers (B &C). A smoother paper surface increases the chances
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of a more uniform distribution of coating layer providing a more effective coat weight instead just
filling the valleys of rough paper. It can be seen from Figure 2-8a that for substrate A (Red square),
WVTR was reduced from 137 g/m2/day for non-coated paper to 99 g/m2/day with ‘C-SA/M20’
coating (reduced by ~27%).

CNC-S20-AKD2-MMT Coatings
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C-SA/K20 C-SA/M20

No Coat

C100

10

15

20

25

MMT Concentration [by parts]

a)
b)
Figure 2-8. WVTR of un/coated base paper B with: a) Optimized CNC coatings with
different combinations of additives on different base papers (A, B, C); b) Different
concentrations of MMT in CNC-S20-AKD2-MMT coatings.

2.5.8 Gas barrier
Measured air resistance for different coating components on substrate B is shown in Figure
2-9a. Air resistance increased dramatically by CNC and was increased further by introducing other
components such as MMT. MMT and other additives were able to provide more tortuosity to the
CNC coating, and thus increase the mean free path for air molecules to diffuse through coating
and paper thickness. The lowest permeance (highest air resistance) was measured with the ‘CSA/M20’ coating as 1,917 Gurley seconds (higher Gurley  lower permeance), which dropped
from 424 Gurley seconds for non-coated paper (Fig. 2-9a & 2-9b). No significant air resistance
improvement was observed with any of the coatings used on substrate C for a given coat weight.
The roughness of substrate C was much higher in comparison to the roughness of substrates A and
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B. The equivalent coat weight applied on paper C might not be enough to provide functional
resistance to permeance. Also, the bulk of base paper C was higher in comparison to A and B,
which further reduced resistance to air (Figure 2-9a).
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a)
b)
Figure 2-9. Air-resistance of un/coated base paper B with: a) Optimized CNC coatings with
different combinations of additives on different base papers (A, B, C); b) Different concentration
of MMT in CNC-S20-AKD2-MMT coatings.

2.5.9 Oil and Grease Resistance
Figure 2-10a shows a pass. No dark surfaces after treating the paper with oil/solvents kit
solution, indicates no penetration of oil through paper coating. Figures 2-10b and 2-10c show a
fail. A dark surface observed after treating the paper with oil/solvents kit solution, indicates oil
penetration through paper coating. These are the conditions for a paper specimen with kit numbers
6, 2 and 1, respectively. As kit number increases, the amount of hexane and toluene solvents
increases and the amount of castor oil decreases in kit solution. Thus higher kit number, favors the
penetration of kit solution through paper due to less viscosity and compratively more non-polar
solution. Table 2-4 summarizes all significant results obtained with different CNC coatings on
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Figure 2-10. Examples of kit testing of paper samples with a.) ‘C- SA/M20’- coated, b.)
C100 and c.) uncoated base paper B.

three different substrates. For samples A and B, the highest readings obtained were 3 and 6,
respectively. Base paper B, with the highest air resistance (212 G.s), showed the highest reading
with ‘C-SA/M20’ coating.
However, with base paper C, which had the lowest air rsistance (3.6 G.s), as mentioned in
Table 2-2, no improvements for oil and grease barrier properties were observed with any of the
coating recipes studied. A very high porosity affects the consolidation of coating layer over the
paper surface negatively. Due to a highly porous paper structure, most of the coating components
penetrate through the paper bulk instead of consolidation of coating layer over the surfrace.

229

.
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Table 2-4. Summary for Kit test results for all three base papers
Coatings

Base Paper A

Base Paper B

Base Paper C

No coating

0

0

0

C100

0

1

0

C-SA

3

5

0

C-SA/K20

2

4

0

C-SA/M20

3

6

0

Remarks

No cracks

No cracks

This shows that the higher the air resistance, the greater the tendency to obtain a grease resistant
property after coating the paper
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. Another challenge faced during this study was the brittleness

of the coatings due to the lack of plasticity in the crystalline coating structure of CNC. The coating
layer was more prone to fracture, which could be more prominently observed during a test with a
partial penetration of solution through the coating layer. This explains the reason for failing the
higher number kit even for a compact and tortuous coating layer of CNC-MMT.
2.5.10 Strength properties (Stiffness)
Stiffness was measured to characterize the flexural rigidity of paper, which is very
important for packaging purposes and is related to economics. Figure 2-11a and 2-11b indicates
that stiffness increased by 30% with a pure CNC coating on base paper B, due to nanoscale
structures, packing of CNC, and hydrogen bonding between CNCs and base paper B. The rough
surfaces (valleys) of the base paper were filled with the nanocellulose crystalline molecules,
resulting in a lower bulk and higher bending moment. Further introduction of additives into CNC
matrix reduced the number of hydrogen bonds, resulting in a lower strength. However, coatings
with AKD provided better stiffness, which is consistent with the study of Bildik et al. in which
AKD wax was dissolved in heptane and applied on filter paper 241.
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Stiffness was reduced with kaolin, which can be related to its larger particle size, inhibiting CNCCNC surface interactions. A rheological study (Figure 2-3) of coatings also supports this behavior
(i.e., least viscosity observed with kaolin containing coatings that indicated least interaction
between molecules). Surprisingly, stiffness with an increasing concentration of MMT increased
from 25.88 mN.m with 10 parts to 30 mN.m with 20 parts (Figure 2-11b). Results can be correlated
with platelets and the nanoscale structure of sodium bentonite/MMT, which can fill the CNC
coating without inhibiting substantial hydrogen bonding between inter-CNC molecules, leading to
a stiffer substrate 226. Base paper A showed a similar trend as base paper B, but no improvement
was observed with base paper C (Figure 2-11a).
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Figure 2-3. Stiffness of un/coated base paper B with: a) Optimized CNC coatings with
different combination of additives on different base papers (A, B, C); b) Different
concentration of MMT in CNC-S20-AKD2-MMT coatings.

2.6 Conclusions
Sustainable CNC-composite barrier coatings were developed using CNC and MMT,
protein, and AKD additives. Rheological analysis showed a decrease in viscosity with the addition
of MMT and other additives evoking the possibility of making coatings at higher solids. The
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morphological analysis of the coated surface showed a uniform distribution and compact packing
of additives, which can be correlated with increased tortuosity of a coating layer. Unlike kaolin,
MMT has a very high-aspect ratio that has the advantage of interacting with CNC grain bodies and
covering surface hydroxyl groups. CNC-composite coatings showed a significant reduction in
water absorption (up to 71% compared to surfaces with no coating and up to 27% for surfaces with
a CNC-only coating), water vapor transmission rate (up to 27% compared to surfaces with no
coating and up to 6% for surfaces with a CNC-only coating), and resistance to air permeation (up
to 88% compared to surfaces with no coating and up to 44% for surfaces with a CNC-only coating).
Stiffness also increased by 20% compared to surfaces without a coating. The same coating recipe
that gave optimum results for water absorption and gas permeability also gave the highest kit rating
of 6 on base paper B, while the lowest kit rating of 1 failed on CNC only coated and uncoated
papers. The selection of base paper impacted the coating layer performance significantly. The data
show that porosity, roughness, and bulk of base paper play important roles for oil and grease barrier
packaging coatings.
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CHAPTER 3. Nanocellulose-based Multilayer Barrier Coatings for Gas, Oil,
and Grease Resistance
3.1 Abstract
Cellulose derivatives such as cellulose nanofibers (CNF) and cellulose nanocrystals (CNC)
have enormous potential to reduce or replace petroleum and fluorochemicals for food and other
packaging applications. CNFs have been studied for their excellent oxygen and gas barrier
properties; however, their performance rapidly decreases in the presence of moisture and higher
humidity. CNCs are less sensitive to moisture due to their highly crystalline nature; however,
coatings and films made of CNCs are more prone to fractures due to their high brittleness. Our
work demonstrates a unique composite barrier coating system of CNF and CNC that
synergistically enables oil and grease resistance (a kit rating of 11) comparable to fluorochemicals.
It also demonstrates a significant increase in air resistance (~by a factor of about 300), and a
reduction in oxygen transmission rate (~by a factor of about 260) compared to uncoated paper.
The improvements in oil and gas barrier properties were evaluated with respect to the molecular,
chemical, and structural properties of the developed coatings.
3.2 Introduction
Fluorocarbons in the form of polyfluoroalkyl substances (PFASs) are widely used in
nonstick, stain-resistant, and waterproof food packaging because of their hydrophobic and
lipophobic properties

32

. However, these long-chained fluorocarbons have been found to be

responsible for kidney, cancer, and thyroid related diseases 242–244. Fluorochemical paper additives
can migrate to food during actual package use

245

. In response to a petition filed by the Natural

Resources Defense Council (NRDC), the FDA has banned the use of three families of long-chain
PFASs used for food packaging in January 2016

246

. As a result, there are strong consumer
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demands to the paper and board packaging industries to replace the PFASs with other competitive
materials. In the last decade, nanocellulose is one of the emerging sustainable materials that can
be considered as an option for oil and grease resistance barrier coatings for food packaging

115,247

.

Nanocellulose can be a potential replacement for PFASs materials for food packaging, depending
on whether questions related to its high humidity and water sensitivity can be answered

248,249

.

Cellulose nanofibers have been shown to exhibit excellent mechanical and oxygen barrier
properties when used in composites, films, as well as paper coatings

250–252

. Many bio-based and

non-renewable polymers have been used to prepare nanocellulose composite films to improve
barrier properties. For example, Dai et al. showed that hydroxypropyl guar and TEMPO (2,2,6,6tetramethylpiperidine-1-oxyl)-oxidized cellulose nanofibers offer an excellent compatibility for
mixing, and exhibited lower oxygen permeability than pure hydroxypropyl guar films

253

.

Cellulose nanofibers have also achieved oxygen barrier properties comparable to conventional
films when used as a reinforcement in polymers such as PLA 254, borax 255 and bio-based polymers
114

. However, there are only a few studies that have focused on nanocellulose as a component in

paper coatings 256–259. A major concern with cellulose nanofibers is their hydrophilicity due to their
amorphous structure and the presence of surface hydroxyl groups. At a higher relative humidity,
the barrier properties of CNF films become suppressed 260.
On the other hand, films containing a large amount of cellulose nanocrystals provide less
oxygen barrier capability when compared to fibrillated nanocellulose films 261. Saxena et al. have
demonstrated a significant reduction in the oxygen permeability of xylan, sorbitol composite films
from 189.17 cm3.μm/(m2d.kPa) to 0.1799 cm3.μm/(m2.d.kPa) upon the addition of 50 wt.%
sulfonated CNCs

262

. CNC reinforced biopolymers have also been shown to improve the water

barrier properties of composite films 170,263,264.
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As discussed in introduction, the CNC-containing composites show less sensitivity to
humidity when compared to CNFs; however, films containing CNCs are more brittle and offer less
interaction possibilities for hydrogen bonding, which results in a higher gas permeability

115

.

Moreover, very few studies have compared CNCs and CNFs in terms of barrier properties.
Considering the different attributes of CNCs and CNFs, there is a possibility that by combining
them, optimal barrier properties can be achieved. There is still a need to improve non-wettability,
hydrophobicity, as well as the native oxygen barrier properties of CNFs at higher RH conditions
75

. But since in all these studies CNC and CNF are used as fillers, reinforcement, or a minor

component with unsustainable petro-based chemicals, such composite materials are questionable
on the basis of their recyclability, biodegradability, and also sustainability 23.
Considering the synergy between CNF and CNC, the objective of this work is to combine
both of these nanomaterials for paper coatings and films, in a multilayer system to obtain effective
barrier attributes to provide a solution to the aforementioned concerns to develop gas, oil, and
grease resistant coating for packaging. The concept adopted in this work is to take advantage of
inherent oxygen barrier properties by having an inner/bottom CNF coat layer covered with a less
moisture sensitive top coat layer. The amorphous cellulose content of nano-fibrillated cellulose
contributes to high flexibility in the wet state, allowing it to attain high density when it dries. High
density, in combination with the high cohesive energy density associated with hydrogen bonding,
results in better resistance to oxygen. The moisture and high humidity-sensitivity of CNF films
can be overcome by using a top layer of CNC composite coating optimized in our earlier work 247.
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Figure 3-1 shows a schematic of the hypothesis of using the CNF layer for an oxygen
barrier and pre-optimized multifunctional CNC* (CNC 80 parts, MMT (montmorillonite clay) 20
parts, and Soy protein 20 parts) as a top layer

247

. In the top CNC* layer, soy proteins were used

with the intention that at specified conditions, clusters of hydrophobic polypeptides would cover
the surface, leaving hydrophilic clusters in the bulk with CNC and MMT due to hydrophobic
interactions 265.

Non-polar cluster
from protein
CNC* top layer
Protein
MMT
CNC
CNF
CNF bottom layer
Base paper
Figure 3-1. Hypothesizing multilayer concept of CNF and CNC* coating.

3.3 Experimental
3.3.1 Materials
The basic coating components used in the current study were CNF, CNC, soy protein,
MMT, and dispersant (copolymer of methyl acrylate). CNC was obtained from the University of
Maine in an aqueous suspension form with 12.2 wt-% solids. CNC was prepared by acid hydrolysis
with sulfuric acid

266

. It had 0.85 wt% sulfur content in sodium form based on dry CNC. The

dimensions of obtained CNCs were 5-20 nm wide and 150-200 nm long. CNF obtained from Stora
Enso was a 3 wt-% suspension in water. The structural features of CNCs and CNFs were affirmed
45

with Transmission Electron Microscopy (TEM) using JEOL JEM-2000FX S/TEM at 200kV in
TEM mode. Soy protein isolate with the trade name SoBind was obtained from DuPont USA. A
protein solution was prepared by first making a 10% slurry in hot water under a continuous high
shear at 400 rpm, and then cooking it at 80 °C for 30 minutes. After cooling to room temperature,
the pH of the protein solution was measured and adjusted to a pH of 8 before use
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. Sodium

montmorillonite (bentonite) was obtained from BASF with the trade name HYDROCOL 2D6. It
is 95-99 % sodium montmorillonite (MMT) and 1-5% crystalline silica with a bulk density of 2.4
g/cm3 at 20˚C and a melting point of >300˚C. Dispersant (meth) acrylic acid copolymer was
provided by SNF-INC with the trade name of Flosperse 3018 CS A50.
A low basis weight white kraft (WK) paper was selected for multilayer coatings as a base
and to test required physical properties. In addition, a virgin pulp SBS whiteboard (bleached) and
linerboard (unbleached) with a higher basis weight and porosity, and inherently higher contact
angle than kraft paper, were also selected to study the contact angle and surface energy of
multilayer coated surfaces. The properties of these base papers were obtained using standard
TAPPI methods and are provided in Table 3-1.
Table 3-1. Basic properties of selected base papers and coat weight.
Base
Paper type
Basis weight Caliper Bulk
Smoothness Air Resistance
paper
(T410)
(T411) (T500) (T575)
(T460)
denotation
[g/m2]
[µ]
[cm3/g] [SU]
[G.s]
WB

White board

250 ± 5

342 ± 5

1.3

153 ± 10

35

LB

Linerboard

120 ± 5

197 ± 5

1.5

390 ± 10

48

WK

White kraft

35 ± 2

44 ± 2

1.3

160 ± 10

30

3.3.2 Methods
CNC* coatings were prepared by first shearing MMT in water and stirring it for 10 minutes
at 1000 rpm with a Caframo stirrer similar to discussed in chapter 3. Other ingredients, dispersant,
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CNC and soy protein were added sequentially. To prepare CNC and CNF coatings, the respective
nanocelluloses were diluted to the required solids % (Table 3-2). All CNC and CNC* coatings
were prepared at 10 wt.% solids and CNF coating at 2.5 wt.% solids.
Table 3-2. Coating recipes and their nomenclature definition
Temper pH
Viscosity
Coat Name Coating recipe/
Multilayer coating setup ature
[centipoise]
@ 100 rpm
[⁰C]

Water Retention
(Absorption by
paper) [g/m2]

CNC

CNC only

20.02

6.18

1048 ± 45

1669 ± 12

CNF

CNF only

21.2

5.22

480 ± 18

2486 ± 137

CNC*247

CNC80/MMT20/Soy20

20.1

8.45

668 ± 52

1278 ± 60

CNC/CNF

[CNC coating as bottom layer, adjacent to paper and CNF coating as top layer]

CNF/CNC

[CNF coating as bottom layer and CNC coating as top layer facing out]

CNC*/CNF

[CNC* coating as bottom layer and CNF coating as top layer facing out]

CNF/CNC*

[CNF coating as bottom layer and CNC* coating as top layer facing out]

For calculating the required coating component for CNC coating according to the recipes,
CNC (80 parts) and MMT (20 parts) were pigments, and their combined concentration was 100.
Other ingredients such as soy protein (20 parts) and dispersant (0.1 parts) with respect to total
pigments (100 parts), were added as required for the defined recipes and stirred for 30 minutes at
1000 rpm 247. Table 3-2 shows different coating recipes and their nomenclature as used further in
this manuscript.
Water retention plays an important role for coating processes in terms of uniform
application and drying
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. In the current study, an AA-GWR water retention meter was used to

perform pressure filtration tests for calculating the water holding capacity of coating recipes using
the TAPPI method T-707. Low shear rate viscosity was also carried out to measure apparent

47

viscosity just before coating application at a speed of 100 rpm at room temperature using spindle
number 5 with the Brookfield DV-III Ultra viscometer.
Coatings were applied on the paper surface using the lab drawdown rod coating method.
To make equivalent uniform coatings, lab drawdowns were carried out using Mayer rod number 8
for CNC coatings (10% solid) and rod number 12 for CNF coatings (2.5% solids) with a targeted
coat weight of 5 g/m2. CNC and CNF films were prepared by using the solvent casting method
under controlled conditions. All coatings were diluted to 1% solids concentration to obtain uniform
and thin films. The suspension was stirred at 1000 rpm for 5 minutes using a Caframo constanttorque stirrer before casting into polystyrene petri dishes of a diameter of 130 mm and dried at a
temperature of 23 C for 2 days at flat surface. The amount of suspension used varied from 20 to
40 ml for different CNF and CNC suspensions to achieve the same dry film thickness of
approximately 30 µm. To obtain multilayer films, 15 ml of bottom layer suspension was poured
in Petri dishes and allowed to stabilize the networked structure by evaporating excess water for 6
hours. Second, the top layer suspension (15 ml) was poured uniformly over the pre-stabilized
bottom layer in the petri dish and placed on a leveled surface under pre-specified conditions. After
drying, films were conditioned at 23 C and 50% RH for 24 hours before characterization.
The air resistance of coated and uncoated base papers was analyzed using the TAPPI T460
(Gurley porosity) method. Oxygen transmission rate through coated paper was measured using a
MOCON Optech instrument with an atmospheric oxygen concentration of 21% and a 100 cc
volume at 23 °C temperature and 70% RH. The water vapor transmission rate (WVTR) was
measured using the ASTM E96 wet-cup method with coating side towards the high humidity at 23
°C and 50% RH. Results were reported as g/m2/day. Oil and grease resistance of the coated paper
was evaluated using a 3M Scotchban visibility method, also known as the TAPPI kit test for oil
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and grease resistance (TAPPI T559). Results were presented as kit number. Mechanical strength
was measured using an Instron tensile tester at 500 kN load with a preset length of 50mm and
25mm strip width at 50% RH and 23 °C.
Contact angle measurements were carried out using the sessile drops method with a SEO
Phoenix 150/300 contact angle system) and a CCD camera at room temperature (23 °C). A drop
of the probe liquid was placed on the paper surface from a micro-syringe, and images of the contact
angle for 150 frames in the interval of 200 microseconds were taken using the attached CCD
camera. Advancing and receding quasi static contact angles were also measured using the water
droplet method in accordance with Huhtamäki et al
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using a 27 gauge needle (0.21mm

diameter). For simplification, the Owens-Wendt geometric mean equation was used to estimate
surface energy from the contact angle (Eq 1.). In the equation, 𝛾𝐿−𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑣𝑒 taken for liquid 1
(methylene diiodide) is 50.8, and 𝛾𝐿−𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑣𝑒 for liquid 2 (water) is 21.8, 𝛾𝐿−𝑃𝑜𝑙𝑎𝑟 for liquid 1 is
0 and 𝛾𝐿−𝑃𝑜𝑙𝑎𝑟 for liquid 2 is 51. Based on these constants, γLV and γSV has been calculated.
(1 + 𝑐𝑜𝑠(𝜃)) 𝛾𝐿𝑉 = 2 √(𝛾𝑆−𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑣𝑒 𝛾𝐿−𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑣𝑒 + 2√(𝛾𝑆−𝑃𝑜𝑙𝑎𝑟 𝛾𝐿−𝑃𝑜𝑙𝑎𝑟 )

Eq.1

To verify the multilayer construction of nanocellulose coatings and films, scanning
electron microscopy (SEM) was conducted on a FEI XHR-Verios 460L field emission SEM (with
2 kV beam voltage and 13 pA beam current). All samples were sputter-coated with gold
nanoparticles prior to imaging, with a thin layer of gold in a low vacuum of 90 mTorr of Ar gas
pressure with an accelerating voltage of 600 V for 5 minutes at a coating rate of 7 nm/min. The
chemical characterization of the coated surface was carried out using Bruker-Opus ATR-FTIR
spectroscopy instrument within the range of 400 to 6000 cm-1 wavenumber with 4 cm-1 resolution
for 32 scans. ToF-SIMS analyses were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut
Ridge, NY) instrument equipped with a Bin

m+

(n = 1 - 5, m = 1, 2) liquid metal ion gun, Cs+
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sputtering gun and electron flood gun for charge compensation. To acquire high lateral resolution
mass spectral images, a Burst Alignment setting of 25 keV Bi3

+

ion beam was used to obtain a

500µm x 500µm area with negative ions.
3.4 Results ad Discussion
3.4.1 Wet properties of coatings
Table 3-2 describes the wet coating properties of all recipes described in this study.
Brookfield viscosity at 100 rpm was found to be the highest for CNC coatings and the lowest for
CNF coatings. Water retention for CNC* coating was also the highest (inversely proportional to
water absorption by filter paper) and the lowest for CNF coating. Considering these factors and
several trials, rod number 12 was selected for CNC* and CNF coatings, and rod number 8 was
selected for CNC coating.
3.4.2 Barrier properties of coated paper
Porosity: Gurley densometer tests evaluated the permeance of air under applied pressure
through a substrate in the z-direction (thickness). Figure 3-2 shows a significant increase in the air
resistance of substrate with various coatings. Air resistance was increased by a factor of about
three-hundred with CNF/CNC* two-layer coating (8846 Gurley seconds/100ml of air) compared
to no-coat substrate (30 Gurley seconds/100ml of air). CNF/CNC and CNC*/CNF two-layer
coatings also provided comparable improvement in air resistance with the same coat weight of 5
g/m2. The air resistance for CNF and CNC/CNF is in the same order of ~1000 Gurley seconds.
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This shows more open structure generated with CNF relative to CNC with a thin layer of coating
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Figure 3-2. Air resistance and oxygen transmission rate of nanocellulose coatings on WK
paper.
Oxygen Transmission Rate (OTR): Consistent with the results of air resistance, oxygen
transmission showed similar trends with nanocellulose coatings (Figure 3-2). A single layer
coating with CNF provided better barrier properties compared to CNC at existing relative humidity
conditions. CNC* coatings showed further reduction in OTR compared to CNF, which might be
due to the lower sensitivity of CNC* coating to higher relative humidity conditions 247. The highest
reduction in oxygen transmission rate (~by a factor of about 260) was observed with a double layer
coating with CNF/CNC* (79 x104 g/m2/day/atm) compared to no-coat substrate (0.3 x104
g/m2/day/atm). Results shown in Figure 3-2 confirm that the CNF coating layer works more
efficiently as an oxygen barrier if protected from direct exposure to humid conditions, which is
done by using the CNC* as a top layer in the present case 125. All the gas and oxygen transmission
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rate results can be correlated to the morphology, chemical structure and surface chemistry of the
different layered structures as discussed later in the surface and chemical characterization section.
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Figure 3-3. Water Vapor transmission rate of nanocellulose coatings on WK paper.
Water Vapor transmission rate (WVTR): No significant improvement was observed with a
single layer coating of CNF or CNC and neither with the double coat layer of CNC/CNF,
CNF/CNC (Figure 3-3). However, CNC*-containing coatings reduced vapor transmission rate by
20-30%. The lowest vapor transmission rate was obtained with CNF/CNC* coated base paper.
The results can be explained based on the hypothesis of this study: the bottom layer of CNF
increases resistance to the flow of gases; however, the CNC* top layer inhibits interaction of water
vapors with the surface, which results in a reduction in the permeability of coated base papers.
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Figure 3-4. Oil and Grease Resistance Kit reading of nanocellulose multilayer coatings on
WK paper sheets with CNF, CNC and CNC*.
Oil and Grease Resistance-Kit Test: Figure 3-4 shows the improvement from ‘0’ (with
uncoated) to 8 for CNC* coating and to 11 for CNF/CNC* multilayer coating. This provides a
great opportunity for the paper and board industry as an effective alternative for fluorocarbons for
food packaging applications. As discussed earlier, the reading depends highly upon the porosity
and bulk of the paper irrespective of basis weight
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.

Contact angle: Surface chemistry and roughness are key factors that can affect hydrophobicity
and hydrophilicity

271

. The water contact angle (WCA) can be defined as the angle at which

liquid/vapor interface meets the solid substrate, when the testing fluid is water (Figure 3-5).

γLV
γSV

γSL
Figure 3-5. Water Contact angle and soild-vapor (γSV), liquid-vapor (γLV) and solidliquid (γSL) components of surface energy for a given substrate.
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However, quasi-static advancing (θa) and receding (θr) contact angles provide more
information about the wettability and the absorption behavior of surfaces

269

. Advancing and

receding contact angles are measured by increasing and decreasing the droplet volume in the

Figure 3-6. Depiction of advancing and receding quasi-static contact angle.
sessile droplet contact angle measurement method (Figure 3-6). Table 3-3 summarizes the θa, θr
and hysteresis (θa - θr) for water contact angle, which determines the mobility of a drop on surface.
The larger the hysteresis, the less mobile the drop is on the surface, which is a function of an
interaction of the droplet with the surface. Hysteresis can occur due to reasons such as surface
roughness, surface heterogeneity or absorption of the droplet into surface

272

. The uncoated WB

surface had a large θa, whereas hysteresis was found to be the highest (54.3) due to water
absorption and the porous, rough surface of the paper
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. CNC and CNF coated surfaces showed

almost equal hysteresis despite CNC being highly crystalline in nature, which is in line with earlier
studies 274. CNC* coated surfaces showed the highest θa with a hysteresis of 13.0, which is much
lower than CNC and CNF coated surfaces. All substrates with CNF and CNC coated on the top
surface showed similar hysteresis ~25, which proves the importance of the top surface. CNF/CNC*
coated surfaces showed the least hysteresis (2.1) and the least absorbency of droplet into surface.
The other point to be noticed in following table is that the standard deviation of measurements was
found to be the least with CNF/CNC* coated surfaces. The least hysteresis obtained with
54

CNF/CNC* coated surface can be explained based on the dense, uniform and comparably less
polar chemistry of the top surface as described later in SEM and ToF-SIMS spectra (Figures 3-10,
3-11 and 3-12).
Table 3-3. Advancing and receding water contact angle of multilayer based coatings on WB.
Coating
θa
θr
Hysteresis (θa - θr)
No coat

85.7 ± 1.15

31.3 ± 2.31

54.3 ± 3.05

CNC

46.0 ± 2.64

20.7 ± 3.78

25.3 ± 6.35

CNF

58.0 ± 1.00

22.3 ± 2 .08

25.7 ± 1.53

CNC*

107.7 ± 2.11

94.7 ± 8.50

13.0 ± 6.92

54.3CNC/CNF

48.7 ± 2.57

25.3 ± 2.52

23.3 ± 3.15

CNF/CNC

47.7 ± 8.12

22.3 ± 4.51

25.3 ± 4.51

CNC*/CNF

46.7 ± 2.88

24.7 ± 4.51

22.0 ± 5.19

CNF/CNC*

65.7 ± 1.16

63.6 ± 2.31

2.1 ± 1.29

The static water contact angle was also measured after 1- and 30-second interval on three
different types of paper substrates coated with multilayer nanocellulose coatings (Table 3-4). The
results in Table 3-4 coincide with advancing and receding contact angle as shown above in Table
3-3.
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Table 3-4. Contact angle of single/double layer CNC & CNF coated paper.
White Board
Liner Board
White Kraft
WCA
WCA
WCA
WCA
WCA
Coating Type WCA
(1 sec)
(30 secs)
(1 sec)
(30 secs)
(1 sec)
(30 secs)
No Coat

93°

55°

106°

64°

54°

19°

CNC

40°

36°

41°

36°

40°

30°

CNF

97°

93°

19°

0°

43°

0°

CNC*

97°

96°

108°

108°

66°

62°

CNC/CNF

44°

38°

44°

36°

31°

28°

CNF/CNC

35°

31°

36°

34°

40°

34°

CNC*/ CNF

60°

59°

46°

44°

58°

55°

CNF/CNC*

64°

63°

58°

58°

57°

57°

Estimation of surface energy is another approach to reveal unbalanced forces for the
molecules at the surface. The contact angle (𝜃) can be related to interfacial energies between the
solid-liquid (γSL), liquid-vapor (γLV) and solid-vapor (γSV) interfaces. These interfacial energies
can be described with Young’s regimes described by Equation 2:
𝐶𝑜𝑠𝜃=

𝛾𝑆𝑉 −𝛾𝑆𝐿
𝛾𝐿𝑉

Eq. 2
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Figure 3-7. Surface energy estimation of single- and double-layer CNF, CNC and CNC*
coated papers using Owens-Wendt model.

The total surface energy of the CNC* coated surface was reduced significantly (Figure 37). For WB and LB, a reduction in surface energy by >20% with CNF/CNC* multilayer coatings
were more prominent as compared to the effect of multilayer coating on WK paper. The value of
surface energy was much higher as compared to a super-hydrophobic or superomniphobic, which
is around 11-14 mJ/m2
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. This gives a platform to make a non-absorbing surface for both polar

and non-polar fluids. For example, a drop-in contact angle with methylene diiodide (MI) on
CNF/CNC* coated white board surface remains unchanged for a long time without any absorption
into the paper (Figure 3-8). This further shows the oil and grease resistance character of the
following double layer coating against such a highly non-polar solvent. Similar behavior was
observed with CNC* and CNF/CNC* coatings on all three types of selected base papers.

57

No coat

MI Contact Angle

60

CNC/CNF

CNF
CNF/CNC

CNC

CNC*

CNC*/CNF

CNF/CNC*

50
40
30
20
10
0
0

5

10

15
20
Run (Secs)

25

30

Figure 3-8. Contact angle pattern of methylene diiodide over nanocellulose coated surface
over time.
3.4.3 Chemical & Surface characterization
The FTIR spectra of coated papers with all three different base papers was found to be
identical. For more clarification, results with WK paper are shown in Figure 3-9. The FTIR spectra
of uncoated and nanocellulose (CNF and CNC) coated paper were exactly the same except for the
CNC showing an extra peak at 1391 for SO-3. This indicates that there were no new bonds present
in the selected nanocellulose
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. CNC* coating containing CNC, MMT, and soy protein can be

characterized with an absorption band of polypetide Amide I (C= O) at 1637 cm-1, which
overlapped the water absorption region in nanocellulose and in-plane N-H bending vibration of
soy protein 277. Absorption peaks for polypeptide amide bonds were consistent in CNC*/CNF and
CNF/CNC*. Characterization peaks of MMT in CNC* containing coatings at 1040 cm-1 for Si-OSi and vibration peaks for Al-O and Si-O at 625 cm-1 could not be seen here due to overlapping
peaks of stretching of C-O-C and noise respectively in cellulose 278. No new peaks were observed
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Figure 3-9. FTIR spectra of multilayer coated WK paper of (a) No coat, (b) CNC/CNF,
(c) CNF/CNC, (d) CNC*/CNF, (e) CNF/CNC*.

TEM: Structural features of individual CNCs and CNFs used in the current study are shown
in figure 3-10. This confirms the size, morphology, and structural features provided in material
section.

(a.)

(b.)

50 nm

100 nm

Figure 3-10. TEM images of (a) CNC and (b) CNF used in current study.
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SEM: Figure 3-11 shows the SEM images of cross section and top view of multilayer
coatings on WK paper. For CNC/CNF, CNF/CNC multilayer coatings-cross section view shows
expected results according to the hypothesis (Figure 3-11a & 3-11b). The two-separate layers of
CNF and CNC were found to be lying over each other without any major continuous gradient of
coating components at the interface. In the CNC*/CNF coating, where the CNF layer was coated
over the CNC* layer on base paper, a continuous gradient of clay and CNC particles was observed
at the interface against the gravity (Figure 3-11c). CNF/CNC* showed a completely different

Top View

Cross Section

interfacial behavior with a denser merged layer of CNF and CNC* at the interface (Figure 3-11d).

Figure 3-11. SEM images of double layer coated WK paper with: (a), (e) CNC/CNF; (b), (f)
CNF/CNC; (c), (g) CNC*/CNF; (d), (h) CNF/CNC* coatings.
This can be either due to physical diffusion and van der Waals, or possible hydrogen
bonding between components of CNC* and CNF layer through the CNF bottom layer. There is
also the possibility of the formation of new bonds between two layers. A top view of CNC*/CNF
showed that defects appeared on the surface as holes (Figure 3-11g). These holes might have
appeared due to the quick hydration of the MMT layer in bottom CNC coatings and then, diffusing
through the surface with a fast-drying process 279. The following information supports the data for
a reduction in porosity, OTR and kit reading with CNC*/CNF coating compared to CNC* (Figure
3-2, 3-3 and 3-4). Double-layer coatings with CNF/CNC could not form a uniform layer on the
60

paper surface compared to CNC* coatings, which is consistent with results from earlier studies
(Figure 3-12b and 3-12c) 247.

Figure 3-12. Lower magnification (250x) top view SEM images of (a) uncoated, (b)
CNF/CNC, (c) CNF/CNC* coated paper; and cross section view of solvent casted multilayer
(d) CNF/CNC and (e) CNF/CNC* individual films at interface of two layers on higher
magnification
To study the type and nature of interaction between interfaces of double layered CNF/CNC
and CNF/CNC* individual films were also examined with SEM at higher magnification (Figure
3-12d & 3-12e). CNF/CNC* coatings present a uniform (Figure 3-12c) and a tight continuous
interface (Figure 3-12e). The following results support the data for steady contact angle for MI
over the CNF/CNC* coated paper for a longer time (Figure 3-8). Unexpectedly, at the interface
of double layered CNF/CNC* film, a reinforcing phenomenon of MMT particles through the
bottom CNF layer was observed (Figure 3-12e).
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ToF-SIMS: Figure 3-13 shows the TOF-SIMS spectra of uncoated and multilayer coated
WK paper. Mass spectra peaks for sulfate and sulfite were observed for all multilayer coatings
except for uncoated paper. This shows that CNC particles were diffused through the adjacent layer
during the coating application and drying irrespective of their position. Proteins also diffused
through the adjacent layer in a similar way, as shown by the presence of CN - and CNO- peaks in
CNC*/CNF and CNF/CNC* multilayer coatings. These results support the data from SEM cross
section images (Figure 3-11). For a non-sputtered mass spectrum, no peaks corresponding to
silicates (MMT clay) were observed in either of the multilayer coatings, CNC*/CNF or
CNF/CNC*. However, a sputtered mass spectrum of CNF/CNC* coated paper showed a visible
peak for SiO2 - (Figure 3-13f).
SiCN-
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Figure 3-13. TOF-SIMS spectra of non-sputtered (a) No coat, (b) CNC/CNF, (c)
CNF/CNC, (d) CNC*/CNF, (e) CNF/CNC* and (f) 1-hour sputtered CNF/CNC* multilayer
coated WK paper.

This shows that MMT particles were completely embedded into the protein matrix and no
surface of the MMT particles were exposed to the atmosphere. This might be due to the protrusion
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of the non-polar clusters of the soy protein from the coating matrix due to hydrophobic repulsion
interactions as presented in the hypothesis, which is evidenced by non-sputtered spectra of positive
ion fragments from proteins (figure 3-14) 265. This is also consistent with the reduction in WVTR
with CNC* and CNF/CNC* coated paper due to a comparably hydrophobic top surface (Figure 33). Figure 3-15 shows a detailed characterization of the chemical properties and morphology of
CNC*/CNF and CNF/CNC* coatings with negative ion sputtered TOF-SIMS. In TOF-SIMS
images, the distribution of a specific chemical is shown based on the color intensity; the lighter
the color, the higher the presence/distribution of the chemical components (Figure 3-15). In
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Figure 3-14. TOF-SIMS of CNC*/CNF and CNF/CNC* coatings with noticeable fingerprints
in terms of fragments from hydrophobic amino acids.
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CNC*/CNF coatings, C2H3O2- (from CNF) shows a uniform and significantly higher distribution
and very lower distribution for CNO- (Protein) and almost no presence of SiO2- (Clay).
Unexpectedly, a very low distribution of C2H3O2- (from CNC) was observed in CNF/CNC* double
layer coated paper. A uniform and higher distribution of CNO - (Protein) and SiO2- (Clay) was
observed in CNF/CNC* coatings (Figure 3-15). This shows that MMT clay was hydrated and
separated in thin layers, leading to a more uniform distribution throughout the coating surface.
This also demonstrates that a successful multilayer coating system was attained with this method.
Figure 3-13 and 3-14 supports the explanation for the hypothesis of multilayer coatings, as no
peaks for Si/SiO2/SiO3 were observed without sputtering the coating layer (Figures 3-13d & 313e). However, peaks for silica and silicates were observed after 1-hour sputtering of coated paper
(Figure 3-13f).
−
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Figure 3-15. Surface-sputtered TOF-SIMS images of CNC*/CNF and CNF/CNC* double
layer coated paper to prove the formation of two separate layers in terms of constituents.
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3.5 Conclusions
CNF and CNC layers were successfully obtained in a multilayer coating system to exploit
their unique properties. The CNF/CNC* double-layer coating system provided the best results for
the development of a sustainable solution for gas, oil, and grease resistance packaging. The
CNF/CNC* double layer coated paper resulted in a reduction of air-permeability by a factor of
approximately 300, OTR by a factor of approximately 260, and WVTR by 30%. An improvement
in kit reading was also observed from a kit number of 0 to a kit number of 11, compared to uncoated
paper.
Water contact angles measured on different model surfaces showed increases with a single
coating layer of CNC*. However, the contact angles dropped in any combination with a CNF layer.
Though the contact angles with the CNF/CNC* coating layer on different model surfaces were
lower than contact angles with CNC* coated papers, the contact angles remained unchanged when
observed after 30 seconds (i.e., water or MI remained unabsorbed after an observation of >30
seconds). All these aforementioned improvements in gas and oil barrier properties were consistent
with the molecular, chemical, and structural behaviors of these coatings. SEM images show that
CNF/CNC* or CNC*/CNF coatings had no distinct layer separation between CNF and CNC*
layers. However, coatings with CNF and CNC layers exhibited a distinct layer interface. These
multilayer coatings provide a new pathway for delivering sustainable gas and oil resistant coatings.
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CHAPTER 4. High Strength Antibacterial Chitosan-Cellulose Nanocrystals
Composite Tissue Paper
4.1 Abstract
A heightened need to control the spread of infectious diseases prompted the current work
in which functionalized and innovative antimicrobial tissue paper was developed with a
hydrophobic spray-coating of chitosan (Ch) and cellulose nanocrystals (CNC) composite. It was
hypothesized that the hydrophobic nature of chitosan could be counterbalanced by the addition
of CNC to maintain fiber formation and water absorbency. Light-weight tissue handsheets were
prepared, spray coated with Ch, CNC and their composite coating (ChCNC), and tested for
antimicrobial activity against gram-negative bacteria E. coli and a microbial sample from a
human hand after using the restroom. Water absorption and strength properties were also
analyzed. To activate the surface of cationized tissue paper, a helium gas atmospheric plasma
treatment was also employed on the best performing antimicrobial tissue papers. The highest
bactericidal activity was observed with ChCNC coated tissue paper, inhibiting up to 98%
microbial growth. Plasma treatment further improved the antimicrobial activity of the coatings.
Water absorption properties were reduced with Ch but increased with CNC. This “selfdisinfecting” bactericidal tissue has the potential to be one of the most innovative products for
the hygiene industry because it can dry, clean, and resist the infection of surfaces simultaneously,
providing significant societal benefits.
4.2 Introduction
Increasing infection rates are creating higher demand for the development of effective
hygienic products 280,281. For example, infections caused by E. coli (gram-negative bacteria), which
alone leads to an estimated 73,480 illnesses each year in the United States, results in 2,168
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hospitalizations and 61 deaths annually 282, and is the main reason for acute renal failure in children
283,284

. Many solutions are available to cure these diseases, but they carry a high monetary and

health cost. Vaccination, an effective method to address these infections, bears a large USD 4
billion annual cost for the 72 most impoverished countries, and costs are approximately six times
more in developed countries

285

. Each year about 30 million children globally lack access to

vaccination 286.
The present work is based on the premise that a number of the associated aspects of these
issues can be solved in a frugal and practical manner by taking advantage of papermaking
technology. Toilet papers and napkins are essential products in developed countries. A recent study
determined that the average annual consumption of toilet paper in the United States is 50 lbs. per
person.8 Indeed, the market for hygiene tissue paper is increasing annually due to growing healthy
lifestyles, but there are very few tissue products with bactericidal properties. As an example, a
USA patent (20030143372) demonstrates the process of making an antimicrobial toilet paper. This
tissue is composed of intermediate planar-shaped absorbent layers and a dry antimicrobial layer
that is activated by moisture

287

. However, these products tend to have a high price point due to

the incorporation of antimicrobial agents in specified manner.
Biomaterials have gained increasing attention over the last two decades due to
sustainability and ecological considerations. Cationic functional polysaccharides are promising
from biomedical and hygiene product perspectives. Chitosan, which is a > 70% deacetylated
derivative of chitin, is one of the most sustainable and abundant polysaccharides that has been
studied for its antimicrobial properties for many years

288–290

. To obtain chitosan from chitin,

acetyl groups are hydrolyzed from amine functional groups located at the C2 position of the
glucosamine residue. This is done by hydrolysis of acetyl groups in the presence of alkaline
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solution, yielding the deacetylated form. If the deacetylation of these copolymers (1 → 4)-2-amine2-deoxy-β-D-glucan and chitin unit is greater than ~65%, the polymer is referred to as chitosan.
The pKa of glucosamine -NH2 (in chitosan) is ~6.3. Thus at pH lower than 6.3 more than half of
such groups in chitosan are protonated (-NH3+), as shown in figure 4-1

289

. (-NH3+) groups on

chitosan can result in three types of cellular denaturation: (ⅰ) change in cell permeability, which
provokes internal osmotic imbalance and thus inhibits cell growth;291 (ⅱ) hydrolysis of
peptidoglycans in a microorganism’s wall, which leads to leakage of electrolytes out of the cell
and eventually kills the cell 292; and (iii) after a longer time, protonated-chitosan chelates metals
and suppresses elements by binding to nutrients required for microbial cell growth 293,294.

Figure 4-1. A simplified rendition of the molecular steps leading to a protonated chitosan
moiety when starting from chitin.

A number of studies have explored the antimicrobial properties of chitosan against bacteria
(gram positive and gram negative) and fungi

294–301

. However, most of these studies evaluate the

antimicrobial property of chitosan associated with other co-factors such as

silver, gold
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nanoparticles, other antimicrobial agents (terpenes) or chemically modified chitosan

295–

298,300,302,303

. For instance, Badawy et al. studied very moderate antimicrobial properties of chitosan

films on bacteria such as A. tumefaciens, E. carotovora, C. fascians. An improvement in
antimicrobial property was observed only when monoterpenes (geraniol and thynol) were added
in film preparations 295. Very few studies have shown reasonable antimicrobial activity of chitosan
as an individual component, but limited to a narrow range of microbes 304,305.
Besides the positive charge on an antimicrobial agent, size and morphology are other
important factors that lead to a disruption of microbial cells. For example, metals such as Ag, Au,
Zn, and Mg, etc., can act as effective antimicrobial agents when used in suitable size, morphology
and chemical form

306,307

. Cellulose nanocrystals (CNC) possess an unusual morphology that is

characterized by a rigid, narrow, rod-like structure (figure 4-2)

23

. This peculiar morphology is

similar to antimicrobial agents such as silver and gold nano-particles that damage the microbial
cell membrane and cause osmotic imbalance inside the cell, resulting in cell apoptosis. However,
due to commonly used preparation methods, CNC particles generally bear negative charge, which
tends to cause repulsion between a negatively charged cell membrane and CNCs. El-Samahy et al.
have studied the effect of addition of CNC in chitosan on antimicrobial activity when used as
bagasse pulp paper-additive. Other studies have shown good synergy between CNC and chitosan
as a composite for mechanical and water vapor barrier properties

131,227,308–310

. Increasing the

concentration of CNC in chitosan resulted in increasing antimicrobial activity against S.
typhimurium

311

. However, no logical understanding for the antimicrobial effect of CNC was

provided.
The current work is based on the hypothesis that chitosan and nanocellulose crystals
(CNCs) composited networks of a specific ratio will provide synergistic antimicrobial effects when

69

used in tissue paper. More specifically, it was speculated that when a bacterium encounters rigid,
narrow, stiff, rod-like CNC particles, it will undergo significant cell membrane damage

312

. This

harm to the cell-membrane would make microbial cells susceptible to protonated (cationic)chitosan (figure 4-2). Thus, CNC will be able to work synergistically with the chitosan by
enhancing its antimicrobial effect and will compensate for its hydrophobic character.
Additionally, CNC and chitosan have been demonstrated to be good dry strength reagents for paper
making when allocated as individual units

15,300,313

. Yet, combinations of negative CNC and

CNC
Deacetylated
Chitosan at
pH<6.3

Rigid, narrow CNC
particles causing damage
to the cell membrane

Chitosan-CNCs network

Bacterial cell with negatively
charged cell-membrane

Chitosan entering into the
cell and causes more damage

Primary interaction of
cell-membrane and
chitosan-CNCs network

Cell membrane denaturation due
to osmotic imbalance in the cell

Figure 4-2. Schematic diagram of objective and theory of using nanocellulose and chitosan
together for tissue coatings for antimicrobial and superabsorbent tissue papers.
positive chitosan can work synergistically similar to the effect of polyelectrolyte complexes used
in paper making to improve dry strength. 314–316. The combination of Ch and CNC will endow the
tissue paper composites with a significant synergistic advantage with respect to antimicrobial
agency, increased water absorbency, and mechanical strength.
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4.3 Experimental
4.3.1 Materials
Chitosan was purchased from Sigma-Aldrich (medium molecular weight) with 97%
deacetylation. Nanocellulose crystals in the form of a gel with 12% solids was procured from the
University of Maine. The CNC had been prepared by acid hydrolysis using sulfuric acid, so it had
0.85 wt.% sulfur content based on dry CNC, in the sodium sulfate form. To prepare tissue
handsheets, recycled deinked office pulp (DIP) was procured from Resolute Forest Products
recycling with a kappa number = 15.2 and a stickies content = 145 mm2/kg.
4.3.2 Methods
Tissue paper sheets with a 15 g/m2 basis weight were made from recycled bleached deinked pulp (DIP) using a British handsheet mold. The pulp was a deinked office paper grade. The
handsheets were conditioned at 23 °C and 50% RH for 24 hours before surface coating. For the
preparation of CNC and chitosan coating complex, a solution of chitosan was prepared in 1%
acetic acid solution. Then, it was mixed with CNC (in a Chitosan:CNC ratio as 80:20 by weight)
using a constant torque mixer at 500 rpm for one hour. For convenience, the composite of Chitosan
and CNC is referred to as Ch-CNC. All coatings were brought to 1% solids concentration for spray
coating application. During the entire process pH was measured and maintained at < 6.3.
Antimicrobial nanocellulose coatings were spray-coated on the prepared handsheets and dried
using a “Chromalox 2110” dryer system at ‘zero’ load and 110 ⁰C with a speed level of 10 rpm.
Tissue sheets were also surface treated using a Surfx® Atmflo 400 atmospheric plasma system
equipped with an automated RB200-XYZ robot stage. The plasma composition was comprised of
helium as an inert gas and oxygen as a reactive gas. The use of atmospheric plasma was
investigated to study the influence on antimicrobial properties.
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The surface morphology of chitosan-treated samples was examined using a FEI Verios
460L field emission SEM at an accelerating voltage of 2 kv and 13pA current. Prior to imaging,
samples were sputter-coated with a thin layer of gold in a low vacuum of 90 mTorr of Ar gas
pressure with an accelerating voltage of 600 V for 3 minutes at a coating rate of 7 nm/min. ToFSIMS spectra were obtained using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument
equipped with a Bin m+ (n = 1 - 5, m = 1, 2) liquid metal ion gun, Cs+ sputtering gun and electron
flood gun for charge compensation. To acquire high lateral resolution mass spectral images, a burst
alignment setting of 25 keV Bi3

+

ion beam was used to obtain a 500µm  500µm area with a

resolution of 300 nm using negative ions to show the distribution and entanglement of CNC
particles into the chitosan matrix over tissue paper.
Auger electron microscopy was carried out using a beam voltage 2 kV, emission current 3
mA, resolution 512 x 512 at 250x magnification for the gold coated aluminum substrate treated
with Chitosan and CNC complex. The images were taken with a secondary electron detector, and
mapping data were taken with a cylindrical mirror analyzer. Contact angle measurements were
carried out using the sessile drops method with a SEO Phoenix 150/300 contact angle system) and
a CCD camera at room temperature (23◦C). A drop of the water was placed on the paper surface
from a micro-syringe and images of contact angle for 75 frames in the interval of 200 microseconds
were taken using the attached CCD camera.
Charge estimation on the un/treated tissue paper was carried out using colloidal titration
method. Un/treated tissue paper was disintegrated into pulp and brought to a 0.075% consistency
in deionized water. The colloidal charge of 200 ml of the resulting pulp suspension was evaluated
by titration using a CHEMTRAC ECA 2000 P streaming current analyzer. The charge
neutralization point of untreated and treated paper was determined by the addition of cationic
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polymer (poly diallyl dimethyl ammonium chloride (poly-DADMAC)) and anionic polymer
(potassium polyvinyl sulfate (PVSK)), respectively to the suspension.
Spray-coated and plasma-treated papers were tested for antimicrobial activity using the
ASTM E2149 method

317

and disk diffusion assay

318

. For the quantification of antimicrobial

activity of developed bactericidal tissue paper, the ASTM E2149 method was used. In this method,
an E. coli (strain TOP10) culture was grown overnight in LB media and diluted to obtain a culture
with 2.1  105 CFU/ml in a phosphate buffer solution. The media were transferred to six different
conical flasks (75 ml each) and incubated for 1 min in a shaking incubator. After 1 minute (0
contact time with tissue paper), the samples were serial diluted 5  10X and plated on petri dishes
and incubated for 24 hours. The coated/uncoated tissue specimens (equal area) were transferred to
their respective conical flasks and incubated for 2 hours. Again, plating of bactericidal treated cells
was carried out and the system was incubated. After 24 hours of incubation, bacterial colonies
were counted, and CFU/ml was calculated. The results were presented as a Reduction % for
CFU/ml. Antimicrobial activity with a disk diffusion assay of coated paper was tested against E.
coli and a virtual hand sample (culture of tissue paper used by a person after using the restroom).
Water absorbency was tested using the DIN 54540-4 standard test method. Paper samples of size
100  100 mm (with basis weight variation in the range of < 1 g/m2) were prepared and transferred
into a 1000 ml beaker containing 100 ml of DI water and kept for 60±3 s. Water was removed
from the samples by straining for 120 s, after which time they were weighed. Results were reported
as an amount retained in the paper as g/m2. Spray coated tissue papers were also tested for burst
strength and stiffness using the ‘Emtec’ tissue ball burst analyzer.
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4.4 Results and Discussion
4.4.1 Distribution of ChCNC over tissue paper
The SEM image in figure 4-3b shows the distribution of a ChCNC network throughout
tissue paper (white spots shown in red square). The high magnification (500) image shows the
ChCNC network associated to the paper cellulosic fibers. Comparing images of uncoated (figure
4-3a) and coated (figure 4-3b and 4-3c) tissue paper, it can be easily gleaned from the
microphotographs that the porosity did not change. Most of the ChCNC networks seem to be
present on the surface of cellulose fibers instead of filling the pores, which is confirmed in water
absorbency data. To confirm the manufacture of a ChCNC composite as shown in figure 4-2, a
gold coated aluminum substrate was treated with ChCNC composite (figure 4-3d and 4-3e). Figure
4-3d shows the morphology of spray coated ChCNC composite. Substantial amount of CNCs
could be seen as protruded sharp edge particles on the substrate surface, coming out of chitosan
matrix as suggested in hypothesis. To compare the morphological difference between Ch and
ChCNC composite coatings, SEM image of Ch coating on aluminum substrate is shown in figure
4-3f and 4-3g. Ch coating illustrates the continuous film formation property.
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Figure 4-3. SEM images of (a) uncoated, (b) ChCNC treated paper at 100x and (c) 500x
magnification; (d), (e) ChCNC composite and (f), (g) Ch treated aluminum substrate, at
higher magnification 15,000x and 50,000x respectively.
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In the ToF-SIMS spectra for ChCNC, the dominant peaks for CN- (25.99amu), CNO(42.20amu), SO3-2 (79.63amu) and HSO4 - (96.51amu) confirms the presence of the ChCNC
complex on the ChCNC treated paper. The CN - and CNO- fragments are generated from chitosan,
and SO3-2 and HSO4- are generated from CNCs. The peaks for CN -, CNO-, SO3- and HSO4- are
absent on the ‘No coat’ paper (figure 4-4).
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Figure 4-4 TOF-SIMS spectra of untreated (No coat) and ChCNC-treated tissue paper.

To see the distribution of ChCNC over tissue paper, negative ion ‘ToF-SIMS microscopic
images of tissue paper were studied (figure 4-5). The lighter shade for CN - and HSO4 - shows that
chitosan and CNCs are distributed uniformly throughout the surface with higher saturation at
certain areas (yellowish) compared to others. These observations support the SEM images
showing ChCNC complexes associated with cellulosic fibers. Also, in the porous structure of
paper, no CNC and Ch particles (black color) are observed, further supporting the data from SEM
images. In figure 4-5c, overlay of CN- and HSO4- (dark green area in white circles) depicts how
the chitosan and CNCs are present together in the form of a complex structure, CNCs clusters were
found mostly where chitosan is present.
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Figure 4-5. High resolution ToFF-SIMS images (500x500µm) of ChCNC treated tissue
paper showing distribution of (a.) chitosan (CN-), (b.) CNC (HSO4-), and (c.) complex of
Chitosan and CNC.
.
Figure 4-6 depicts the distribution of CNCs (sulfur scan in blue color) in chitosan matrix
(nitrogen scan in yellow color) using auger electron microscopy. Ch treated aluminum substrate
shows no traces for sulfur, which confirms the absence of CNCs (figure 4-6a). ChCNC treated
substrate shows the presence of CNCs into the Ch matrix, which confirms the SEM images shown
earlier. CNC particles can also be seen distributed throughout the chitosan matrix rather than inside

(a.)

(b.)

50 µm

50 µm

Figure 4-6 Auger Microscopy of (a.) Ch and (b.) ChCNC-coated substrate illustrating
nitrogen (yellow) and sulfur (blue) scans.
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the chitosan microparticles. Having the CNC particles distributed on the surface of the chitosan
matrix enables a greater functional opportunity for antimicrobial activity. Surprisingly, the ChCNC
treated substrate shows a more uniform distribution of chitosan particles on the surface (figure 46b). Additionally, the Ch-only treated substrate resulted in greater agglomeration of chitosan
particles, which resulted in less surface area coverage (figure 4-6a). This could result in the
chitosan being less effective as compared to the ChCNC composite, as it pertains to the
antimicrobial activity of Ch, as shown later in figures 4-9 and 4-10.
4.4.2 Contact angle
To evaluate the hydrophilic-hydrophobic balance of the coatings, contact angles for pure
water were obtained on three glass slides coated with Ch, CNC and ChCNC, respectively, as shown
in figure 4-7. The chitosan-only coated slide showed slight hydrophobic character with contact
angle of ~93° with a base line of 1.61 mm. The contact angle on a CNC coated glass slide was
reduced drastically to 23° with a baseline of 2.88 mm, which is in keeping with past reports .319
This was consistent with its more hydrophilic character and nanoscale structural texture, providing
enormous surface area. More interestingly, the hydrophobic character of chitosan was superseded
by the hydrophilic character of the CNC in the ChCNC complex. The contact angle on ChCNC
coated glass slide was found to be as 41° with a base line of 2.38 mm. This implies that even a
small amount of CNCs can upset the hydrophobicity induced by Ch in the ChCNC complex. This

(a.)

(b.)

(c.)

Figure 4-4. Contact angles of glass slides coated with (a.) Ch, (b.) CNC, and (c.) ChCNC.
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can also be correlated to the distribution of CNCs into the chitosan matrix in ChCNC composite
as shown in figure 4-3d and 4-3e. CNCs are present protruding out of the surface through chitosan
matrix instead getting entrap into the matrix. This overcomes the hydrophobic character of
chitosan by presence of hydrophilic CNCs on surface. This characteristic finding was further
confirmed by measuring the absorbency of tissue paper treated with these test coatings.
4.4.3 Charge determination
The final charge on the ChCNC complex treated tissue paper was hypothesized to play a
governing role in the current study. To identify the sign and magnitude of ionic charge present on
ChCNC treated tissue paper, polyelectrolyte titration was carried out using the streaming current
method for endpoint determination (figure 4-8). Quantification of net positive charge was done
using anionic PVSK polymer (potassium polyvinyl sulfate) and expressed as demand of microequivalents charge per liter. Not surprisingly, the streaming potential of untreated (non-coated)
tissue paper was found to be negative (-1.65 mV), which implies that the net charge on ‘noncoated’ paper is negative. In that case cationic polymer (poly-DADMAC) was used to neutralize
the colloidal charge of the system; during the quantification of charge (4 micro-equivalent
charge/liter). The streaming current output for CNC-treated sample was also found to be negative
(-3.26), with a cationic demand of 14 micro-equivalent charge/liter. On the other hand, the
streaming current output for Ch-treated tissue paper was found to be positive with anionic (PVSK)
polymer demand of 135 micro-equivalent charge/liter. The streaming current output of ChCNC
treated tissue paper was also found to be positive (+2.54 mV), which signifies that the total charge
on ChCNC treated paper is still positive even with the presence of sulfonated CNCs. Following
neutralization with PVSK, the approximate charge demand on treated fibers was found to be as 67
micro-equivalent charge/liter (90 micro-equivalent charge/g-fibers).
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Figure 4-5. Streaming current test output and oppositely charged equivalent volume to
neutralize Uncoated and treated tissue paper with CNC, Ch and ChCNC.
4.4.4 Antimicrobial activity of Ch-CNC coatings
Disk Diffusion Assay Results. Table 4-1 summarizes the results of disk diffusion assay in
terms of zones of microbial growth against specific gram-negative bacteria (E. coli) and the
unspecified microbial culture from the unwashed hand sample. A disk diffusion assay was carried
out using uncoated, CNC- only (CNC), Ch-only (Ch), ChCNC composite, plasma treated uncoated
(p-No coat), and plasma treated ChCNC coated (p-ChCNC) tissue paper against E. coli (strain
N022) and a microbial sample taken from an unwashed hand after using the restroom. No zone of
inhibition for microbial growth was observed with the uncoated and ‘CNC’ coated tissue paper
against the E. coli plated culture. However, a slight zone of inhibition (0.87 and 0.85 cm diameter)
was observed with the untreated ‘Ch’ coated and plasma-treated uncoated tissue paper against E.
coli. The highest zone of inhibition with a diameter 2.34 cm, against E. coli, was found with pChCNC treated tissue paper. This was followed by untreated ChCNC, which had an inhibiting
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zone diameter of 1.74 cm. For a microbial sample collected from human-hand, no zone of
inhibition was found with any of the coated or uncoated tissue paper, except for p-ChCNC coated
tissue paper. Microbial sample collected from human-hand after using rest room is expected to
have a number of different types of microbes including fungi, virus, gram-negative and grampositive bacteria 320–322.
Table 4-1 Inhibition zone diameter of microbial culture (E. coli and unspecified microbes) on
agar plates using spray coated tissue paper.
Coating type

Zone of microbial growth inhibition/diameter (cm)
E. Coli Microbes from human-hand sample

No coat

0

0

CNC

0

0

Ch

0.87

0

ChCNC

1.74

0

P-ChCNC

2.34

1.85

P-No coat

0.85

0

However, chitosan has been studied as antimicrobial agent against a limited number of
microbes such as gram positive bacteria (Listeria monocytogenes, Bacillus megaterium, B. cereus,
Staphylococcus aureus, Lactobacillus plantarum, L. brevis, L. bulgaris, etc.) and a very few gram
negative bacteria (E. coli, P. fluorescens, S. typhymurium etc) 289. This might be the reason that Ch
and ChCNC treated tissue seemed not to show the antimicrobial activity using disk diffusion assay.
On the other hand, it has been demonstrated in earlier studies that the hydrophilicity of microbes
and substrate is one of the key factors that increases the sensitivity of chitosan as antimicrobial
agent

323–325

. Treatment of ChCNC treated tissue paper with oxygen plasma, increases the

hydrophilic character of paper

326

. This might be the reason that P-ChCNC samples resulted in a
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significant reduction of microbial growth by increasing the inhibition zone in the disk diffusion
test.
Antimicrobial activity was evaluated using the ASTM 2149 method. In figures 4-9 and 410, spray-coated, and plasma-activated tissue paper inhibited up to 99% of bacterial growth. The
samples are considered to be bactericidal if they inhibit greater than 75% of microbial growth 304.
The plasma-treated p-ChCNC coated sample showed the highest reduction in the microbial count
after 2 hours of treatment, although no inhibition was observed against CNC coated tissue paper
in the disk diffusion assay. The reactive oxygen species generated by the plasma systems have
shown bactericidal activity against a variety of pathogens in various studies

327–329

. However,

unexpectedly, cellulose nanocrystals (CNC) also showed inhibitory action against E. coli culture
with this method. The mechanism of bactericidal activity needs to be further understood to use this
treatment more effectively 311.

93

Reduction % (CFU/ml)

95

82

98

99
89

75

55
35
15

-1

-5

Figure 4-9 Percent reduction in microbial culture growth with spray coated tissue paper
against E. coli culture.
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Figure 4-6. Bacterial (E. coli) growth on agar plates after treating the culture with
different coated samples.
4.4.5 Water absorption
One of the main purposes of tissue paper is to absorb water and retain it. Water is taken up
by capillary action through the cell cavity and fiber walls of the cellulosic fibers

330, 331

. The

capacity of water absorption depends on several factors such as fiber types, chemicals used in the
paper making process and types of creping process. More porous structures have a better water
absorption capacity. Increased beating or refining of fibers decreases the rate and amount of water
absorption due to a reduction in the porosity of the final paper

332

. CNC and Ch work similarly to

a highly refined pulp if added during paper formation, which would result in reduced water
absorption

333

. However, in the current study, CNC-containing coated papers showed similar or

slightly better water absorption when compared to non-coated papers (figure 4-11). This is
because, the treatment of CNC and Ch on tissue paper was done using a spray coating method,
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which resulted in most of the hydrophilic CNCs and Ch on the fiber surface instead of getting
trapped into the porous structure of fibers and thus not affecting the porosity of sheet (figure 4-3b
and 4-3c, figure 4-5). Water absorption was reduced with the Ch-coated paper due to its
hydrophobic nature and a reduction in the bulk and porosity of paper, which is consistent with the
results by Zemljic et al 304. Synergistic results were obtained with ChCNC coatings, as expected,
and an increase in water absorption was observed. The spray coating method resulted a unique
morphology of final ChCNC, in which CNC remained exposed to outside the chitosan matrix
instead getting within the matrix (figure 4-3d). Due to the presence of hydrophilic CNC particles
on the surface, there was an increase of water absorption

334,335

. Plasma treatment did not affect

the water absorption capacity of coated or uncoated paper.
4.4.6

Strength properties of coated tissue paper

water absorption [g/m2]

The ball burst test is one of the commonly measured strength tests for sanitary tissue paper.
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Figure 4-7. Water absorption capacity of Ch-CNC coated paper.

It measures the resistance to mechanical penetration through a tissue paper, which is an important
characteristic of napkins or tissue paper for end use. For tissue papers, a very high ball burst
strength is not required, but it should possess sufficient strength for handling and usage purposes.
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Low dry burst strength can also cause problems in manufacturing and the converting processes.
Figure 4-12 shows that dry ball burst strength properties were increased significantly with ChCNC
spray coated tissue paper. With CNC coatings, the burst resistance of tissue paper improved by
48%. Further improvement was observed with CNC and Ch. However, as plasma treatment does
not impart any modification through the bulk of tissue paper, inter-fiber bonding of tissue paper
remained unchanged; thus, strength properties remained uninfluenced. Overall, the burst resistance
of tissue paper with spray coating was significantly higher compared to tissue products in this
range. Also, there is a linear relationship between burst and tensile strength for the case of tissue
papers 336. These findings are favorable for manufacturing and converting processes.
The stiffness behavior of ChCNC coated paper was found to be similar to that of burst
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Figure 4-8. Ball burst strength of spray coated and plasma-treated tissue paper.
resistance, as shown in figure 4-12. The principle behind this behavior of stiffness can be different
than burst strength. The burst strength of CNC-coated paper may increase due to its nanoscale
structure and integral hydrogen bonding between paper and within CNC particles. Another reason
for the increase in stiffness is due to the higher aspect ratio of CNC particles 337.
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4.5 Conclusions
A recycled tissue paper was prepared by spraying it with sustainable CNC and chitosanbased coatings to render bactericidal activity without significantly disrupting functional properties
such as water absorption and strength. The morphology and chemical characterization of ChCNCtreated substrate was validated using SEM, ToF-SIMS and Auger electron microscopy. Successful
antimicrobial activity against specific E. coli cultures and unspecified microbial cultures taken
from a soiled hand was tested qualitatively (disk diffusion assay), as well as quantitatively (ASTM
2149 method). Spray-coated CNC and chitosan paper could inhibit the growth of E. coli up to
99%. CNC coatings improved water absorption due to the higher surface area and hydrophilicity
of nanocellulose increasing the rate of absorption. Also, the strength of the paper increased. This
was especially true of CNC-containing coated paper. The significant boost in strength properties
with CNC-containing coated tissue could pave the way for ultralight weight tissue papers with
antibacterial properties, thus reducing the overall cost of the final product.
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CHAPTER 5. Lignin Containing Cellulose Nanofibers for Barrier and
Antimicrobial Packaging Products

5.1 Abstract
This study includes the effects of the selection of feedstock and processing conditions on
chemical and morphological properties of the produced cellulose nanofibers and their barrier and
antimicrobial properties. A non-wood feedstock from hemp hurd fibers is selected for producing
lignin-containing cellulose nanofibers. The hemp hurds are obtained from industrial hemp stalks
and defibrillated/pulped using four different pulping processes, namely autohydrolysis (with
water), alkaline/carbonate (4% Na2CO3), unbleached kraft (Na2S + NaOH), and bleached kraft.
Lignin-containing and bleached hemp cellulose nanofibers (CNF) were produced using a highspeed mechanical grinding process. For comparison of hemp CNF, hardwood (Eucalyptus) was
used and processed in a similar fashion to obtain hardwood (HW) CNF. The morphological
properties characterized using SEM showed that lignin containing CNF were more fibrillated
compared to bleached CNF from both hemp and HW fibers. The obtained CNF were used to
prepare films and serve as coatings over linerboard paper for barrier and antimicrobial property
measurements. The chemical characterization of CNF films carried out using ToF-SIMS showed
a progressive reduction in surface lignin for carbonate (C), unbleached kraft (UK) and bleached
kraft (BK) CNF. When HW fibers were compared, hemp fibers were observed to be more
fibrillated, which was evident from CNF diameters. Hemp authydrolyzed (A) pulp containing
highest lignin content (23.9%) was observed with relatively lower surface lignin compared to
hemp-C, and hemp-UK CNF. The Crystallinity Index (CI) of hardwood CNF was observed,
increasing in a progressive manner for HW-C < HW-UK < HW-BK. However, no big difference
in CI of hemp-C, hemp-UK, and hemp-BK was observed. The highest water contact angle (WCA)
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was measured for hemp-K CNF films (104⁰) followed by hemp-C (102⁰), HW-K(86⁰), and HW-C
(84⁰). A similar trend of contact angle was observed with coated paper, though with lower contact
angle ranging between 74⁰-81⁰. The water absorption was also found to be lower for lignin
containing CNF coated paper compared to bleached CNF. However, when relative water
absorption for hemp and HW CNF films was measured, BK CNF was found to accept less water
compared to C and UK treated paper due to very high density of BK CNF films. The water
permeability (WVP) was also found to be more related to the density rather than the lignin content
of CNF coatings and films. The lowest WVP was observed with hemp-BK and HW-K CNF films
as 5.85 mm.g/m2/day and 6.12 mm.g/m2/day, respectively.
For testing antimicrobial activity of hemp hurds and processed fibers, the extractives were
extracted. The characterization of hemp hurds for the presence of antimicrobial active compounds
was carried out using GC-MS. In GC-MS chromatographs of hemp hurd powder (hemp-P), CBD
was observed, compared to and confirmed by commercially obtained standard CBD
chromatographs. The CNF films and coated papers were tested against E.Coli for their
antimicrobial activity. However, no significant antimicrobial activity was observed. Then, the
sterilized paper discs and hemp-A films were treated with the extractives obtained from hemp-P,
hemp-A, hemp-C, hemp-K and hemp-B. Hemp-P and hemp-A extractive treated paper showed a
significant reduction bacterial growth that resulted in a zone of bacterial inhibition of 1.85 and
1.05 cm respectively in disk diffusion assay. The results were confirmed by doing a colony forming
assay, and a 98% and 55% reduction in colony forming units was observed for hemp-P and hempA extractive treated paper. The results of using hemp CNF as barrier and antibacterial coatings
create a great potential for valorizing industrial hemp waste for value added products.
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5.2 Introduction
Hemp is a non-psychoactive variety of Cannabis sativa L. 338 The crop is one of historical
and worldwide importance as manufacturers seek hemp as a renewable and sustainable resource
for a wide variety of consumer and industrial products

339

. Cannabis sativa is a straight, annual

herb that is mostly dioecious and grows up to 1-6 m in height 340,341. The stems are green, hollow,
cylindrical, and longitudinally ridged. Hemp stems are made up of two parts. The inner core of
woody (xylem core body) materials is also known as hurd or shive and outer layer consists of fiber
bundles known as bast fibers 341,342. The woody or hurd fibers are lignified and generally used as
animal bedding due to their high absorption capacity and insulation of concrete-like materials 33.
The outer bast fibers are bound by a central lamella and arranged in bundles, which are separated
by the cortex parenchyma cell with a pectic and hemicellulose rich cell wall
used for cordage, rope, netting, canvas, bio-composites, and textiles

343

342

. Bast fibers are

. Bast fibers represent a

smaller percentage of total biomass of hemp stems compared to the xylem core/hurd fibers, which
account for 70% of total biomass of hemp 344.
Antimicrobial activity is one of the well-studied properties of hemp fibers, with numerous
contradictions and anecdotal information. Few studies show that the antimicrobial activity of hemp
fibers is linked to their chemical compositions, such as esterified sterols, triterpenes (β-sitosterol
and β-amyrin), which possess antimicrobial properties

345–347

. However, other studies show that

hemp contains numerous biologically active compounds known as cannabinoids, which are
responsible for their antimicrobial activity 33,348. Cannabinoids are carboxylic acids of C21 or C22
compounds in the form of analogs and transformation products

349

. There are more than 40

cannabinoids that have been found in hemp plants. Among these, five major cannabinoids (namely
cannabidiol (CBD), cannabichromene (CBC), cannabigerol (CBG), Δ9-tetrahydrocannabinol (Δ9
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THC), and cannabinol (CBN)) have been well studied in terms of their structures and properties
(Figure 5-1)

349

. CBD and THC both have demonstrated antimicrobial activity against gram

positives, gram negatives, and a few varieties of fungi.350 However, CBD is the primary therapeutic
component of hemp, unlike THC, which is the psychoactive component. Regarding hemp hurds
from medicinal cannabis sativa varieties such as Futura 75, they have higher content of lignin and
phytochemicals than bast fibers and are thus superior in their antimicrobial activity 349,351.

Cannabidiol

Δ9-tetrahydrocannabinol

Cannabichromene

cannabigerol

cannabinol

Figure 5-1. Five major cannabinoids present in hemp (Cannabis sativa L.).
Most of the studies on antimicrobial activity of hemp is focused on their polar and nonpolar solvent extractives. The solvents used for extraction of phytochemicals from hemp and
cellulosic fibers for antimicrobial functionality are petroleum ether, acetone, methanol, ethanol,
hexane, and water 349,352–358. Ali et al. studied the effects of petroleum ether and methanol extracts
of whole Cannabis sativa L. plants for antimicrobial activity against Gram positives (B. subtilis
and S. aureus), Gram negatives (E. coli and P. aeruginosa) and fungi (A. niger and C. albicans).
They found that both petroleum ether and methanol extractives showed pronounced or good
antimicrobial activity against all selected microorganisms. Mathur et al. showed that aqueous and
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ethanolic extract of cannabis sativa exhibited good antimicrobial activity against P. aeruginosa
and S. aureus but were inactive against E. coli and C. albicans. However, Wasim et al. showed
that aqueous extract of hemp did not perform antimicrobial activity against any of the
microorganisms tested including Gram positives, Gram negatives and fungi. A few studies have
focused on antimicrobial activity of hemp fibers using different treatments with associative
antimicrobial agents. These treatments include incorporation of silver nanoparticles (AgNPs) on
oxidized hemp fibers 359, chemisorption of AgNPs on hemp fibers 360, and grafting of hemp fibers
with antibiotics such as β-cyclodextrin, etc 361.
As discussed above, hemp extractives with non-polar solvents and physically or chemically
modified hemp fibers have shown pronounced antimicrobial activity against a wide range of
microorganisms. Very few studies show the antimicrobial activity of hemp fibers themself 351. To
our knowledge, solely Khan et al. studied the antimicrobial activity of hemp hurd powder against
E. coli 351,362. Khan et al studied the effects of particle size and pre-heat treatment of hemp fibers
on antimicrobial activity. It appears that lignin content and particle size played important roles in
the antimicrobial activity of hemp hurd powder.
As described in ‘Chapter 1,’ lignin containing cellulose nanofibers (LCNF) are more
hydrophobic compared to bleached nanocellulose fibers

93,94

. Very few studies have reported the

production and properties of LCNF from softwoods (Thuja plicata, Norway spruce,) and
hardwoods (Aspen/Populus, eucalyptus)

87,92,94,363,364

. Rojo et al., showed an increase in contact

angle with higher lignin content in cellulose. Similarly, Wei et al and Peng et al. also showed that
lignin containing nanocellulose is more water repellent compared to non-lignin containing
nanocellulose. However, Ferrer et al. 2012, studied residual kraft lignin in nanocellulose and found
that higher residual lignin in nanopaper resulted in higher water absorption and no difference in
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contact angles. In response to that, Rojo et al. 2015, studied pulp produced with different types of
digestion processes to produce LCNF. In his study, Rojo et al. found that residual lignin present in
cellulose fibers has different hydrophobicity and hydrophilicity characteristics. In his study, the
hydrophobicity of residual lignin was ranked as follows in increasing order: Kraft pulp <
Chemithermo-mechanical pulp (CTMP) < Thermo-mechanical pulpTMP < SO2–ethanol–water
(SEW) in terms of water contact angles. Companies such as American Process Inc. have also
shown interest in producing LCNF due to its low cost and comparatively hydrophobic nature.
Exploring lignin containing nanocellulose from hemp hurds provides another opportunity to impart
barrier and antimicrobial coatings with one composition and the least required chemical
modification.
The objective of the current study is to obtain an antimicrobial coating and a film from
hemp hurd fibers that has the potential to be used as a barrier for packaging also. Hemp hurd
wood/shives were defibrillated to lignin containing CNF using chemical free and other
conventional pulping methods. Nanoscale hemp fibers would expose more cannabinoids (if
present in hemp hurds) and lignin on the coatings and film surface. These LCNF films and coatings
were expected to have improved water barrier and antimicrobial properties compared to bleached
nanocellulose fibers (BCNF).
This work was divided into two parts: First, LCNF produced from hemp hurds includes
exploring barrier properties of hemp LCNF, primarily focusing on water sensitivity. Eucalyptus
LCNF was also investigated to compare the effect of raw material on barrier properties. The second
part of the study included the testing of antimicrobial properties of hemp LCNF. Since only Khan
et al. confirmed the antimicrobial activity of hemp hurd powder without extraction, the hemp hurds
extractives were also extracted from hemp hurd powder and tested for their antimicrobial property.
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The detailed steps for valorizing barrier and antimicrobial properties of hemp hurds fibers into
LCNF has been described in detail in the following experimental section. A detailed description
of plan of work for exploring the barrier and antimicrobial properties of hemp hurd waste is
summarized in figure 5-2.
Hemp Hurds
(Futura 75)
Part I: Barrier properties

Fibrillation/pulping

Bleached

Kraft pulping

Carbonation

Part II: Antimicrobial activity

Grinding into powder and
screening for particles <1 mm

Autohydrolysis

Extracting extractives using
ethanol

Grinding produced pulp into
nano-scale fibers using Masuko

Treating sterilized paper discs
with obtained extractives and
standard CBD

Preparing films and coating
over linerboard paper

Testing for antibacterial activity
against E.coli and

Measuring barrier properties of
coated paper and films

Figure 5-2. Plan of work for testing barrier and antimicrobial properties of hemp hurd
extractives and nanocellulose.
5.3 Experimental
5.3.1 Materials
Dew retted and decorticated, Futura 75 hemp (Cannabis sativa L.) hurds stems were
procured from the Netherlands and cut into small pieces before use. Sodium carbonate, sodium
hydroxide, and sodium sulfite used for carbonate and kraft pulping were procured from SigmaAldrich at 98% purity. Chlorine dioxide and hydrogen peroxide used to bleach kraft pulp were
obtained from Sigma Aldrich at 99% purity. A masuko grinder was used to prepare nanocellulose.
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Eucalyptus (hybrid of E. grandis and E. urophylla) chips were obtained from Brazil. A brown
linerboard with a basis weight of 130 g/m2 and bulk of 1.5 cm3/g was used as a coating substrate.
A wiley mill grinder was used to grind the hemp hurds into powder, and then they were screened
through 40 mesh screens to get 1 mm snippets. Ethanol and benzene were used for the extraction
process and was procured from Sigma-Aldrich at 99.98% purity. Abn-CBD (C21H30O2) solubilized
in methyl acetate (5 mg/ml) was procured from TOCRIS Biosciences at 99.7 % purity.
5.3.2 Methods
The autohydrolysis (A) pulping was carried out by soaking cut pieces of hemp hurd stems
in distilled water with a hemp to water ratio of 8:1 at a temperature 160 °C for 3 hours in a stainlesssteel reactor at pressure 90 psi. After three hours, the softened hemp hurd stems (pulp) were washed
and refined on the laboratory disc refiner at disc gaps of (0.1-0.05) mm with two passes before
screening on a 0.15-mm slotted laboratory screen. For a mild alkaline/carbonate (C) pulping,
4wt.% sodium carbonate (Na2CO3) was used under the same conditions: 160 °C for 3 hours with
8:1 ratio of hemp to 4% Na2CO3. Unbleached kraft (UK) pulp fibers of hemp were obtained using
12% active alkali-25% sulfidity (NaOH+Na2S) (as Na2O) with a 6:1 solid to liquor ratio under the
same conditions. To obtain bleached kraft (BK) pulp fibers, the DO(EP)D1 sequence was used to
obtain a final product of 85% ISO brightness. To compare the hemp hurd fibers with hard wood
fibers, similar pulping and bleaching processes were used to obtain cellulose fibers from
eucalyptus chips. However, a lower (4:1) solid to liquor ratio was used for defibration of
eucalyptus chips due to its high bulk density compared to hemp hurds. Due to the high density and
intact structure of eucalyptus chips, the autohydrolysis process could not result in fibers, and only
alkaline, unbleached, and bleached kraft pulping processes were used for defibrillation. Extractives
wt.% and lignin wt.% in samples were estimated using TAPPI T204 and T236 methods
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respectively. The ratio of soluble and insoluble lignin in all pulp samples was determined using
the NREL Laboratory Analytical Procedure (LAP) (NREL/TP-510-42618) and TAPPI T222
method.
To achieve a similar diameter range of nano-scale fibers, fibrillation of differently
processed cellulose fibers was carried out using a Masuko grinder at 1500 rpm using 16-30 passes.
The details of energy consumption in production of each type of nanocellulose is given in table 1.
Table 5-1. Conditions and energy consumption for producing LCNF.
Pulp type

Number of passes

Energy consumption Final
(kWh/tons)

(%)

Hemp-A

30

4213

2.48

Hemp-C

25

4584

2.39

HW-C

25

3885

2.18

Hemp-UK

15

6661

2.13

HW-UK

10

6010

1.63

Hemp-BK

16

4911

2.54

HW-BK

16

3197

1.96

Consistency

The morphological characterization of produced LCNF was carried out using scanning
electron microscopy (SEM) under FEI XHR-VERIOS 460L field emission SEM. ToF-SIMS
spectra and images were obtained using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY)
instrument to show the distribution of lignin on fibers. The X-ray diffraction spectra were obtained
with a Rigaku SmartLab diffractometer to obtain crystallinity of LCNF films. The angle was varied
to 0.05 per step starting at 2θ angles from 5 to 50 . The diffraction data obtained for each sample
were deconvoluted to obtain the area for amorphous peaks and crystalline peaks. The chemical
characterization of extractives from differently processed hemp hurd was carried out using gas
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chromatography and a mass spectrometer (GC-MS). Extractives were dissolved in ethyl acetate
before being analyzed with GC-MS.
Prepared nanocellulose samples at 1.5% consistency were coated over the selected
linerboard packaging paper using a lab scale benchtop rod coater using Mayer rod number 16, as
described in chapter 2 and 3 and dried with hot air. This coating process was repeated 3-4 times to
obtain ~5 g/m2 of coat weight. The linerboard papers were calendared before and after coating at
100 ⁰C temperature and 1000 psi pressure. The nanocellulose films with thickness 50 µm were
prepared by using the solvent casting method in teflon petri dishes under controlled conditions 248.
The coated linerboard paper and films were conditioned at 23°C and 50% RH for 24 hours before
testing.
To analyze the hydrophobicity of LCNF coated papers and films, water contact angle was
measured using the sessile drops method with a SEO Phoenix 150/300 contact angle system) and
a CCD camera at room temperature (23 °C). The water vapor transmission rate (WVTR) was
measured at 23 °C and 50% RH using the ASTM E96 wet-cup method with coating side towards
the high humidity. Water absorption (g/m2) of coated paper was determined using the Cobb60
TAPPI T441 method. Relative water absorption (RWA%) was determined by immersing 5 cm
diameter films in deionized water and recording the sample weight after 2 hours. The excess water
was removed by means of a standard roller using blotting paper on both sides of the film samples
before weighing the samples. The RWA was determined using the following equation:
𝑅𝑊𝐴 % =

𝑤𝑡0ℎ − 𝑤𝑡
𝑤𝑡0ℎ

ℎ

where wt0 and wt2h are the weights of the sample before and after 2 hours of immersion in
water, respectively.
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Air permeance of the coated substrate was determined using TAPPI T460” Gurley
Densometer method.”
The antimicrobial activity of differently processed hemp nanocellulose coated linerboard
papers was tested against E. coli using a Disk diffusion (Kirby–Bauer) assay. For the disk diffusion
assay, the overnight grown culture of E. coli in lysogeny broth (LB) media was diluted to 0.5
McFarland concentration (0.5 OD at 600 nm) using a KH2PO4 buffer. The 100 µl culture was
transferred to the LB agar plates. The extractives obtained from hemp hurd powder and processed
pulps were used to treat a sterilized filter paper substrate. The 200 µl of each extractive sample
(1mg/ml) were added to different filter discs and dried before being placed over the E. coli culture
spread on LB agar plate. The treated E. coli plates were incubated overnight at 37⁰C. The inhibited
bacterial growth was measured using a ruler by subtracting the diameter of the original disk from
the diameter of the zone of inhibition (a transparent area devoid of E. coli growth). The
antimicrobial activity of hemp-hurd extractives was also confirmed using ASTM E2149 method,
which is the same as that discussed by khan et al.317,351 For comparison, the antimicrobial test of
pure CBD oil procured from TOCRIS Biosciences as positive control was also carried out.
5.4 Results and Discussions
5.4.1 Part I: Barrier properties
5.4.1.1 Lignin and extractives content
Table 5-2 provides the content (wt.%) of lignin and extractives in differently treated pulp
fibers. The extractives and lignin amount present in untreated hemp hurd ground powder and autohydrolyzed hemp hurd pulp were found to be comparable. As desired, most of the lignin and
extractives were retained with the fibers after pulping and washing steps. However, with carbonate
pulping, a significant reduction in extractives was observed, while lignin content was found to be
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similar to that of auto-hydrolyzed pulp fibers. Compared with carbonate pulping, kraft pulping
resulted in the reduction of lignin amount by 35% and 60% for hemp and HW pulp fibers
respectively.
Table 5-2. Lignin and extractives composition of treated fibers.
Sample
Hemp-P
Hemp-A
Hemp-C
Hemp-UK
Hemp-BK
HW-C
HW-UK
HW-BK

Klason lignin
[%]
23.78
23.02
22.03
14.01
0.06
21.63
8.13
0.06

Acid soluble lignin [%]

Total lignin [%]

Extractives [%]

1.069
0.878
1.077
1.034
0.778
1.502
1.074
0.837

24.849
23.898
23.107
15.044
0.838
23.132
9.204
0.897

5.9
5.8
2.6
2.6
1.2
6.9
6.5
2.6

Surprisingly, the wt.% of extractives remained the same for carbonate and kraft pulping
treatments in both hemp and HW fibers. For both hemp and HW pulp, bleaching of kraft pulp
resulted in traces or almost no amounts of lignin; however, extractives were still found to be
relatively higher. The key point that should be noticed here is the amount of acid soluble lignin
(ASL) present in differently treated hemp and HW fibers. ASL is considered to be relatively
hydrophilic compared to klason lignin (KL).365 It has been observed that ASL is typically
composed of low-molecular weight products and hydrophilic lignin derivatives formed during
lignin degradation while the pulping/defibration process occurs.366 Among unbleached fibers,
hemp-A pulp was observed to have the least amount of ASL and highest amount of KL. Though
bleached hemp and HW pulp had almost no KL, they were found to have significant amounts of
ASL compared to others.
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5.4.1.2 Morphological and chemical characterization of LCNF
The SEM images in figure 5-3 differentiate the morphology of nanocellulose fibers
obtained from differently pre-treated hemp and HW (eucalyptus) fibers. When compared to the
same pre-treated fibers, nano cellulose fibers obtained from hemp were found to be more fibrillated
than hardwood fibers. The small spherical particles appearing in LCNF from hemp and hardwood
were identified as lignin using SEM-EDX. In the EDX spectra, the 69% and 31% of total round
globular particles are constituted of carbon and oxygen respectively (Figure 5-4). Which eliminates
the probability of being this particle as part of ceramic or other polymer coming out of stones while
grinding in Masuko grinder. Also, LCNF appeared to have lower diameters compared to bleached
CNF, which is consistent with earlier studies and was confirmed by measuring diameter of 100
fibers from SEM images using ImageJ software. The diameter of Hemp-A, Hemp-C, Hemp-K,
Hemp-B, HW-C, HW-K and HW-B were found to be 45±10, 67±14, 98±11, 138±26, 72±14,
136±34, 104±18 nm respectively. This can be related to the antioxidation scavenging ability of the
lignin to prevent the back crosslinking of cellulosic mechano-radicals produced during the
mechanical fibrillation process. This results in more fibrillated and reduced diameter fibrils. In
summary, the lignin containing fibers were found to be fibrillated more extensively compared to
bleached fibers.94 Comparing hemp and HW, CNF from hemp were observed to be more
fibrillated. This can be related to the higher hemicellulose and pectin content present in hemp
compared to HW.367 Higher amount of hemicellulose should correspond to a higher negative
charge on fibers that facilitate the easier fibrillation due to more swellability of fiber walls.
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Figure 5-3. 25,000X SEM images of LCNF obtained from differently processed hemp and
hardwood pulp.

1 µm

500 nm

Figure 5-4. SEM images of Hemp-C at (a) 50,000X, (b) 100,000X magnification and (c)
EDX of lignin particle.
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5.4.1.3 Lignin distribution on the surface of nanocellulose films
In ToF-SIMS spectra of nanocellulose films, the lignin was identified using their prominent
G (C8H9O2+, C8H7O3+) and S (C9H11O3+, C9H9O9+) fragments.368 To study the distribution of
lignin, RGB overlay of ToF-SIMS lignin fragment images over total fragments image was carried
out (Figure 5-5). For RGB overlay (Figure 5-5: o, p, q, r, s, t and u), the total fragment images
(Figures 5-5: a, b,c,d, e, f and g) and lignin fragments images (Figures 5-5:h, i, j, k, l, m & n) were
given red and green colors respectively. As the lignin concentration decreased with carbonate,
unbleached kraft, and bleached kraft pretreated fibers (Table 5-2), the surface lignin distribution
on CNF was also found to be reduced. This can be confirmed by a reduction in green color intensity
in overlay images. Though hemp-A pulp fibers were confirmed to have highest amounts of lignin
(~24wt.%) compared to raw material (Table 5-2), LCNF obtained from the hemp-A appeared to
have lower amounts of surface lignin (Figure 5-5o). Though ToF-SIMS is not a quantitative
analytical technique, a relative comparison of the amount of lignin present in the CNF films can
be carried out conveniently. A 1 µm deep sputtered spectra of LCNF films shown in figure 5v
depicts how hemp-A, hemp-C and HW-C possessed the highest amounts of lignin present in them.
This confirms the lignin wt% numbers shown in table 5-2. Though the amount of lignin present
in hemp-A LCNF was observed as highest in terms of spectral intensity but surface lignin
distribution was significantly low compared to hemp-C fibers, the surface lignin distribution was
expected to have a significant impact on barrier properties shown in a later section.
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Figure 5-5. Total positive fragments ToF-SIMS images of hemp and HW nanocellulose
films (a, b, c, d, e, f, g)., G (C8H9O2+, C8H7O3+ ) and S(C9H11O3+, C9H9O9+) lignin
fragments images (h, i, j, k, l, m, n)., RGB overlay of lignin images (as green) over total (as
red) fragments images (o, p, q, r, s, t,u)., and spectrum of all films.
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5.4.1.4 Crystallinity of nanocellulose samples
The crystallinity of the nanocellulose films was expressed as the crystallinity index (CI),
which is the mass ratio of the crystalline substance in the total dry sample based on the
crystallographic two-phase model (Figure 5-6).369 The CI values were determined by evaluating
the ratio of the sum of the crystalline peak areas to the total area, assuming broad peak like
nanocrystalline (amorphous) scatterings centered at 20.6° (Figure 5-6b). The peak shape and center
of the two amorphous scatterings was determined by maximizing both their height and full width
at half-maximum before separating the crystalline diffraction peaks. A significant difference
between the crystallinity of LCNF films obtained from differently pretreated HW cellulose fibers
was observed. This can be related to the amorphous lignin content in the nanocellulose.369
Reduction in lignin content with HW-C > HW-UK > HW-BK pulp resulted in increasing CI of
HW-C < HW-UK < HW-BK LCNF films. For hemp nanocellulose, a significant difference in CI
was observed only between hemp-A (CI: 30%) and hemp-C (40%) CNF films. In contrast, no
significant changes in CI were observed between hemp-C, hemp-UK, and hemp-BK CNF films.
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Figure 5-6. (a) XRD profiles and CI measurements of hemp and HW nanocellulose films
and (b) Peak separation of a XRD profile for determination of the CI.
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5.4.1.5 Water barrier properties
Water Contact angle: Considering that a significantly higher amount of lignin is present in
A, C, and UK treated hemp and HW nanocellulose fibers, it was expected that these CNFs would
be more hydrophobic compared to BK CNFs. A similar expected trend was observed for hemp
and HW, and both C, UK and BK CNF films and coated papers (Figure 5-7). However, hemp-A
films resulted in much lower contact angles compared to hemp-C films instead of having similar
lignin content (~23 wt.%). This can be explained based on surface lignin distribution of hemp-A
films shown in ToF-SIMS image figure 5-5a. Though total lignin concentration present in hempA CNF was found to be highest but a lower amount of surface lignin was observed on hemp-A
films compared to hemp-C and hemp-UK films. The contact angle of hemp-C and hemp-K CNF
films was observed as 102° and 104° respectively, which is similar to the contact angle of
organosolv lignin containing CNF films studied by Agrawal et al. 93 Hemp-BK and HW-BK films
showed the lowest WCA, 66° and 51° respectively. Despite the big difference between the lignin
content of C and UK treated hemp and HW CNF films and coated papers, no significant changes
in contact angle was observed. It can be expected that distribution of lignin content over UK CNF
films is optimum and sufficient to provide maximum hydrophobicity to the coated surface and
films.
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Figure 5-7. Contact angle of nanocellulose films and coated paper.

Water absorption: Water absorption (g/m2) measured on coated paper increased with a
decrease in lignin and extractives content for autohydrolyzed, carbonate, and kraft hemp CNF
(Figure 5-8a). A similar trend of relative water absorption (RWA%) was observed with CNF films
(Figure 5-8b). However, water absorption measured for hemp-BK and HW-BK CNF was lowered
even after having much lower content of surface and bulk lignin. This was surprising and
contradictory compared to the results shown in earlier studies.94,127,364 Water absorption and water
contact angle are known to be dependent on the surface energy and pore structure near the surface.
But the surface energy for bleached CNF should be lower than unbleached CNF based on the
contact angle in figure 5-8 and earlier studies. To explain this behavior of decrease in water
absorption, a decrease in pore size can be the expected as the probable reason. This is supported
by the increase in apparent density of hemp-BK CNF (Figure 5-9a). However, the reduction in
RWA% for HW-BK CNF could be understood based on the crystallinity. As shown in figure 56a, the CI of HW-BK was found to be the highest depicting has and had lowest amorphous region.
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Since crystalline regions absorb no or much less water compared to the amorphous regions, 125
water absorption by HW-BK was found to be much lower compared to HW-UK CNF films.
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Figure 5-8. (a) Per unit area water absorption (g/m2) on coated paper and (b) Relative water
absorption of nanocellulose coated paper and films.

WVP: Water vapor permeability of CNF films and coated papers did not show a similar
trend of reduction with bulk lignin content or surface lignin distribution (Figure 5-9a and 5.9-b).
On the other hand, WVP was found to be correlated more significantly with film density (Figure
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Figure 5-4. Water vapor permeability (WVP) of nanocellulose (a) films and coated paper (b)
and coated paper.
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5-9b).127 Samples with higher density possess more compact structures and are found to be less
water vapor permeable, regardless of the lignin content and distribution.
Air resistance: The air resistance measured for CNF coated paper at 50% RH showed the
linear relationship with lignin and extractives content in CNF (Figure 10). The air resistance was
observed to be lower for CNF having higher lignin content. The key factor for suitability of CNF
films as gas barriers is attributed to its ability to form the dense structure of high crystalline
order.370 The higher the density and crystalline order of films, the higher the air resistance that was
observed.
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Figure 5-10. Air resistance of hemp and HW nanocellulose coated paper.

5.4.2 Part II: Antimicrobial properties
5.4.2.1 Characterization of extractives
The extractives from hemp hurd powder and processed pulp were analyzed using GC-MS.
The chromatogram shown in figure 5-11a shows that the extractives from hemp-P and hemp-A
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includes fatty acids, alkanes, aldehydes, sterols, and phenols such as clionasterol, and coumarin
etc. However, extractives from hemp-C, hemp-UK, and hemp-BK were observed to have a lower
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Figure 5-11. (a) GC-MS chromatograms of hemp-P,hemp-A,hemp-C and standard
cannabidiol (b) Detailed mass spectrs of hemp-P and its comparison with standard CBD and
NIST library mass GC-MS mass spectra.
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number of active compounds. Earlier, it had been studied that the possession of CBD found in
flowers is highest and progressively lower in leaves, petioles, stems/hurds, seeds and roots. Thus,
the study of CBD concentration in stems, seeds and roots is generally excluded.371 In figure 5-11b,
we confirmed the presence of CBD in hemp-P extractives. The probable peak for CBD in the
hemp-P extractives sample was confirmed with the standard CBD peak and GC-MS NIST library.
5.4.2.2 Antimicrobial activity
The antimicrobial activity of extractives from differently processed hemp hurds is
presented in figure 5-12 (disk diffusion assay) and figure 5-13 (colony forming assay). The clear
transparent zone around the treated paper discs presents the zone of inhibition. Table 5-3 presents
the zone of inhibition, where d2 is the diameter of the bacterial devoid (transparent) circle formed
around the disk and d1 is the diameter of the paper disk. It is evident that the hemp-P extractives
treated paper disks showed the highest zones of inhibition and higher than standard CBD. The
higher antibacterial activity of hemp-P extractives can be related to the fact that apart from CBD
hemp hurds also contain other extractives, mainly phenolic acids, aldehydyes and fatty acids such
as

vanillin,

syringaldehyde,

p-hydroxybenzaldehyde,

vanilic

acid,

p-coumaric

acid,

acetosyringone and gallic acid.348,372 Though no studies have been done in the past to show the
antibacterial activity of individual mentioned extractives from hemp, Khan et al. discussed the
possibility of extractives other than CBD having antimicrobial activity.348 Hemp-A extractives
also resulted in zone of inhibition of around 1.05 cm against E.Coli for one test but not for the
replicates. However, hemp-C, hemp-UK, and hemp-BK did not show any antibacterial activity.
The results can also be related to their extractives content provided in table 5-2 and GC-MS plots
shown in figure 5-11. After consulting the results, it won’t be wrong of us to state that other than
the autohydrolysis pulping process, most of the active compounds (extractives) washed away with
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the carbonate and kraft pulping processes. Thus, no antibacterial activity was observed with the
extractives from carbonate and kraft pulped fibers.
Table 5-3. Zone of bacterial growth inhibition (d2-d1).
Sample Id.
Zone of inhibition (cm)
negative Control

0

CBD

1.55 ± 0.22

Hemp-P

1.85 ± 0.15

Hemp-A

1.05 ± 0.71

Hemp-C

0

Hemp-UK

0

Hemp-BK

0

No treatment
(negative control)

Hemp-C

CBD
(positive control)

Hemp-UK

Hemp-P

Hemp-A

Hemp-BK

Figure 5-12. Disk diffusion assay for hemp extractives treated paper
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To confirm the antimicrobial activity of hemp hurd and processed pulp extractives, a
colony forming assay was carried out using treated paper disks (Figure 5-13). The colony forming
assay confirmed the reduction in bacterial colony forming units (CFU) by 98.54% for hemp-P
extractives, which was similar to the antibacterial activity of pure CBD (98%) (figure 5-13b). The
hemp-A extractives treated sheet also showed reduction in CFU by 55%, which confirms the zone
of inhibition shown in the disk diffusion assay. The antimicrobial test was also carried out for
hemp nanocellulose films and coated papers; however, no antimicrobial activities were observed,
not even for hemp-A CNF film. This can be due to the absence of sufficient amounts of active
compounds in the used CNF films and coated paper. To study the potential for antimicrobial hemp
nanocellulose films, hemp-A CNF film was treated with hemp-P extractives (200 µg of
extractives/mg of dry CNF). A 99.7% in CFU reduction was observed with Hemp-A CNF treated
film with hemp-P extractives (Hemp-A+P).

111

(a)

CBD
(positive control)

No treatment
(negative control)

Hemp-P

Hemp-UK

Hemp-C

Hemp-A

Hemp-BK

Hemp-A+P

(b)

98

100

99.7

98.54

60

54.95

40
20

9

-20

-16.13

Hemp-C

Hemp-A

Hemp-P

CBD

Control

Hemp-A+P

-32

-40

Hemp-BK

0

0

Hemp-UK

Reduction in CFU (%)

80

Figure 5-13. Colony forming assay for antibacterial activity of hemp extractives treated
paper and hemp-P extractives treated hemp-A nanocellulose film.

112

5.5 Conclusion
5.5.1 Part I: Barrier coating
Hemp hurd lignin containing nanocellulose fibers were obtained from differently treated
(autydrolyzed, 4% carbonated, unbleached and bleached kraft processed) pulp fibers using Masuko
grinder. Eucalyptus hardwood nanocellulose fibers were also obtained using similar processes to
compare the barrier properties. The morphological, crystallinity and chemical characterization of
CNF films was carried out using SEM, XRD, EDX and ToF-SIMS analytical techniques. Water
barrier properties of lignin containing CNF films from hemp and HW were measured in terms of
water contact angle, water vapor transmission rate and water absorption. The barrier properties
were found to be dependent not only on the lignin content and lignin distribution but also on the
CNF film density and porous structure. Lignin containing CNF films and coated paper showed
much higher WCA (80°-102°) than bleached CNF films. Similar results were observed for LCNF
coated papers. WVP was found to be more dependent on density of films than lignin content.
5.5.2 Part II: Antimicrobial coating
The hemp extractives obtained from hemp hurd powder and processed hemp pulp showed
the presence of many active compounds. Only hemp hurd powder evidently had the CBD. The
antimicrobial tests with hemp CNF films and coated paper did not show any antimicrobial activity.
However, paper disks treated with extractives from hemp-P and hemp-A showed significant
reductions in bacterial growth conformed by disk diffusion as well as a colony forming assay.
Finally, the hemp-A CNF were treated with the extractives obtained from hemp-p and found to be
99.7% effective for antibacterial activity against E. coli. This work has paved the way for
combining the barrier and antimicrobial properties in lignin containing nanocellulose fibers
obtained from hemp hurds.
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CHAPTER 6. Summary and Future Directions
This chapter provides a brief summary and gives major highlights to the readers in each
chapter. In addition, the limitations with current work and future direction in my understanding to
continue the current work is included.

6.1 Chapter 1
6.1.1 Summary
The need and motivation for this dissertation has been laid out in this chapter. The different
types of nanocellulose were discussed. The characterizations of different types of nanocellulose in
terms of size, chemical, structural and morphological parameters were described and correlated
with their application potentials. Namely, cellulose nanofibers (CNF), cellulose nanocrystals
(CNC) and lignin containing cellulose nanofibers (LCNF) were discussed. The highlights of the
scope of nanocellulose-based materials applications specifically for barrier coatings were
discussed. After a detailed literature survey, it was concluded that nanocellulose materials have
great potential in the field of oxygen barrier properties when used as films and coatings for paper
packaging. However, these films and coatings are highly sensitive to water and low barriers to oil
and grease. In the past, reduction in water sensitivity of nanocellulose has been studied by doing
extensive chemical modifications and using materials such as fluorocarbons, silicates etc., which
vanish the objective of producing sustainable and biodegradable coatings. The potential of
cellulose nanocrystals for antimicrobial properties was also discussed. It was concluded that there
is great scope for exploring nanocellulose materials and functionalizing them to obtain better
barrier and antimicrobial coatings and films for food packaging.
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6.2 CHAPTER 2
6.2.1 Summary
This chapter focused on exploring the potential of cellulose nanocrystals for gas, oil and
water barrier coatings with more sustainable and less chemical-intensive modifications for food
pcakging. The CNC were selected over CNF based on their crystalline structure. Considering the
higher crystallinity of CNC materials, we believe a CNC coating should have more intact and
dense structure to avoid permeability of water and oil. The sustainable approach of making CNCcomposites with functionalized bio-based and sustainable materials was used to reduce the water
sensitivity of CNC coatings. The selection of functionalized additive materials (soy protein(S),
MMT clay, kaolin clay (K) and alkyne-ketene-dimer (AKD)) was carried out based on specific
function to impart into the CNC-composite coating. The CNC-composite coatings were coated on
three different type of papers: linerboard, whiteboard and linerkraft. The rheological
characterization of CNC-composite coating with soy protein, MMT and AKD showed much lower
viscosity compared to the CNC-only suspension at the same solid concentration (10wt.%). The
morphological characterization of coated surface with CNC-composite provided the most compact
and dense structure with the least defects observed. On the other hand, CNC-only coating was
found to be fractured in a regular fashion throughout the paper due to its brittleness. The FTIR
spectra of CNC-composite showed the significant reduction in the hydroxyl group intensity due to
more hydrophobic moieties from protein present on the top surface. Due to the following changes
in the morphology and chemistry of the CNC-composite coating surface, a significant reduction
in water absorption, gas permeability and improvement in oil resistance was observed. A very high
oil resistance with CNC-composite coating was obtained with a kit reading of 6, which is a good
number for applications such as burger wraps, pizza boxes etc.
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6.2.2 Future Direction
A detailed study on chemical profilometry of CNC-composite coatings was not carried out.
It was hypothesized that AKD and hydrophobic moieties should phase out of the bulk of coated
paper due to hydrophobic interactions. However, results were in the favor of the hypothesis by
showing lower -OH groups on the surface and lowering water sensitivity. A detailed chemical
profile of coating thickness could help better explain barrier properties. Another limitation found
with CNC-composite coatings was brittleness of coatings. The brittleness of CNC-composite
coating was much lower than the CNC-only coatings, which were confirmed by stiffness tests and
tensile tests. Nevertheless, to make a more flexible barrier coatings using CNC, the use of suitable
plasticizer can be considered in future. Comparing the results of barrier properties of modified
CNC coatings with commercially available coatings, we see there is still a huge potential for
improvement in water vapor and gas barrier properties.
6.3 CHAPTER 3.
6.3.1 Summary
In this chapter we studied the potential of combining CNC-composite coatings (CNC*)
developed in chapter 1 with CNF in a multilayer coating system to obtain all-rounder barrier
coating against gas, water and oil. A versatile laboratory bench-top rod coating method was used
to obtain the two two layer coating system of CNC* and CNF. The oxygen, air water and oil barrier
properties were improved by multitude. The air resistance (>10,000 Gurley seconds) and oil
resistance (Kit reading = 11) properties were found to be comparable to the commercially available
petroleum-based materials and fluorocarbons. The surface tension of CNF/CNC* coated paper
(CNF as bottom layer and CNC* as top layer facing atmosphere) measured using diiodomethane
and water was found to be reduced to 30 mJ/m2 comparing surface tension (γsv) of CNF and CNC
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as 61 and 67

mJ/m2 respectively. These results can be correlated to the chemical and

morphological characterized coated surface. The FTIR spectra and SEM images confirmed the
formation of stagnant double layer coatings of CNF and CNC* over paper. In SEM images it was
found that a very uniform and compact double layer of CNF/CNC* was formed. The ToF-SIMS
spectra of CNF/CNC* coated surface confirmed the presence of more hydrophobic moieties
(C4H8+, C4H8N, C8H6N+, C9H8N+) from protein and fewer CNC particles exposed to the top
surface. This can be the most probable reason for reduction in the surface energy of the CNF/CNC*
coated surface.
6.3.2 Future Direction
One of the major limitations that still exist with these CNF and CNC multilayer coatings
is their low water barrier properties. Though a significant reduction in surface energy was observed
with CNF/CNC* (30 mj/m2) coatings which is equivalent to the surface energy of polyethylene,
polypropylene and polypropylene films, bulk water sensitivity of the coating was still high. The
major limitation of the currently developed coatings was their instability due to their brittle nature.
Again, future work can be directed towards improving stability and lowering the brittleness of the
films. The stability of the coatings can be improved either by using a relatively hydrophobic
topmost layer or covalently bonding the hydrophobic moieties of soy protein or any other suitable
alternative on the surface.
6.4 CHAPTER 4.
6.4.1 Summary
A versatile approach to synthesize an antimicrobial coating using CNC and chitosan was
used. The chitosan and CNC were used to complement the antimicrobial and hydrophilic
properties respectively to be used for tissue paper and hygiene product application. The
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deacetylated chitosan having amine groups was deliberately brought to a pH lower than its pKa
(>6.3) and then mixed with CNC suspension at a chitosan to CNC ratio of 80:20. The ratio of the
chitosan and CNC was opted such that total charge of the composite would remain positive for
antimicrobial activity. The obtained suspension of CNC in the chitosan matrix was spray coated
over tissue paper and dried using a chromalox 2110 dryer system with zero load at 110 °C. To
activate the surface groups of coated surfaces of tissue paper, the surface was treated with oxygen
plasma. The SEM images of Chitosan-CNC composite showed a unique morphology: the rigid,
narrow, and needle like CNC particles were observed to be protruding out of the chitosan matrix.
The CNC particles instead of getting trapped inside the chitosan matrix were observed mostly on
the surface of the composite. The following morphology and architecture of the CNC and chitosan
composite were confirmed using ToF-SIMS and Auger microscopy. The water contact angle of
chitosan-CNC composite was found to be reduced to 41° compared to contact angle of chitosan
(~90°). The water absorption of the composite treated tissue paper was observed to be almost equal
to the untreated tissue paper. The antibacterial activity of chitosan-CNC composite treated tissue
paper against E.coli was carried out using colony forming assay. A 99% reduction in E.coli colony
forming units (CFU) was observed after treatment.
6.4.2 Future Direction
This study was terminated after observing the significant reduction in the growth of gramnegative bacteria (E. coli). However, no antimicrobial activity test was carried out against other
family of pathogens such as gram-positive bacteria and fungi. The developed chitosan CNC
composite coating should be tested against gram-positive bacteria and fungi too. During the tests
the phase separation between chitosan and CNC was observed after a prolonged resting of samples
in beaker. To obtain the required morphology of the final composite over tissue paper, a proper
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mixing of composite was necessary just before spray coating. Though almost no difference in
water absorption was observed for chitosan-CNC treated tissue paper, the absorption rate was
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Figure 6-1. Softness of chitosan, CNC and composite treated tissue paper

reduced. Also, the softness of chitosan and CNC composite treated paper was reduced (Figure 6.1)
potentially due to significant increase in strength. In the future, the study of improvement in water
absorption rate and softness of these antimicrobial tissue papers can receive more focus.
6.5 CHAPTER 5.
6.5.1 Summary
In this chapter, we aimed to explore the potential of lignin containing CNF obtained from
hemp hurds waste for barrier and antimicrobial coating. The project was divided into two major
focus. The first objective was focused on obtain the CNF from hemp hurds and evaluating their
barrier properties. The second objective was focused on studying hemp fibers and extractives for
their antimicrobial activity. The defibration of hemp hurds was carried out using low severity to
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high severity treatments including autohydrolysis, mild alkaline (4% carbonate) treatment, (Na2S
and NaOH) kraft process and bleached kraft. The low severity treatments, autohydrolysis and
carbonate allowed to retain most of the native lignin and active compounds in the fibers. For
comparison of hemp with hardwood, the Eucalyptus chips were also treated in similar fashion.
Among lignin containing fibers the mildly treated fibers (autohydrolyzed and carbonate) were
observed to get fibrillated easily compared to the kraft treated fibers. A similar trend was observed
for hardwood fibers. However, the bleached fibers consumed much lower energy compared to the
lignin containing fibers, which can be related to the higher swellability of bleached nanocellulose.
Further, the lignin particles were observed as the globular particles over the CNF surfaces. The
distribution of lignin over the CNF film surfaces showed a gradual decrease for carbonate < kraft
< bleached CNF for both hemp and Eucalyptus. Alternatively, the surface lignin on autohydrolyzed
hemp CNF was much lower than carbonate treated fibers. As expected the crystallinity of
Eucalyptus CNF films was found to increase with a decrease in lignin content for carbonate < kraft
< bleach pretreatments. However, no change in crystallinity among hemp CNF was observed
except for autohydrlyzed fibers. The reason for the following was unknown.
The water barrier properties of CNF films and coated paper were evaluated in terms of
water contact angle, water absorption and water vapor permeability. For the first time, a water
contact angle of 104 ° was reported for the lignin containing CNF. The water contact angles of
films and coated paper were largely affected by the surface lignin content. Alternatively, no big
difference in the contact angles of carbonate and kraft CNF films and coated paper were observed,
which can be explained on the basis that after a certain limit of surface lignin a plateau is reached
for surface energy. The water absorption was also observed as lower for lignin containing CNF,
however, this could entirely be related to lignin distribution. The water absorption was observed
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as more like a bulk phenomenon and found to be dependent on the bulk density of CNF films
rather than just on lignin content. A similar trend of correlation of density with water vapor
permeability was also observed. However, the air resistance was found be more correlated to the
hydrogen bonding between fibers. A decreased amount of lignin was correlated to more hydrogen
bonding between fibers, resulting in better air resistance for bleached CNF.
For the second objective, the extractives obtained from differently processed hemp fibers
were characterized using gas chromatography and mass spectrometry (GC-MS). Extractives only
from untreated hemp-hurd powder showed traces of cannabidiol (CBD). The extractives from
other treated fibers did not show any presence of CBD. Extractives from autohydrolyzed hemp
fibers were acquainted with many fatty acids and active compounds. However, no significant
amount of active compounds were observed in other treated fibers. The antimicrobial activity of
hemp extractives and hemp CNF films were analyzed using a disk diffusion assay and a colony
forming assay. The paper discs treated with extractives from hemp hurd powder and
autohydrolyzed hemp fibers showed a significant reduction in bacterial growth and were observed
reducing the bacterial colony forming units by 98% and 55% respectively.
6.5.2 Future Direction
This is a preliminary study on lignin containing hemp nanocellulose being used as barrier
and antimicrobial coatings and films. Most of the barrier properties were understood and explained
based on the lignin content and distribution. However, it was hard to correlate some of the
properties with lignin content. The chemical characterization of differently processed lignin was
not carried out, which could provide a better understanding of chemical and structural properties
of lignin containing films. Detailed analysis of any chemical modification in lignin after any
differently processed fibers is suggested.
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The extractives from autohydrolyzed fibers also presented a significant inhibition in
bacterial growth. However, no traces of CBD were observed in hemp autohydrolyzed extractives.
Any further study can be focused on examining the antimicrobial activity of each individually
active component from hemp hurds. In the current study it appeared that, it’s not only CBD that
acts as an antimicrobial agent as other antimicrobially active agents are also present in hemp hurds.
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Figure A-1. Bacterial growth after 2-hour contact with ChCNC treated tissue paper (treated
at different stages)
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Figure A-2. Repetition of Contact angle on Chitosan and CNC films
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Figure A-3. Antimicrobial activity of Chitosan and CNF films

Table A.1 Pulping/Defibration conditions of different hemp hurds and HW chips
Process

Water/ Solid Ratio

Pulping Chemicals

Hemp-A

8

None

Hemp-C

8

4% sodium carbonate as Na2O

Hemp-UK

8

12% active alkali 25% sufidity
(NaOH+Na2S) as Na2O

Hardwood-C

4

4% sodium carbonate as Na2O

Hardwood-UK

4

12% active alkali 25% sufidity
(NaOH+Na2S) as Na2O
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Figure A-4. Cross-section of Hemp and HW nanocellulose films
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Figure A-5. High magnification imgaes of cross-section view of Hemp-C and and Hemp-BK
LCNF films
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Water absorption (Cobb120) (g/m2)
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Figure A-6. Water absorption of biolatex and polyolefin overcoated on CNC*,CNF/CNC*
and LCNF/CNC* coated WB papers
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