ABSTRACT

TYAGI, PREETI NanocellulosebasedSustainableBarrier andAntimicrobial Coatings(Under
the directiorof Dr. Lokendra Pal and Dr. Martin Hubpe

The use of biomateriglespeciallynanocellulosghas beenlimited due to theiconstraints
for water barrier properties. The other main constraint with biomateuaéifor large scale
application isthe cost of raw materials and limited supply.erhim of thisstudyis to expbre
sustainable way/to modify nanocellulose materials including cellulose nanofibers (CNF) and
cellulose nano crystals (CNC) for obtaining less hydrophilic nanocellbasedcoatings Along
with obtaining gas, oil and water barrier properties from CNgF@NC, 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 hydr@piilizleophobic
sustainablenodified CNC coating using a composite forming appro&ohnthis task CNC were
preferred over CNF becauteec r yst al | i ne st r uct ur enaayfliqu@N C
through their crystalline packed structui@ preparefunctionalizedCNC-compgsite, additives
such as high aspect ratio montmorillonite (MMT) clay, soy protein and akgtenedimer
(AKD) were employedto improve the packing density of the filmEhe FourierTransform
Infrared Spectroscopy(FTIR) confirmed that fewer hydroxyl grps, which are the princib
means of hydrophilicity of CNC, were exposed on the surface in-GN@Gposite coated paper
compared to CNCThe CNGcomposite coatings were confirmed to hawprovedwater barrier
properties and superior oil resistance.

The secad part of the research includes studyihg potential of CNCcomposits and
CNF in a multilayer coating systefmploying CNF as bottom layer and CNGmposite as top
layer was hypothesized to be the best way to minimize the surface energy of coatiggsitd

obtaining highest oxygen and gas barrier properfié® results were validated by measuring



surface energgnd water contact angle hysteresis. The more hydrophobic protein moieties were
confirmed over the top surface of multilayer coated pap#iceiusing Timeof-Flight Secondary

lon Mass Spectrometr§To~SIMS). A substantial increment in gas and oil barrier properties
compared to commercial plastic materials and a significant improvement in water barrier
propertiesvereobserved.

In the thirdpart of the research, potential of CNC along with chitosan was explored for
their antimicrobial properties here were two motives of using CNCdhitosan matrixone, it
would help in overcoming the water absorption and softness issuig avith chitosan. The
second hypothesis was based upon thelikeqd 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 morpholdwgy.morphology of rigid CNC
particles protruding out of the chitosan surface was confirmed using scanning electron microscopy,
auger microscopy and TeBIMS. The chitosan and CNC composite in a specified ratio showed a
significant reduction in bacterial gwth along with improving hydrophilicity of chitosan.

The last part of the resear@@hapter5) was aimedat combining barrier and antimicrobial
properties in one allounder coating recipe by changing the feedstock for preparing nanocellulose
In this work, the hemp hurda®llulose fibers were obtained using four different treatments ranging
from mild (water) toa chemicaly intensive pulping procesaamely watefautohydrolysis, mild
alkaline/carbonate (4% MNa0s), unbleached kraftand bleabed kraft. To see the impact of
feedstock, hardwood (Eucalyptus) chips were also treated using similar pulping meioeqs
autohydrolysis. The obtained cellulose fibers were given mechanical tregomeintain lignin
containing and bleached CNFhe djective of usindignin containinghemp hurdcellulose fibers

was to obtaina low-cost CNF, which are less hydrophilic and hatle potential to show



antimicrobial activity due téhe presence of active compounds in théhe hemp hurd powder

was confirme to have the cannabidiol (CBD) using gas chromatography and mass spectrometry
(GC-MS). The CBD peak in GBIS was confirmedoy comparing it with standard CBDO.he
antimicrobial activity of extractivegom hemp hurd powder and auto hydrolyzed defibrillated
cellulose fibers wre confirmed againstE. coli. The lignin containing CNF showed less
hydrophilicity from both the feedstock hemp aBkdcalyptus The antimicrobial and barrier
propertiegesultof hemp hurd CNIgives ahugemotivationto explore them dexdy for qualitative

and quantitativehemical characterization.
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CHAPTER 1. Introduction and Background

Breakthrough research on Hmased materials is not only focusing on reducing
dependence on fossil feedstock and the environmental impact of petiodesaich waste, but also
on taking advantage of the large functional diversity of biordassed buildingblocks for the
synthesis of unique materials, which are not achievable by employing conventional reSources
The forest products industry needs to be reformed to create high value and a wadd peraducts
due to new digitization era and lost demand of printing papetdowever, pakaging and tissue
paper have potential growth numbers, provided by a number of repoiEsr the future
economeal 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 techifologies

The development of nanocellulose, particularly cellulose nanofibrils (€& cellulose
nanocrystals (CNCJ using wood pulp has opened enormous opportunities for the forest industry
due to its multitude of applications studied academicélljanocellulose has ba studied for its
potential applications such as rheology modifier, biomedtcH| polymercomposites® 18, paper
additives and coating8” 24 and others**?#2’, Though numerous studiescsh the potential
applications of nanocellulose, very few studies suggest potential scalable, feasible and viable
applications®®. For instance, either the earlier studied applications require intecisaraical
modifications of nanocellulose that are limited to the lab scale, or are limited in some aspects of
scalingup viable application$® 2. This progress related to cellulose nanoenals is still very

much on the research addvelopment 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



hygiene industry is one of the leading potential market for the forest basadmhgstry. Market
demands for more sustainable packaging and hygiene products are increasing, as are regulatory
requirements that are forcing companiesonsider new alternativés 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 fesegackaging?

1.2Ojectives

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, oigraase
resistance. Considering the multifunctionality of nanocellulose, the antimicrobial properties of
CNC were also studied in a CNChitosan system that exhibited synergistic behavior, which will
be elucidated shortly. The antimicrobial activity of Cblstained from hemp hurd fibers will also
be studied, considering the fact that hemp contains five major cannabinoids responsible for its
antimicrobial property®.

A major part of the work was devoted to obtaining a sustainable barrier coating against
gases, oil and grease, a Rdp evihaptér 2)(@ sustaimpbleCNC  a |
functionalized CNGcomposite (CNC*) barrier coating was developed using high aspect ratio
nanoclay, natural amphililic binderand hydrophobisizing agents showing excellent resistance
against gases and substantially good resistangpr oper t i es ag®iapetr oilld
(Chapter 3) describes how the unmodified CNF and CNC* coating helped in attaaming
excellent oil and grease resistant coating. To obtain an excellent barrier coating for gases and
grease, a CNF layer wasdfi coated on a substrate followed by a CNC* layer. This provided more

gas and grease barrier properties with less sensitivity to moistuPea p e r 116 (Cha

describes the use of CNC to make antimicrobial coating for tissue and hygiene productga$NC



shown to perform synergy along with chitosan to improve its antimicrobial property and enprov
its water absorption capacity to be used in tissue paper and hygiene products.

Chapter 5 describs theway to obtairsustainable antimicrobial and barrier coating using
hemp (Cannabis sativa [. nanofibrils. The work included the preparation of fibrillated
nanocellulose from hemp, surface modification using cannabiranmdists application adarrier
paper coatingand films. Further, chapter 5 includea complete description of antimicrobial
activity testing of these products against Gram negataeteria.

The work in Papexl, Il and Il presents the use of CNC and CNF for developing
multifunctional barrier and antiecrobial barrier coatings. By using CNF and CNC in one integral
multilayer system, excellent barrier properties against gasesndilgrease were achieved. The
unique needlshaped geometry of CNC along with chitosan can be a sustainable andhésebt
solution for developing antimicrobial hygiene products. These observations provide an interesting
starting point, considering the development of future febased products combining legost

with high functionality.

1.3Background

In the past decade, cdthsic 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
Easten Research Division (ERD) Lab in Whippany, N.J., opened new opportunities for the forest
industry. Following that discovery, other nascale variations of cellulose such as Ch#?’,
CNC °28 TEMPO (2,2,6,&etramethylpiperidinel-oxyl)-CNF 38 were prepared using different
processes. CNFs are the ndit@rs with diameters in the nanoscale range e6@dm and lengths

of several micrometeysvith amorphous as well as crystalline regions, chemical compqsitiain



degrees of polymerization of 300 several thousand, depending on the sa@oel method of
preparation(Tables 31 and 12) #%3% The terms AMFCO0 and ACNFO
literature depending on the relative widths of the fibrils. However, no strict dimensions have been
defined to differentiate between these two highlyriffited celluloses (MFC and CNF.
Separation of cellulose nanofibers from the native plant fiber involve several steps of
chemical/lenzymatic pretreatment and a final mechanical separation process. Seveaalaalec
methods have been developed to produce CHiksh as microfluidization, ultrafine grinding,
refining, high intensity ultrasonication, steam explosion, @mshing etc?® Among these,
ultrafine grinding and homogenization techniques are the most studied and used methods for CNF

preparatiorf142

Table 1-1. Chemical composition of nanofibers from different sources after selective chemical
treatments

Raw Cellulose | Hemicellulose| Lignin Extractives | References
material/Feeddock

Unbleached wood 40 +2 23+2 21+1 2+0.2 43
pulp

Bleached wood pulp | 91+1 4+1 1+£05 0.5+0.1
Kenaf bleached pulp |92 +0.5 4.7 +0.7 05+03|04+01 |*
Kenaf unbleached 82.6+09 |11.8+04 1.8+0.4 |0.8£0.2

pulp

Hemp untreated pulp | 75.56 +4.0/ 11+ 1 7.0+2 45
Hemp bleached pulp | 94.53 1.59 2.71

Untreated Flax fibers | 75.4 £0.2 | 13.4 2.8 3.4+0.9 46
Chemically purified 88.8+15 |9.1+£1.0 04+0.1

fibers




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

Source Diameter References
Bacterial cellulose 40-70 ar
Bagasse 5-15 48
Cellulose nanofibers| Banana rachis 3-5 49
Hemp 30-200 45
Kenaf 10-70 50
Rubber wood 10-90 44
Jute 3-10 51
Cellulose C_otton linter 10-13 Zi
nanocrystals Rice straw 30.7
Eucalyptus wood 11-15 >4
Kenaf bast 2-5 55

CNCs are the sole crystalline derivatives of cellulose that are prepared by acid hydrolysis
of various forms of cellose, resulting in diameters in the ramgfe2 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 crystallinerssritctu
There are many options for acids such as sulfuric acid, hydrochloric acid, bromic acid and
phosphoric acid, which can be used to hydrelgellulose to give rise to nanocellulose crystals
56,57 The surface sticture and functionality of cellulose crystals depends on the type of acid used
for degradation of amorphous regions (Tab®) 1Thus, one can obtain surface charged or neutral
nanocrystals depending on the requirements. Sulfuric acid is most commodlioysepare a
negatively charged and stabilized suspension oflikednanocellulose crystal. Dong et. al.
optimized the production of CNC from wood pulp cellulose 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 pécellulose, i.e. the amorphous region, and as the reaction

continuesit hydrolyzes the crystalline surface as well. Thus, it results in the conversion of primary



hydroxyl (OH) groups to sulfate groupsQSCG* ) on CNC surfaces. The charge densityhef
crystalline surface depends on the concentration of thetheigkaction time, anthetemperature
°6:57 Figure 11 gives the morphological differerebetween CNF and CNE,

Table 1-3. Different acids used to prepare CNC and their attributes
Acid Special attribute References
Sulfuric acid (H.SQ) | Charged surface due sulfate groups on CNC surfa >

(Ce-O-SO3) (Stable colloidal dispersion)

Hydrochloric acid (HCI)| No surface charge on CNC (unstable colloidal 59

dispersion)

hydrobromic acid (HBr)| No surface charge on CNC (unstable colloidal 60

dispersion)
phosphoric acid Charged surface due phosphate groups on CNC | %!
(HsPQ) surface (6-O-PO3H) (Stable colloidal dispersion)

These nanecale variants of cellulose (MFC, CNF and CNC) have been suggested suitable
for many applications such as strength promoters and barrier matétiakss well as for advanced
applications, such as in preparing transparent flexible 8, magnetic or superabsorbent
aerogels’*"2 and films with tunable optical properti€s Using nanocellulose as an additive or
applying it as a coating for packaging material is a potentially big area for re$&&¢h One
important function of a package can be to inhihé 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 pack&gihf A few studies are
focused on liquid (polar and ngolar both) barrier properties of nanocellulose. Most of these
studies are carried out with physical or chemical maalibns of nanocellulose coatmgver

substrates such as gld8$°. Another study foclisg on nanocellulose is antimicrobiadtivity in



conjugation with other materials such as sodium algiffatallicin 8, polyrhodamine®®, nitric

oxide and chitosaftf.

Amorphous region

Microfibril Crystalline region

Depolymerization l Acid hydrolysis

Cellulose fiber

—ry,

CNF (Cellulose nanofibrils) NC (Cellulose nanocrysls‘)
Figure 1-1. Morphological difference between cellulose nanofibers (CNF) and cellulose
nanocrystals (CNC) (Source: [42])

Another recently developed variant of nanocellulissgnin containing nanocellulosg,
Few studieshave been done to produce lignin containing nanocellulose fibers (LE&NRFAnd
lignin containing mnocellulose crystals from wood as raw matéfidf. LCNF and LCNC have
beenshown to be different compared @\NF and CNC respectively in terms of morphology,
dewatering, flocculation rheology and mechanical propeffi&s Also, LCNF and L®IC have
been foundto be more hydrophobic compared to CNF and CREE7°9%% which can be an
advantage for many packaging applicatioAlthough, lignin content is considered to interfere
with hydrogen bonding between fibrils during coating or film formati®ff, the mechanical
strength of LCNF films has shown improved results when compared to CNEfit8 This has
been explained based on uniform distribution of lignin seemingly aiding $tegsderbetween

7



fibrils and thus preserving mechanical properffesCompared to bleactienanocellulose, LCNF

and LCNC have also been showm be thermally stable materiat®®% Lignin containing
nanocellulose can be another laast sustainable solution for feasible applications. A detailed
description of applications of different variants of nanocellulose as a barrier coating and its

antimicrobal activity is provded in the following sections.

1.4Nanocellulose based functional coatings
Nanocelluloséhas potential use as a functional coating for barrier and mechanical strength
properties. The mechanisms and limitations of functional nanocellulose based coatings is

described later.

1.4.1Gas Barrier

A gas barrier packaging coating or film should prévidie 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, moisturan€@oma. Several
materials are being used fproviding such barrier properties such as glass, tin, aluminum,
ceramics, uncoated/coated/laminated plastic flms and paper. All these materials possess one or
two advantages over the other. For example, glass and tins are excellent barriers, anggare stro
and heavy. On the other hand plastics and coated papers are comparatively poor barriers but light

weight. Printability is anotheprincipalr e qui r ement for today%6 barri

The permeability of gases through a substrate is defined as the quantification of permeate
(gas and vapor) transmission through sisting materiaP®%, 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 thpaiypes of gas molecules, temperature,



differencesin pressure, concentration gradient, film thicknesse d ar ea. Accor di ng t
theory, gas molecules are unable to permeate a substrate if they are insoluble into the substrate
material*®. Thus, gas permeationto semicrystalline polymers is influenced by their amorphous

regions, porosityand tortuosity created by their network structure to increase flow path for gas

molecules'®?193 Figure 12 depicts the basic theory of permeation of gas molecules through the

substrate using Henry and Fickodos | aws.
Adsorption thickness/ Desorption
(Henlav\y(‘)“s\‘ ................. > Henryps

Diffusion
(Fi dk)' so

Figure 1-2. Mechanism of gas or vapor flow through a film

The permeation fluxj) of gas molecules through a film of thickne$gs (i stationary

conditions can be givenl)by Fickds First Law (

A /A I [V ,
Where,J (mol cni? § 1) is the diffusion flux,D (cn¥/s) is the diffusion coefficient or
di f f us i o(mot/cynl)iathecconcentration difference across the membrane thick(ess.
In its steady state condition, the equilibrium of the gas concent@tbthe surface and the gas

partial pressureo bey Henrydéds | aw. When the permeant i s

the vapor pressuf®( a t m)ccan beaeplgzed igP, whereS(mol/cm3 atm) is the solubility
9



coefficient which reflectstheamou o f per me ant Pisthe prdssure diftelencene r
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 ean be giv

as equation-B:

Wherek = 9.89 x 16, TR is the permeance (ém?/day/atm),V is the measured gas
volume (mL) transmitted or permitted through filéjs the slope of the measured curve (S&c),

is the temperature (K), ands the timelag value (sec).

Like other polymers, the gas barrier prom=tof nanocellulose films or coatingse
determinedby the crystallinity and the network structure formed by the constituting urties.
lower oxygen permeability of nanocellulosknis and coatings is due to two major reasons. One
is the nonsolubility of oxygen (nofpolar) into nanocellulose (polar) atite seconds the more
tortuous path of gas molecules through the network structure formed by nanocellulose fibrils in
films and atings®”194 Increasing tortuosity of coatings fims increases the path length of gas
molecules and lowers the permeability through film structure. High crystallinity and pieciseg
due to the nanoscale size@NF and CNC results inlaigh oxygen barrierDue to the structural
properties discusseabove, 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 (23986). For instance, Osterrigeet 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 0.8ecmm h?d” 'kPd ! However, the

OP of CNF films increagsewith an increase in relative humigi This is mainly due to the

10
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plasticizing and swelling of nanofibrils through the adsorption of water molecules at high relative
humidities 1°°.  Modified CNFs such as acetylated and carboxymethylated CNFs have
demonstrated excellent oxygen barrier prapsrat lower relative humidities. Likewise, TEMPO
oxidized CNF filmshaveresulted 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 stucture. 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 oxygemgability by adding
50% sulfonated CNC in xylan and the sorbitol matrix was obséffeBereira et al. performed a
similar test with the polyvinyl alcohol (PVOH) matrix and used CNCsfdler 1°°. Though 100%
of CNC films have not demonstrated similar results compared to CNF films for improving oxygen
barriess 11° they havethe potential advantagef overconing 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 prepayian akaround film for barrier properties.

1.4.20il and grease barrier

Similar to nanocellulose films that have lower permeability due to the#potar nature,
i . e. |l ess solubility (Henryds | aw), ast sol i d
minimally permeable as psurface diffusion theorylhis is acording 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 adsoriptida anothef®. Due to the non

11



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 diffeféhtThough norpolar liquids
are rare to diffuse through the packed crystalline structures of nanocellulose without, defects
CNF has amorphous parts, which causes diffusion of liquids throdyMihen we us€NC as
a film or coating, good oil and grease resistance barrier properties can be qlo@nsatering
their high crystallinity 8’74 However, brittleness of the film and cylindrical geometry of CNC
particles make it hard to form defefeee films12113

Very few publications have dealt with the potential of CNF or CNC films to serve as oll
and gease barrier?>’4 For making a film or coating suitable for oil and grease containing food
packaging, itmust 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 matfiX>1¢ Kisonen et. al. observed an increase in contact
angle with glycerin for CNF films coated with-&etytgalactoglucomannan (GGM) composites
and cowluded it as improving oil and grease barrier praperSeveral studies have shown the
impact of nanocellulose on oil and grease barrier properties of plastic composite materials. when
used as a reinforcing agett. Very few publications show the barrier properties of individual

CNF and CNC films or coating$®1t’

1.4.3Water and vaor 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
propertiest!*118122 gnd obtained a minimum value of 34 glday using chemically modified
CNF in PLA composité?® However, unmodified nanocellulose containing films and coatings

haveproven to bgoor water vapor barrisdue 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 hydropfflic€hemically native cellulose
does not get dissolved in water, but water can pass through the porous layer made up of cellulose
125 Films constitutedof CNFs are not purely crystalline in nature and thus, contain some
amorphous domains. When water ggsthrough 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 meicomeswollen with water, Aulin et al
demonstrated the swelling of CNC films during Q&M tests, which could be due to the
penetration of water between two crystals, causing water imbibition into thé&*fil®acui et al
studied the morphology and structysedperties of CNCs from different sources and demonstrated
that dispersive energy (hydrophobic interactions) makes a larger contribution to the total surface
energy than acidbase surface energy (hydrophilic). This results in a larger total surface ehergy
nanocellulose containing films and coatinés

Several factors such as the chemicamposition of wood source¥’, addition of
plasticizers?® crystallinity, etc., affect the water barrier function of films and coatings. To
minimize the penetration of water, certain post treatments such as acet{#4tigas phase
esterification'?, and treatment with alkyl ketene diméfare performed. Most of these treatments
tend to reduce the wettability of nanocellulose films. The watetacb angle has been measured
in the hydrophobic range using the aforementioned chemical modificdtiéti<31132 However,
mechanical strength and oxygen barrier properties were dramatically attenuated due to a reduction

in hydrogen bonding between fibrfi§!28

13



1.4.4Mechanical strength enhancer

For practical and realistic applications, nanocellHbased 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 substtéteThis is further influenced by fibrillation,
crystallinity, chemical modification, cellulose raw materahd the production method used to
obtain ranocellulose?"13%13#141 1n addition, the techniques used for the coating application or
film preparation ®6142143 and drying conditions’** employed affect strength properties.
Furthermore, the degree pblymerization 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 filmé>. The tensile strength index and elastic moduli of bare CNF films
are found to be 13@12 kNm/kg and 811 GPa, respectivefA?®. For pure CNC films, the range
for elastic moduli has been reported ab0BGPal*. 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!47:148 These properties of CNCs add strength, function, and value to many hybrid materials
that incorporate these crystalline nanoparticles, such as emulsions, hydrogels, foams, paints,
adhesivesand thin films?3:140:149

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
apdications for folding cartons, it may lead to failure of both strength and barrier properties due
to brittleness. In suchcase, Athough the coated material has a higher modulus, the elongation

distance before failure can be much low&'3. Plasticizers such as glycerol and sorbitol can be
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used to reduce the brittleness or rigidity of nanocellulose f##th$>*1°6. However, this comes at

the cost of the mechanical strengthtufilms or coated substrafé

1.4.5Antimicrobial applications

Antimicrobial applicationsare of thearea where nanocellulose has been considéréd
159 Nanocellulose itself does not possess any antimicrobial propéPti€sHowever, it has been
studied for in an antimicrobial support function in conjunction with antimicrobial agents such as
antibiotics, polycationic pgers, organic and inorganic nanoparticles, &tt!%21 Several
studies have also been focused on imparting antimicrobial properties to packaging using
nanocellulose along with active antimicrobial agetfs’®. These antimicrobial agents (except
antibiotics) are more useful when microbes have developed resistance to conventional antibiotics
172.

Different antimicrobial agents such as nanopartielegcationicagents such asnc oxide
(ZnO) interacs uponmicrobial cellsusing different moded-or instance, mognown metals and
metal oxide nanoparticles (NPs) such as silver (Ag), gold (Au), copper oxide @wdhn oxide
(Fex0s) interact with bacterial membramyeausing membrane disruption. This can be done either
by (1) disruption of membrane potential(@) by generation of reactive oxygen species (RHS5)
175 In an ROS pathway of cell disruption, free radicals are produced due to nanopaitles
membrane interactions. These radicals further initiate secondary membrane dachageein
and DNA malfunctioningresuling in a more radical production. Moef these cell disruption
actions are nanoparticle size dependé&ht’® Other pathways of cell disruption are photocatalytic
or photoactivation pathways®. In this pathwaythe generation of ROS is induced by visible or
UV light. For example, Ti@and nitric oxide (NO) in the presence of near-Uight cause lipid

peroxidation that finally resulté respiratory malfunction and cell deat¥?. Among organic
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nanoparticles cationic polymers such as oR-Ulysin, quaternary ammonium compounds,
quaternary phosphonium or sulfonium greuenzoic acid, chitosanand polycationic
nanoparticles are studied for their antimicrobial activity 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 {ggécetylation of Nacetylglucosamine chitin
found in the exoskeleton of insects such as crab sfiéliShe antimicrobial activity of chitosan
depends upon factors such as pH and sa@Vént®3 Though the antimicrobial mode of action of
chitosan is nofully understood’ it has been shown that it causes dysfunction of membrane
potential, respirationmodulation cell divisionand nutrition transportatiolf>. The antibacterial
schematic mechanisms associated with these nanomategasmmarized in figur&s 1-3 172

Some examples of nanocellulose films and coatings as carriers for these abtahagents 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 (EEPY®* Barud et al. prepared bacterial cellulose andNRs composite
membrane using hydrolytic decomposition of silver nitrate and antimicrobial activity for both
gram positive and gram negative bactettd A multilayer system of TEMP®xidized
nanocellulose (TOCN), polyvinyl ace&(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) ancE. coli (gram negative). Certain studies have been done by
conjugating nanocellulose with other antibiotics for antimicrobial applicatféh&16® Though it

has beenlmwnthat nanocellulose fibrils have no antimicrobial properties, on the other d&add
hydrolyzed CNC has been studied for their moderate antimicrobial prog@értizise to the slow

release properties of antimicrobial agents through nanocelluloserkstin films and coatings, it
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has been studied for wound healing proces§&¥>18> Chitosan has also been used with
nanocellulose as blend or inthe form of composite for antimicrobial applicatiods’. In

summary, CNF and MFC kie been involved extengly for controlled and slow release studies

Death

TiO,

Membrane

Photocatalism y
NM

Figure 13. Different schemes for antibacterial associated with nanomaterials (Source

of antimicrobial agents for active packaging, wound healing, and biomedical applid&ti&iis

191

1.5Paper Coating and application methods

Several technigues are available tloe application of coatings over substsatghich can
be divided into three basic categories based oeetimetering process selfmetered, pre
meteredand doctored. In the seffietering process, the coating equipment itself controls the final
covera@; examplearecomma roll, reverse rotf? and dip coating®processes. For pmaetering,
all fluid fed to the applicator transferstteeweb. The volume of solutiosupplied to the applicator
controls final coverage for the slot ditand curtain coater$®. Doctored processes such as air

knife, mayer rodand bladeandknife coaters use the metering off act@sanapplicator device

17



that removes excess applied coagitg control finalcoverage. Industrially the most commonly
used technique for paper coatinghe rod or blade metering/doctored method. Blade metering

hasan advantage over the rod metering process because it can run at higher speeds, up to (~2000

Figure 1-4. Wire wound Mayer rod for beneiop coating

m/min) 1%. Recently a lot of attention is also being given to the curtain coating méthodgh
there are several coatingogesses available for paper coating, only a few of them are applicable

when nanocellulose suspensions are used as coating rsaterial

The low solid content (3 % for CNF and ~80% for CNC) and very high viscosity of
nanocellulose suspensions limit high speed and peessublades or other metering coating
technique$®. The most commonly usadchnique on a lab scale for nanocellulosthésbench
top Mayer rod coating methad'®76:208205.117.186,19202 | the Mayer rod coating method, a wire
wound bafrod is used to apply a thin film of the coating suspension over the paper substrate
(Figure 14). This methodjives users the ability to firine coating thickness quickly and easily,
without altering the chemistry of coating matesiahd without timeconsuming and expensive
changeovers. Coating thickness carcoetrolledwith a selection of rod having wire appings

of different diameters, as specified by the number designation of a selected rod. Whaawnide
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rodsare usedthe approximate wet film thickness over substrats be calculated by using the

following equationwh er e 6 n & i schoseh gquationd®). nu mb e r
8¢ HoURENGQE Qi & ™ T Tic WIG8 880/ o
For CNF, most coating applications have been done €2%.5olids and very few cases
show coatings done at 3% solit$2%¢ The other methods used for nanocellulose coating over
paper substrate are size préssize press with flooded configuratiéi-2°8 slot die configuration
20 foam coating®®, spray coating?'?, filtration and deposition methpd* etc. These techniques

work for nanocellulose coating applications with certain limitations such as loweastit, slow

drying issuesand 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 oXageier properties. However,

it lags behind in terms dhe water and oil barrier properties. Apart from barrier propertles
scalability of nanocellulose materials for coatings has been a big question due to their low solid
concentratioa 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 Nanocellulosebased Composite Coatings for
Oil and Grease Resistance

2.1 Abstract

A sustainable packaging system with excellent liquadd gasbarrier properties and
enhanced strength properties was highlighted by a composite coating containing a mixture of
cellulose nanocrystals (CNC), a highpect ratio nao-filler montmorillonite clay (MMT), an
amphiphilic binder soy protein, and a surfactive agent alkyl ketene dimer (AKD). They were
tested on various surfaces of commercially available packaging papers and compared with the
appropriate control (i.e., KIC-only coating) to determine surface morphology, chemical
composition, barrier, and mechanical properties. Scanning Electron Microscopy (SEM) image
analysis showed compact matrix whose defects (cracks) were significantly attenuated compared
to the contol while FTIR showed fewer exposed hydroxyDH) groups.The compact structure
and reduced OH groups are attributed to the phitee structure, high aspect ratio of clay, and
uniform distribution of additives to help inhibit gas, moisture, water, od, grease permeation.
The base paper used also had a significant impact on how coatings interacted with various fluids.
Overall, sustainable CN€omposite barrier coatings with relatively lawst additives were
fabricated and showed improved barrier at@rgjth 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 wasdté Furthermorepnethird of food in developed countries such
as Britain, Sweden, and the USA are wasted daggoation of sheHife 212 Such waste indicates

the overriding inportance of packaging for maintaining quality and facilitating movement of food
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along the value chaiAn ideal packaging material should have substantial barrier properties for
gases, water, oils and grease materials to protect food from its surrouadthgerease shelf
life.

Cellulose nanocrystals (CNC) and cellulose nanofif@NF) 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
However, difficulty in processing due to a very high viscosity of CNC and CNF suspensions at
low solids, and susceptibility to moisture have limited thmmmercialization prospects in
applications such as barrier coatings for paper and paperli&idFs. possess amorphous as well
as crystalline regions with diameters in the nanoscale ran§8 (bn) and lengths of several
micrometers depending on the soummed method of preparatioft>. 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 sewerared nnt*42%S A higher crystallinity
provides the potential for superior film barrier propertsHowever, high crystallinity makes
this type of structure more susceptible to fractures resulting in defects, includihgl@
Severalstudies have employed nanocellulose mateaalsomposites or fillers for plastic films
217.2183nd coating on qper substrate$1% Synthetic films with CNC as reinforcement material
have demonstrated an increase in mechanical prop&tties

Regarding oxygen barrier properties, CNFs are promising, but only at lower relative
humidity (RH) values (23%0%). Permeability increases with relative humidity due to the
plasticizing and swelling of nanofibrif€>. A reduction in oxygen permeability dding 50%
sulfonated CNC in a xylan and sorbitol matrix has already been obgétveadis et al. performed

a similartest with a polyvinyl alcohol matrix and used CNCs as fff&Though 100% CNC films
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have not demonstrated similar results compared to CNF films for improved oxygen b#iers,
they have a potential advantage due to their higher crystallinity.

The intrinsic natte of cellulose is hydrophilic due to the abundance of hydroxyl gréddips
which must be modified to make them suitable for packadfigModified 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’?*. Unmodified CNC has ab been a filler in many composite films with higher water
barrier propertie$?. Bardet et al. showed that when 32.5 % of CNC and 1aémpowere filler in
CNF matrix, both resulted in similar WVTR values of 85% R 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 fili§ Yet, there is still a lack
of work in water vapor barrier and oil resistance for nanocelltt@sed coatings in papbased
products’’. 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 resistahddowever, more work is required to
study he 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 strengffaHowever, underivatized cellulose does not dissolve
in water, but both liquid water and vapor can pass through its pores. When water passes through
this porousstructure, 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 sutdmaslays, 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 ackaging mechanical properties.

2.2.1 Rationale

The theme underlying the current work is illustrated in Figutar2which 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 barrigepies?. However, for paper
coatings which is dried at very fast rate at high temperature to avoid penetration of water through
paper sheet?® 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 nracale fillers, selected to impart desired

characteristics to the coating, can be deployed such that film remains ddnsdatively defect

’,-«./' Clustering of hydrophobic
_ Sl groups of protein away from
Randomly oriented CNC . \ bulk hydrophjjic interactions
MMT Hydrated MMT 2" Soy Protein o

C cgpatings
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/ in CN
/ \ &+ QTN o
i

t
uid/ R C N C Diyihgl coiafings at
h rogbg h cryst temperature ~108C

LAY AL A
7
—t T

Ideal pa::ked CNC Film

Packed structure with selective nanofillers Agdrophosizinghe surface
T 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

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-emlditive in a blend with CNC suspension because of its nanoscale (~1 nm
thickness) platelet structure. Pal et alvéa demonstrated that pldiee shaped engineered clays

in acrylic-copolymerized coatings help reduce WVTR and air perme&tioRearrangements 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 pliseeMMT particles that individually

block the passage of fluidd’. The highcrystallinity of MMT effectively prevents the penetration

of fluids through the mineral phasghe 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 setcted for comparison. Considering its amphiphilic nature, biodegradability, and
conformable and surfaegctive nature, soy protein was chosen to impGC-MMT coating
attributes. Finally, AKD in a cationic emulsion form was selected as the hydrophodgeng 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 ansigant proportion of potential hydrogen bonding
among the cellulose surfaces would have already had a chance f3%drne expected chemical
ineraction between selected components of coatings is presented in FRjure 2

MMT _ —Na+ MMT __ i Na+

ek R R TS e R R
Na+= Na+ Nat 9]

= Ionic bond =

0-S0-~

(o]
0-SO3- Ester bond o Ester bond o
\ [e) o
(o] O HO o
HO o ©
' O -
_ (]

o]
HO
Nat ~ Nat ‘0o—H
-SQ3-
\\\\\

E Ionic bond

H
o
+
~ 4 S
Hor e O- T S & 0-S0O3-
bong 0 1 . 6000’\

Pe
9 R +Na¥l Na+ R e
) £
@T Ygo - O ., el
Protein v \ =z i »
\ 080y /el 0-50% -
Y O/ H-bonds “~OH o~ H-bonds “OH
HO o o o
[o) (0]
OH OH

0-SO;-

0-SO;-

Figure 2-2. Possible chemical interactions among various components of coati
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2.3Experimental Plan

An experimental procedure was set up based on a lab drawdetiod for coating paper
to better understand the interactions between CNC and other additives, and to compare the results
obtained from CN&omposite coatings with CN@nly coatings. Table-2 shows the leemical
ingredients and amounts used to prepaidr coatingdn the current study. Three different
packaging papers were selected for the coating application to evaluate the functionality of
optimized CNCGcomposite coated layers from each major component combination.

Table 2-1. Chemical ingredientand amounts used to prepare barrier coatings.

Dry Parts CNC- CNC- | CNC- SAKD | CNC-SAKD-K CNC-S-AKD -
only AKD MMT
CNC 100 100 100| 100 |90|85(80|75|90|85| 8 75
0
MMT 0 0 0 0 O/ 0| 0] 0|10]15| 2 25
0
Kaolin 0 0 0 0 10/15(20|25{ 0| 0|0 0
Soy protein 0 0 10 20 0&20 0& 20
AKD 0 2 0&2 0&2 0 &2

2.4 Materials and Methods

The main coating components involved in this study were nanocelierigstals (CNC),
used as a primary coating material together with sodium montmorillonite (MMT), kaolin clay
(K), soy protein (S), and alkyl ketene dimer (AKD) asocoonponents. CNC was procured from
the University of Maine in an aqueous suspension fornghwhias 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 natd¥ DROCOL 2D6, is 9599 % MMT and 15%

crystalline silica with a bulk density of 2.4 g/¢at 20°C. Kaolin clay used in this study is a fine
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clay with 95% of particles less than 2 um. Soy protein, with a neutral pH &.8.3sed as a
binder inthisstudy was obtained from DuPontMBdi&se with t
HVL Soy Polymerdé. A protein solution was prep
a continuous high shear, and then cooking it #8fdr 30 minutes. AKD emulsion cationic

pol ymer (HerconE 100) was procured from Soleni

2.4.1Coating preparation

First, each coating ingredients dry and wet weight was calculated based on the dry parts in
Table 21 and each ingredient solid contents for a batch size of 250 gtamarget 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 giidmsgoatings
were prepared by first weighing eadigredient according to the desired coating recipe, and then
slowly adding it into a small beakoerqguwehdi Ile bc o
at 500 rpm. Ingredients weeelded in the following order: water, MMT, K, CNC, SA and AKD
ingredents. 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 Irhalliother ingredients
were added. The overall coating recipe was mixed at 1000 rpm for 2 hours to make a uniform

suspension.

2.4.2Wet coating properties

Rheology testing was done using the TA instrumentation Advanced Rheometer (AR 2000)
with a plate geomey of diameter 40 mm. The steadiate viscosity was measured at a shear rate
of range 1 to 1000%at a temperature of 2&. For the flow step, steady state flow was selected

with 3 points per decade and a sample period of 10 seconds. Apparentyisassiso measured
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using a Brookfield DWII Ultra viscometer with spindle number 3 and 5 at a speed of 200 rpm at

20°C. The water retention value of coatings was determined using the TAPPI T 701 method.

2.4.3Coating application

CNC-composite coatings wergplied on packaging paper using a Mayer rod and dried
using hot air (approximately 10@) 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 theollowing equation, where n is the redimber chosen and directly correlates to the
applied wet coat thickness in inches (n x 0.001 inches).

"OQBEQOQE ‘B mrmtpc 88 8880

2.4.4Morphological and chemical properties

The surface morphologyf 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
sputtercoated 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 BDpksATR-FTIR instrument
within the range of 400 to 6000 ¢rwavenumber with 4n1? 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 kden, 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 analyze(FQA) from Op Test Equipment.
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2.4.5Mechanical & 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 Sheiffietd

2.4.6Barrier Properties

Barrier properties such as water resistance, water vapor transmission rate (WVTR),
resistance to air permeance, and oil and grease resistance (OGR) afo@fdDingcoated
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 Thu#tigert Instrument Company. Water
absorption (Cobb test) was determined using the TAPPI T441 cheBay resistance to air
per meance, the TAPPI O0Gurl ey Densometer met ho
reported as Gurley seconds per 100 ml air displacement (Gs/100ml). The OGR was tested by
performing a 3M Scotchban test, which has beeoptatl under TAPPI T559. Results were

reported as kit number from 1 through 12.

2.5 Resultsand Discussion
2.5.1Packaging base papers
Three different base papers were selected with different characteristics and labeled A, B,
and C, as described in Tabl®20 study coating behaviors. Base paper A had the lowest roughness
that can help more uniform distribution of the coating layer ersthiface. 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 thedst air resistance (highest porosity).
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Table 2-2. Three base papers selected for current study and their characterization

Base Paper ID Base paperA Base paperB Base paperC
Basis weight (g/m2) 300 325 195
Caliper (um) 3784 428+4 421+8
Fiber length (Lw) (mm) 2.24 1.37 1.62
Roughness *(S.U.) 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 27
Contact angle 89.8 71 103

2.5.2Wet 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 digbie 23 shows fluid

properties measured for selected coating recipes. These were used to Mdelget eod number

to obtain a target coat weight of 5 g/rffor 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 Water Mayer
n used viscosity [cP] @ | Retention | Rod
200 rpm [g/m?] no.
CNC-Only C100 6.17 | 1150484 1349+41 |6
CNC1006AKD C-A 6.75 | 396127 12584123 |8
CNC80AKD-MMT20 C-A/IM20 8.76 | 544143 1051467 |8
CNC100S20AKD C-SA 6.75 | 728116 1196+19 |8
CNC80S20AKD-K20 C-SA/K20 | 6.94 | 394138 1069146 |12
CNC80S20AKD-MMT20 | C-SA/M20 | 7.62 | 619148 1062453 |8

2.5.3Rheological properties

Figure 23 shows the rheological power

law behavior for major coating formulations
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studied as a logpg 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 cogtimgsch is desirable for coating application
purposeg®*?**The steady -A#dscoasitygefwd€ significantl
CNC and additive formulations, indicating stronger networks formed by hydrogen bondiob,

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-& The possible explanation for thisrche that CNC at low shear values

presents higher viscosity compared teACHowever, at high shear rates, steady viscosity
decreases due to the disruption of hydrogen bonding and-tbleaing. GA (where AKD is

cationic stabilized as dispersion in watéad 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 geometriggometer®>. Among multic o mponent -8 A/aK$héwgdsthe 6 C
least viscosity and stress at the same shear rate, indicating the least coating interactions at a given
concentratio-A6 Fot mowanhgom,C MMT in combinatic
SA/ M206) showed t he hi g hhelswas stightly greatershanfae €8C and
only particles. This was due to structural <co
platy structure and CNC6s <cylindrical shapes
behavior of CNGcontainirg suspensions gives a stronger point to the microssbpictural

behavior of coatings (Fig-2 and 25). For all these coatings, viscosity decreased with shear rate.

Upon shearing, the internal structure of coatings breaks down, showing the thixb&bgigor

of both CNC and MMT suspension.
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2.5.4Morphology of coatings

Figure 24 shows the SEM images of CNC coatings with different additives. It can be

inferred fromthe Figure that CNC with MMT (Fig.-2e) provided the most compact matrix

SGe

Figure 2-4. SEMimages of (a) Uncoated, and coated base paper with (b) C100S@&) C
(d) G-SA/K20, (e) GA/M20 (f) C-SA/M20 coatings on base paper B at 100x magnificati
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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 packingesof

CNC and MMT clays can be attributed to the platy structure and high aspect ratio of bentonite clay

226 An even tighter matrix weaobserved when soy protein was used as a binder (Figifje 2
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 25b and 25d). This can be attributed to large particle size and comparably low aspect

ratio of kaolinite. Figure-5a and 25¢ shows how MMT platy particles are distributed throughout

the paper surface, either embedded into the CNC coatings or coverimgtén surface. However,

kaolin particles had the tendency to protrude from the S\@atrix and, hence, provided no

contribution to barrier properties.

2 i ¥ ik
Figure 2-5. SEM images of (a), (c)-SA/M20 and (b), (d) €ESA/K20 coating layer on
base paper B at 10,000x and 50,000x magnification
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2.5.5FTIR 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 peaksgBhig.2 6 CNC
onlyd spectra reproduce the sam®CNO®r rc haCrladtoe
O0GEA coated base paper th8APpresanhtcergoWwasogompf
following peaks: 3200 crito 3500 crtt corresponds to the stretching vibration of hydroxyl groups
present on CNC surface. The peaks in the range of-2800 correspond to the stretching

vibration of the-CH and-CH, bond in CNC; their intensities were reduced with the addition of
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Figure 2-6. FTIR spectrums of a) C100, b)}&A, c) GSA/M20, and d) ESA/K20 coatings

on paper B

clay. Peaks at 1634 chiredundant with water absorption peak at 1636)cnorrespond to amide

| (C=0 stretching), 1537 ctnfor amide Il (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' for amide 11l (GN and NH stretching), was absent. This confirms the denaturation of
the tertiary structure of soy protein while hegtiduring 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 cr.

The presence of kaolin on the surface é8&/K20 coated base paper was confirmed by a
stretching peak at 3692 cfndue to crystallineO-H and AB O-H , the SiO in-plane stretching
at 1023 crit, and 464 cmidue to SiO-Si bending vibratioR®. The intensity of water absorption
peak at 1636 crhis reduced in the kaokinontaining coating and almost disappeared in the MMT
containing c-®GAM2)Thisaonfifma sigaificdndir@eraction between amide | of
soy protein and @ of MMT. The intensity ofOH stretching vibration peaks at 328500 cm!
has been r educ eSAMAO coatingd. MMTeontaining coatad sudface exhibited
almost flattened or no peak between 2800 and 300Qanfirming the absence eEH and-CH.
groups*®®and good coverage of the CNC surface with MMT platy structure as shown in the SEM
picture of GSA/M20 coatings (Fig. -5a).

2.5.6Water absorption

Water absorption was reduced substantially for CNC coatings on the select@abaise
(B). Further reduction was observed with the addition of AKD to @W@T 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 (Figh2 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 (Table2}, resulted in the highest reduction of water absorption from 455
g/mPto 100.86 g/iwi t RSAGd QM2 0 6 ¢ o a t7R)nHpweyeF, fogsubsteate 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 patrticles.
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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 pape
with different concentration of MT in CNC-S20AKD2-MMT coatings.

2.5.7Water 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 cotings showed a slight reduction in WVTR. As shown in Figuea2MMT
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 theyetaden
protrude from the CN& matrix and, hence, provided no significant reduction in water vapor
transmission rate. This could further be explained by a lower viscdsitig 23 & Figure 23)
of Kaolinite containing coatings in comparison to MMT and sogtings, potentially leading to
more noruniform coating application. Increasing the concentration of MMT from 10 to 25 parts
showed no reduction in WVTR (Fig-&b). Different base papers exhibited a significant impact
on the application of functionaloatings. For instance, substrate A, which was comprised of
unbleached longer fibers and had a smoother surface, showed better results witlie@NC

coatings when compared to rough papers (B &C). A smoother paper surface increases the chances

35



of a more urform distribution of coating layer providing a more effective coat weight instead just
filling the valleys of rough paper. It can be seen from Figue that for substrate A (Red square),
WVTR was reduced from 137 g#fday for noncoated paper to 99 gfimd ay wSiAl/ M2O®

coating (reduced by ~27%).
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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 CNG20-AKD2-MMT coatings

2.5.8Gas 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 prowide tortuosity to the
CNC coating, and thus increase the mean free path for air molecules to diffuse through coating
and paper thickness. The | owest per meance (hi
SA/ M2006 coating as her@uley IGnerperegancs).ewhiohrddmed( hi g
from 424 Gurley seconds for naoated paper (Fig.-2a & 29b). 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 wasch 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 (Figu@al.
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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); Br&xiff concentration
of MMT in CNC-S20AKD2-MMT coatings

2.5.90il and Grease Resistance

Figure 210a shows a pass. No dark surfaces after treating the paper with oil/solvents kit
solution, indicates no penetration of oil through paper coating. Figut@ 2nd 210c show a
fail. A dark surface observed after treating the paper with oil/stdvieit 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 castibdecreases in kit solution. Thus higher kit number, favors the
penetration of kit solution through paper due to less viscosity and compratively mepelaon

solution. Table 24 summarizes all significant results obtained with different CNC coatings
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Figure2-100Ex ampl es of kit test i nSgA/oMXOated g r
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 Bijth the highest air resistance (212 G.s), showed the highest reading
witlmBAGM2006 coating.

However, with base paper C, which had the lowest air rsistance (3.6 G.s), as mentioned in
Table 22, no improvements for oil and grease barrier properties were observed with any of the
coating recipes studied. A very high porosity affects the consolidafi@oating 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 stfffrace.
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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 Remarks
No coating 0 0 0

C100 0 1 0

C-SA 3 5 0 No cracks
C-SA/K20 2 4 0

C-SA/M20 3 6 0 No cracks

This shows that the higher the air resistance, the greater the tendency to obtain a grease resistant
property after coating the pap@?. 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 igthtest w
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/\@MT.

2.5.10Strength properties (Stiffness)

Stiffness was measured to characterize the flexural rigidity of paper, which is very
important for packaging purposes and is related to economics. Fidura &nd 211b indicates
that stiffness increased by 30% with a pure CNC coating on base paper ®, wloscale
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.Heaurintroduction 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 Bédial in which

AKD wax was dissolved iheptane and applied on filter pap&t
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Stiffness was reduced with kaolin, which can be related to its larger particle size, inhibiting CNC
CNC surface interactions. A rheological study (Figw® ®f coatings also supports this behavior
(i.e., least viscosity observed with kaolin containirgatings 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 (Figuté ). Results can be correlated

with platelets and theamoscale structure of sodium bentonite/MMT, which can fill the CNC
coating without inhibiting substantial hydrogen bonding between@WE moleculesleading to

a stiffer substraté®. Base paper Ahowed a similar trend as base paper B, but no improvement

was observed with bagpapelC (Figure 2113).
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Figure 2-3. Stiffness of un/coated base paper B with: a) Optimized CNC coatings with
different combimtion of additives on different base papers (A, B, C); b) Different
concentration of MMT in CNES20AKD2-MMT coatings

2.6 Conclusions
Sustainable CN&€omposite barrier coatings were developed using CNC and MMT,
protein, and AKD additivefRheological analysis showed a decrease in viscosity with the addition

of MMT and other additives evoking the pdslity 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 vey high-aspect ratio that has the advantage of interacting with CNC grain bodies and
covering surface hydroxyl group€NC-composite coatings showed a significant reduction in
water absorption (up to 71% compared to surfaces with no coating and up torZif¥éeces with

a CNGonly coating), water vapor transmission rate (up to 27% compared to surfaces with no
coating and up to 6% for surfaces with a Ghidly coating), and resistance to air permeation (up

to 88% compared to surfaces with no coating ani g% for surfaces with a CN@nly coating).
Stiffness also increased by 20% compared to surfaces without a cO&ngame coating recipe

that gave optimum results for water absorption and gas permeability also gave the highest kit rating
of 6 on baseaper 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 importanbraldsahd grease barrier

packaging coatings.
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CHAPTER 3. Nanocellulosebased Multilayer Barrier Coatings for Gas, Oill,
and Grease Resistance

3.1 Abstract

Cellulose derivatives such as cellulose nanofibers (CNF) and cellulose nanocrystals (CNC)
have enormoupotential 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 morstunglaer
humidity. CNCs are less sensitive to moisture due to their highly crystalline ;nhtwrever,
coatings and films made of CNCs are more prone to fractures due to their high brittleness. Our
work demonstrates a unique composite barrier coatingersysof CNF and CNC that
synergistically enables oil and grease resistance (a kit rating of 11) comparable to fluorochemicals
It also demonstratea significant increase in air resistance (~by a factor of about 300), and a
reduction in oxygen transmissigate (~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.

3.2Introduction

Fluorocarbons in theofm of polyfluoroalkyl substances (PFASs) are widely used in
nonstick, staifresistant, and waterproof food packaging because of their hydrophobic and
lipophobic properties’?. However, these longhained fluorocarbons have been found to be
responsible for kidney, cancer, and thyroid related disé4&&$. Fluorochemical paper additives
can migrate to food during actual package #f8eln response to a petition filed by the Natural
Resources Defense Council (NRDC), the FDA has banned the use of three familiesabfaiong

PFASs used for food packaging in January 286 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 exengstainable materials that can
be considered as an option for oil and grease resistance barrier coatings for food patk&ging
Nanocellulosecan be a potential replacement for PFASs materials for food packaging, depending
on whether questions related to its high humidity and water sensitivity can be an&éted

Cellulose nanofibers have been shown to exhibit excellent mechanical and oxygen barrier
properties when used in composites, films, as well as paper co&fiés Many biobased and
nonrenewable polymers have been used to prepare nanocellulose composite films to improve
barrier properties. For example, Dai et al. showed that hydroxypropyl guar and TENR&
tetramethylpiperiding-oxyl)-oxidized cellulose nanofibers offer an excellent compatibility for
mixing, and exhibited lower oxygen permeability than pure hydroxypropyl guar fiths
Cellulose nanofibers have also achieved oxygen barrier properties comparable to conventional
films when used as a reinforcement in polymers such ag®|Borax?>® and biecbased polymers
114 However, there are only a festudies that have focused on nanocellulose as a component in
paper coating$%2°°. A major concern with cellulose nanofibers is their hydrophilicity due to their
amorphous structure and the presence of surface hydroxyl groups. At a higher ralatoheyh
the barrier properties of CNF films become suppre$¥ed

On the other hand, films containing a large amount of cellulose nanocrystals provide less
oxygen barrier capability when compared to fibrillatesiocellulose filmg%%. Saxena et al. have
demonstrated agificant reduction in the oxygen permeability of xylan, sorbitol composite films
from 189.17 crh ¢ mfdkRa) to 0.1799 ctn ¢ mf.dkRa) upon the addition of 50 wt.%
sulfonated CNC$%2 CNC reinforced biopolymers have also been shtwimprove the water

barrier properties of composite filmg:263.264
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As discussed in introduction, the CMGntainingcomposites 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 permefility
Moreover, very few studies have compared CNCs and CNFs in terms of barrier properties.
Considering thalifferent 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 imprewettaiility,
hydrophobicity, as well as the native oxygen barrier properties of CNFRghetr iRH conditions
S, But since in all these studies CNC and CNF are used as fillers, reinforcement, or a minor
component with unsustainable petrased chemicals, such composite materials are questionable
on the basis of their recyclability, biodegradability, and also sustainaiility

Considering the synergy between CNtel&NC, 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 rgistant 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 contenh@filmallated 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 oxygen. The moisture and high humid#gnsitivity of CNF films

can be overcome by using a top layer of CNC composite coating optimized in our earliét'work
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Figure 31 shows a schematic of the hypothesis of using the CNF layer for an oxygen
barrier and preptimized multifunctional CNC* (CNC 80 parts, MMT (montmorillonite clay) 20
parts, and Soy protein 20 parts) as a top I&Y/ein the top CNC* layer, soy proteins were used
with the intention that at specified condits, clusters of hydrophobic polypeptides would cover
the surface, leaving hydrophilic clusters in the bulk with CNC and MMT due to hydrophobic

interactions?®®,

Non-polar cluster
from protein

CNC* top layer —

Proten
e MMT

. CNC
fgmﬁ%:ﬁ% CNF

CNF bottom layer—

Base paper|

Figure 3-1. Hypothesizing multilayer concept of CNF and CNC* coating

3.3Experimental

3.3.1Materials

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 agueous suspension form with 12:2axgolids. CNC was prepared bydibydrolysis
with sulfuric acid?®®. It had 0.85 wt% sulfur content in sodium form based on dry CNC. The
dimensions of obtained CNCs wer26 nm wide and 15@00 nm long. CNF obtained from Stora

Enso was a 3 wio suspension in water. The structural features of CNCs Alif¢ @ereaffirmed
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with Transmission Electron Microscopy (TEM) usidgOL JEM2000FX S/TEM at 200kV in

TEM mode Soyprotein isolate with the trade name SoBind was obtained from DuPont USA. A

protein solution was prepared by first making a 10% slurry inMadér 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 beféfé Gsalium

montmorillonite (bentonite) was obtained from BASF with the trade name HYDROCOL 2D6. It

is 9599 % sodium montmorillonite (MMT) and-3% crystalline silica with a bulk density of 2.4

glen? a t

20eC

and a

mel t i

ng

point

provided by SNANC with the trade name of Flosperse 3018 CS A50.

of

>300gC.

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 porosityjnaiedently 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 providedTiable 31.

Table 3-1. Basic properties of selected base papers and coat weight

Base Paper type | Basis weight| Caliper | Bulk Smoothnesg Air Resistance
paper (T410) (T411) | (T500) | (T575) (T460)
denotation [g/m?] (W] [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

3.3.2Methods

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 CNCNia@@atings, the respective
nanocelluloses were diluted to the required solids % (Tale Bl 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

Coat Name | Coating recipe/ Temper | pH | Viscosity Water Retention
Multilayer coating setup| ature [centipoise] | (Absorption by
[ C] @ 100 rpm | paper) [g/M]
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

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 ingedients 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?*’. Table 32 shows different coating recipes and their nomenclature as used further in
this manuscript.

Water retentio plays an important role for coating processes in terms of uniform
application and drying® In the current study, an AGWR water retention meter was used to
perform pressure filtration tests for calculating the water holding capacity of coating recipes using

the TAPPImethod F707. Low shear rate viscosity was also carried out to measure apparent
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viscosity just before coating application at a speed of 100 rpm at room temperature using spindle
number 5 with the Brookfield D\ Ultra viscometer.

Coatings were appliednathe 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/mM. 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 minutegs ailCaframo constant
torque stirrer before casting into polystyrene petri dishes of a diameter of 130 mm and dried at a
temperature of 23C for 2 days at flat surface. The amount of suspension used varied from 20 to
40 ml for different CNF and CNC sugm®ons to achieve the same dry film thickness of
approximately 30 um. 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. Secondhe top layer suspension (15 ml) was poured uniformly over thestabdized
bottom layer in the petri dish and placed on a leveled surface undgpguified conditions. After
drying, films were conditioned at 2& and 50% RH for 24 hours before chaesization.

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% &66 cc
volume at 23 °C temperature and 70% RH. The water vapor transmission rate (WVTR) was
measured using the ASTM E96 waip method with coating side towards the high humidity at 23
°C and 50% RH. Results were reported as’fglfay. Oil and grease rietance 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 tensistdér 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 temperat@e £28rop
of the probe liquid was placed on the paper surface from a{sycimage, 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 coatagies were also measured using the water
droplet method in accordance withHuhtamaki et aP®® using a 27 gauge needle (0.21mm

diameter).For simplification, the OweRr8V/endt geometric mean equation was used to estimate

surface energy from the otact angle (Eq 1.). In the equatign, taken for liquid 1
(methylene diiodide) is 50.8, ahd for liquid 2 (water) is 21.8, for liquid 1 is
0 and’ for liquid 2 is 51. Based otlese constants,v andasy has been calculated.

P WEHT et f cnr i Eq.1

To verify the multilayer construction of nanocellulose coatings and films, scanning
electron microscopy (SEM) was conducted on a FEI X¥Ros 460L field emission SEM (with
2 kV beam voltage and 13 pA beam current). All samples were spotieed with gold
nanoparticles prior to imaging, with a thin layer of gold in a low vacuum of Bérnof 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-BokerATRFTIR
spectroscopy instrument within the range of 400 td60a* wavenumber with 4! resolution
for 32 scans. TofSIMS analyses were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut

Ridge, NY) instrument equipped with anBi* (n = 1- 5, m = 1, 2) liquid metal ion gun, Cs
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sputtering gun and electron fldgun for charge compensation. To acquire high lateral resolution
mass spectral images, a Burst Alignment setting of 25 keV Bn beam was used to obtain a

500um x 500pum arewith negative ions.

3.4Results a Discussion

3.4.1Wetpropertiesof coatings

Table 32 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 highegrgmly 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.

3.4.2Barrier propetties of coated paper

Porosity Gurley densometer tests evaluated the permeance of air under applied pressure
through a substrate in thedrection (thickness). Figure 3 shows a significant increase in the air
resistance of substrate with various caggirAir resistance was increased by a factor of about
threehundred with CNF/CNC* twdayer coating (8846 Gurley seconds/100ml of air) compared
to nocoat substrate (30 Gurley seconds/100ml of air). CNF/CNC and CNC*/CNHayen
coatings also provided cqrarable improvement in air resistance with the same coat weight of 5

g/m?. 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 oalhdose coatings on WK
paper.

Oxygen Transmission Rate (OTR)onsistent withthe results of air resistance, oxygen
transmission showed similar trends with nanocellulose coatings (Fig@je /A single layer
coating with CNF provided better barrier properties compared to CNC at existing relative humidity
conditions. CNC* coatingsh®wed further reduction in OTR compared to CNF, which might be
due to the lower sensitivity of CNC* coating to higher relative humidity condittinghe highest
reduction in oxygen transmission rate (~by a factor of about 260) was observed with a double layer
coating with CNF/CNC* (79 x1Dg/n?/day/atm) comparedo no-coat substrate (0.3 xi0
g/mé/day/atm). Results shown in Figure23confirm 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 layethe present cadé’. 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.pa|

Water Vapor transmission rate (WVTRJo 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 33). However, CNC#*containing coatings reduced vapor transmission rate by
20-30%. The lowest vapor trangsion 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

vaposs 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 coating
WK pape sheets with CNF, CNC and CNC*

Oil and Grease Resistant¢ét Test:Figure 34 s hows the i mprovement
uncoated) to 8 for CNC* coating and to 11 for CNF/CNC* multilayer coating. This provides a
great opportunity for the paper and board itduas 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 wefght
Contact angleSurface chemistry and roughness are key factors that can affect hydrophobicity
and hydrophilicity?’. 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

Figure 3-5. Water ContactangleandsoNda por ( o-8¥por |l ( g
| i qui dompomedtk §f surée energy for a given substrate.
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However, quass t at i ¢ adl aanc ir regs)eddrdact gnglésdorovide more
information about the wettability and the absorption behavior of surf&&esdvancing and

receding contacangles are measured by increasing and decreasing the droplet volume in the

83

(a.) Base line advances with {b.) Base line recedes with
increasing water volume, decreasing water volume,
contact angle remains same contact angle remains same

Figure 3-6. Depiction ofadvancing and reding quasistatic contact angle.
sessile droplet contact angle measurement method (FigbyeTable 33 s ummar 4, z efls t he
and hy sd @) foewatersontaotiangle, which determines the mobility driogp 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 absargiicthe droplet into surfacé? The uncoated WB
sur face hadheraas hystaregi® wadl falito be the highest (54.3) due to water
absorption and the porous, rough surface of the pap&@NC and CNF coated surfaces showed
almost equal hysteresis despite CNC being highly crystalline in nature, whidiméswith earlier
studiess™ CNC* <coated sur f awiteashysseresisvwel8.0, tvhich is imiicly h e s t
lower than CNC and CNF cted 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 dropletcmto surfa
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
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CNF/CNC* coated surface can be explained based on the denfeemuand comparably less

polar chemistry of the top surface as described later in SEM an&T\& spectra (Figures B0,

3-11 and 312).

Table 3-3. Advancing and receding water contact angle of multilayer based coatings .on WB

Coating da dr Hyst ene$i <
No coat 85.7+1.15 31.3+231 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+451
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 afted130second interval on three

different types of paper substrates coated with multilayer nanocellulose coatings (Aabldn8

results in Table 3! coincide with advancing and receding contacjl@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
Coating Type | WCA WCA WCA WCA WCA 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° 0° 43° 0°
CNC* 97° 96° 108 108° 66° 62°

E

CNC/CNF 44 38 44° 36° 31° 28°
CNF/CNC 35° 371° 36° 3% 40° 34°
CNC*/ CNF 60° 59 46° 44° 58° 55°
CNF/CNC* 64° 63° 58° 58° 57° 57°
y Vv YW Y YV UWN

Estimation of surface energy is another approach to reveal unbalanced forces for the
molecules at the surface. The contact anglecn be related to interfacial energies between the
solidl i q usi),diquid-wa p o) and solidv a p osy) intérfaces. These interfacial energies

can be described with Youngdbs regimes describ

8¢ i=——  EQ.2
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Figure 3-7. Surface energgstimation of singleand doubldayer CNF, CNC and CNC*

coatedpapers using OwenAd&/endt model.

The total surface energy of the CNC* coated surface was reduced significantly (Figure 3

7). For WB and LB, a reduction in surface energy by >20% with CNF/CN@tilayer 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-Bygesphobic or superomniphobic, which

is around 1114 mJ/m 275, This gives a platformo make a nombsorbingsurface for bth polar

and nonpolar fluids. For example, a drap contact angle with methylene diiodide (Ml) on

CNF/CNC* coated white board surface remains unchanged for a long time without any absorption

into the paper (Figure-8). This further shows the oil and gs® resistance character of the

following double layer coating against such a highly-pofar solvent. Similar behavior was

observed with CNC* and CNF/CNC* coatings on all three types of selected base papers.
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Figure 3-8. Contact angle pattern of methylene diiodide over nanocellulose coated st

over time

3.4.3Chemical & Surfacecharacterization

The FTIR spectra of coated papers with all thaléierent base papers was found to be
identical. For more clarification, results with WK paper are shown in Fig@reThe FTIR spectra
of uncoated and nanocellulose (CNF and CNC) coated paper were exactly the same except for the
CNC showing an extra pkat 1391 for SQ. This indicates that there were no new bonds present
in the selected nanocellulo$€. CNC* coating containing CNC, MMT, and soy protein can be
characterized with an absorption band of polypetide Amide | (C= O) at 1637 which
overlapped the water absorption region in nanocellulose aptme NH bending vibration of
soy proteirt’’. Absorption peaks for polypeptide amide bonds were consistent in CNC*/CNF and
CNF/CNC*. Characterization peaks of MMT in CNC* containing coatings at 1040f@nsi-O-
Si and vibration peaks for AD and SiO at 625 crit could not be seen hedue to overlapping

peaks of stretching of-O-C and noise respectively in cellulo€é No new peaks were observed
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in the FTIR spectra other than that of present species, which can be interpreted as implying that no

covalent bonding formation is happening between selected coating components.
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Figure 3-9. FTIR spectra of multilayer coated WK paper of (a) No coat, (b) CNC/CNF

(c) CNF/ICNC, (d) CNC*/CNF, (e) CNF/CNC*

TEM: Structural features of individual CNCs and CNFs used in the current study are shown
in figure 310. This confirms the size, morphology, and structural features provided in material

section.
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Figure 3-10. TEM imag'ésjf '(a) CNC and (b) CNF sed in\cu‘rre‘nt study
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SEM: Figure 311 shows the SEM images of cross section and top view of multilayer
coatings on WK paper. ForNC/CNF, CNF/CNC multilayer coatinggoss section view shows
expected results according to the hypothesis (Figur#a3& 311b). The twaeseparate layers of
CNF and CNC were found to be lying over each other without any major continuous gradient of
coatirg 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 (Figurd1¥). CNF/CNC* showed a ompletely different

interfacial behavior with a denser merged layer of CNF and CNC* at the interface (Figldg. 3
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Figure 3—11 SEM |mages of double layer coated WK paper with: (a), () CNC/CNF; (b)
CNF/CNC,; (c), (g) CNC*CNF; (d), (h) CNF/CNC* coatings.

This can be either due to physical diffusiand van der Waals, or possible hydrogen
bonding between components of CNC* and CNF layerutinathe 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 (Fiddp.3rhese holes might have
appeared due to the quick hydratafiithe MMT layer in bottom CNCoatings and then, diffusing
through the surface with a fadtying process’®. The following information supports the data for
a reduction in porosity, OTR and kit reading with CNC*/CNFtewpcompared to CNC* (Figure

3-2, 33 and 34). Doublelayer coatings with CNF/CNC could not form a uniform layer on the
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paper surface compared to CNC* coatings, which is consistent with results from earlier studies

(Figure 312b and 312c)2*".

Figure 3-12. Lower magnification250x) top view SEM images of (a) uncoated, (b)
CNF/CNC, (c) CNF/CNC* coated paper; and cross section view of solvent casted multi
(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 betweaterfaces of double layered CNF/CNC
and CNF/CNC* individual films were also examined with SEM at higher magnification (Figure
3-12d & 312e). CNF/CNC* coatings present a uniform (Figur&28) and a tight continuous
interface (Figure d2e). The followng results support the data for steady contact angle for Mi
over the CNF/CNC* coated paper for a longer time (Figu&.3Unexpectedly, at the interface
of double layered CNF/CNC* film, a reinforcing phenomenon of MMT particles through the

bottom CNF lagr was observed (Figurel2e).
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ToRSIMS: Figure 313 shows the TOBSIMS 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 particlesavibused 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 aidCANOpeaks in
CNC*/CNF and CNF/CNC* muitayer coatings. These results support the data from SEM cross
section images (Figure-Bl). For a nossputtered 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 SiQ (Figure 313f).
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Figure 3-13. TOF-SIMS spectra of nogputtered (a) No coat, (b) CNC/CNF, (c)
CNF/CNC, (d) CNC*/CNF, (e) CNF/CNC* and (frHour 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 nonpolar clusters of the soy protein from the coating matrixtdugydrophobic repulsion
interactions as presented in the hypothesis, which is evidenced{spuattered spectra of positive

ion fragments from proteins (figure13t) 2%°. This is also consistent with the reduction in WVTR
with CNC* and CNF/CNC* coated paper due tcoaparably hydrophobic top surface (Figure 3

3). Figure 315 shows a detailed characterization of the chemical properties and morphology of
CNC*/CNF and CNF/CNC* coatings with negative ion sputtered -BD¥S. In TOFSIMS
images, the distribution of a spc chemical is shown based on the color intensity; the lighter

the color, the higher the presence/distribution of the chemical components (FdGje 18
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Figure 3-14. TORSIMS of CNC*/CNF and CNF/CNC* coatings with noticeable fingerpril
in terms of fragments from hydropholamino acids
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CNC*/CNF coatings, €HsO2 (from CNF) shows a uniform and significantly higher distribution
and very lower distribution for CNO(Protein) and aln&t no presence of SiO(Clay).
Unexpectedly, a very low distribution 0830, (from CNC) was observed in CNF/CNC* double
layer coated paper. A uniform and higher distribution of CKRDotein) and Si@ (Clay) was
observed in CNF/CNC* coatings (Figurel8). 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 cogggtgm was attained with this method.
Figure 313 and 314 supports the explanation for the hypothesis of multilayer coatings, as no
peaks for Si/Si@SiOs were observed without sputtering the coating layer (Figw#3d3& 3

13e). However, peaks for sidi@and silicates were observed aftdrdlr sputtering of coated paper

YO

Figure 3-15. Surfacesputtered TE-SIMS images of CNC;‘/CN and CNF/NC* double

layer coated paper to prove the formation of two separageslay terms of constituents.

(Figure 3-13f).

0 00

CNC*/CNF

CNF/CNC*
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3.5Conclusions

CNF and CNC layers were successfully obtained in a multilayer coating system to exploit
their unique properties. The CNF/CNC* douldger coating system provided the best results for
the development of a sustainable solution for gdls,and grease resistance packaging. The
CNF/CNC* double layer coated paper resulted in a reduction gfeameability by a factor of
approximately 300, OTR by a factor of approximately,28@ WVTR by 30%. An improvement
in kit reading was also obsed/&om a kit number of O 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 ayaxF |
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 Ml remained unabsafteecan 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 hadondistinct 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 payes developed with a
hydrophobic spraygoating 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 watgssorbency. Lightveight tissue handsheets were
prepared, spray coated with Ch, CNC and their composite coating (ChCNC), and tested for
antimicrobial activity against graimegative bacteri&. coliand a microbial sample from a
human hand after using thestroom. 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
bactericicl activity was observed with ChCNC coated tissue paper, inhibiting up to 98%
microbial growth. Plasma treatment further improved the antimicrobial activity of the coatings.
Wat er absorption properties were rdduced with
disinfectingo bactericidal tissue has the pot
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 product$®281 For example, infections causedmbycoli (gramnegative 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 annu&ifyand is the maireason for acute renal failure in children
283284 \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 countri¢€®. Each year about 30 million children bhdly lack access to
vaccination?®.

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 pagers 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 Ibs. per
persort 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 aicintiiai toilet paper. This
tissue is composed of intermediate plaslaped absorbent layers and a dry antimicrobial layer
that is activated by moisturé’. However, these products tend to have a high price point due to
the inorporation 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 hygne 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 ye&%?°C. 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 deacetylatedo r m. | f t he deacetyl aP-amm@a of t h
2-deoxyb-D-glucan and chitin unit is greater than ~65%, the polymer is referred to as chitosan.

The pKa of glucosamineNH: (in chitosan) is ~6.3. Thus at pH lower than 6.3 more than half of

such groups in chitosan are protonatedH3+), as shown in figure-4 28° (-NH3*) groups on

chitosan can result in three types of cellular denaturatipichénge in cell permeability, which

prowokes internal osmotic imbalance and thus inhibits cell gré%ti(;) hydrolysis of
peptidoglycans in a microorganismbés wall, whi

and eventually kills the cetf? and (iii) after a longer time, protonatetiitosan chelates metals

and suppresses elements by hbigdionutrients required for microbial cell growt?2%4

Chmn deacetylation

/m/ \%\ Chitosan

L ¢Protonat10n at pH <63 n

OH

+H3N
0} .
0) HO 0) Positivel
ositively
HO >
A o (¢} charged
‘\NH3,," OH Chitosan

n

Figure 4-1. A simplified rendition of the molecular steps leading to a protonated chitosal

moiety when starting from chitin

A number of studies have explored the antimicrobial properties of chitosan against bacteria
(gram positive and gram negative) and fufidi**. However, most of these studies evaluate the

antimicrobial property of chitosan associated with otheffacbors such as silver, gold
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nanoparticles, other antimicrobial agents (terpenes) or chemically modified chitsan
298,300,302.303F or instance, Badawy et al. studied very moderate antimicrobial properties of chitosan
films on bacteria such a8. tumefaciensk. carotoora, C. fascians An improvement in
antimicrobial property was observed only when monoterpenes (geraniol and thynol) were added
in film preparationg®. Very few studies have shown reasonable antimicrobial activity of chitosan
as an individual component, but limited to a narrow range of micr9H&%¥

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 forni®®3%7 Cellulose nanocrystals (CNC) possess an unusual magphthat is
characterized by a rigid, narrow, rikie structure (figure @) 23 This peculiar morphology is
similar to antimicrobial agents such as silver and gold fmamticles 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 membraiie@ndEiSamahy et al.
have studied the effect of addition of CNC in chitosan on antimicrobial activity when used as
bagasse pulp papadditive. Other studies have shown good synergy between CNC and chitosan
as a composite for mechanical and water vagorier propertieg31:227:308310 |ncreasing the
concentation of CNC in chitosan resulted in increasing antimicrobial activity agéednst
typhimurium3!%, However, no logial 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
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usedin tissue paper. More specifically, it was speculated that when a bacterium encounters rigid,
narrow, stiff, rodlike CNC particles, it will undergo significant cell membrane dan¥ag§eThis

harm to the celmembrane would make microbial cells susceptible to protonated (cationic)
chitosan (figure €). Thus, CNC will be able to work synergistically with the chitosan by
enhancing & 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 untfs®%313  Yet, combinations of negative CNC and
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Figure 4-2. Schematic diagram of objective and theory of usiagocellulose and chitosan

together for tissue coatings for antimicrobial and superabsorbent tissue papers

positive chitosan can work synergistically similar to the effect ofgdebtrolyte complexes used

in paper making to improve dry strendtfi.3'6. 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

4.3.1Materials

Chitosan was purchased from Sigdlarich (medium moleclar 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 CNi@ 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 = 148gim

4.3.2Methods

Tissue paper sheets with a §8n2 basis weight were made from recycled bleached de
inked 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
preparationof CNC and chitosan coating complex, a solution of chitosan was prepared in 1%
acetic acid solutionThen, 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 iteoigokitosan
and CNC is referred to as @NC. 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 spoamatedon the prepared handsheets and dried
using a fAChromalox 21100 dryer system at Ozer
Tissue sheets were also surface treated using a Surfx® Atmflo 400 atmospheric plasma system
equipped with an automated RB2BY'Z 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 chitost&ieated 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 sputtepated with a thin layer of gold in a low vacuum of 90 mTorr of Ar gas
pressure with an acceleratingltage of 600 V for 3 minutes at a coating rate of 7 nm/min.-ToF
SIMS spectra were obtained using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument
equipped with a Bi™" (n = 1- 5, m = 1, 2) liquid metal ion gun, Csputtering gun and electron
flood gun for charge compensation. To acquire high lateral resolution mass spectral images, a burst
alignment setting of 25 keV Bi ion beam was used to obtain a 5003n500um areawith a
resolution of 300 nm using negative ions to show the distribwimh 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 substritd trea
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 PhoenipX005/Btact angle system) and
a CCD camera at room temperature(@3 A drop of the water was placed on the paper surface
from a micresyringe and images of contact angle for 75 frames in the interval of 200 microseconds
were taken using the attached CCGinera.

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 thelteg 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 chiole (polyDADMAC)) and anionic polymer
(potassium polyvinyl sulfate (PVSK)), respectively to the suspension.

Spraycoated and plasraeated papers were tested for antimicrobial activity using the
ASTM E2149 method!’ and disk diffusion assa3t®. For the quantification of antimicrobial
activity of developed bactericidal tissue paper, t8§ M E2149 method was used. In this method,
anE. coli(strain TOP10) culture was grown overnight in LB media and diluted to obtain a culture
with 2.1 3 105 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 (O
contact time with tissue paper), the samples were serial diltekDX and plated on petri dishes
and incubated for 24 hours. The coated/uncoated tissue specimens (equediar é@nsferred 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 calcetit The results were presented as a Reduction % for
CFU/ml. Antimicrobial activity with a disk diffusion assay of coated paper was tested dgainst
coli and a virtual hand sample (culture of tissue paper used by a person after using the restroom).
Water dsorbency was tested using the DIN 5484€§tandard test method. Paper samples of size
1003 100 mm (with basis weight variation in the range of < 12j)imere prepared and transferred
into a 1000 ml beaker containing 100 ml of DI water and kept for 60¥8aser 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.g8pray coated tissue papers were also tested for burst

strength and st iéf ftniessssu eu shianlgl tbhuer sGtE natneacl y z er .
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4.4Resultsand Discussion

4.4.1 Distribution of ChCNC ovettissuepaper

The SEM image in figure-8b shows the distribution of a ChCNC network throughout
tissue paper (white spots shown in red square). The high magnificatioh) {(@@e shows the
ChCNC network associated to the paper cellulosic fibers. Comparing images of uncoated (figure
4-3a) and coated (figure-3b and 43c) tissue paper, it can be easily gleaned from the
microphotographs that the porosity did not change. Mosh@®fChCNC networks seem to be
present on the surface of cellulose fibers instead of fitlegores, which is confirmed in water
absorbency data. To confirm the manufacture of a ChCNC composite as shown in-fjuae 4
gold coated aluminum substratesteeated with ChCNC composite (figure&d and 43e). 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 assuggested 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 43g. Ch coating illustrates the continuous film formation property.
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In the ToOFSIMS spectra for ChCNC, the dominant peaks for (2$.99amu), CNO

(42.20amu), S€” (79.63amu) ath HSQ (96.51amu) confirms the presence of the ChCNC

complex on the ChCNC treated paper. The &l CNO fragments are generated from chitosan,

and S@2andHSQy are generated from CNCs. The peaks for, WO, SG and HSQ are

absent
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Figure 4-4 TORSIMS spectra of untreated (No coat) and Ch@&ikgated tissue paper.
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images of tissue paper were studied (figu 4The lighter shade for Cldnd HSQ@ shows that
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chitosan and CNCs amdistributed uniformly throughout the surface with higher saturation at

certain areas (yellowish) compared to others.

These observations suppS8ENhénages

showing ChCNC complexes associated with cellulosic fibers. Also, in the porous structure of

pape, no CNC and Ch particles (black color) are observed, further supporting the data from SEM

images. In figured-5c, overlay of CNand HSQ (dark green area in white circles) depicts how

the chitosan and CNCs are present together in the form of a costpietire, CNCs clusters were

found mostly where chitosan is present.
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paper showing distribution of (a.) chitosan (¢Nb.) CNC (HSO4), and (c.) complex of
Chitosan and CNC

Figure4-6 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<Cf{iQure 46a). 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

Figure 4-6 Auger Microscopy of (a.) Ch and (b.) ChCNGated substrate illustrating

nitrogen (yellow) and sulfur (bluecans.
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the chitosan microparticles.ading 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 @igtmeet

6b). Additionally, the Clonly treated substrate resulted in greater agglomeration of chitosan
particles, which resulted in less surface area coverage (fig6eg.4This could result in the
chitosan being less effective as compared to the ChCbi@posite, as it pertains to the

antimicrobial activity of Ch, as shown later in figure8 4nd 410.

4.4.2 Contact angle

To evaluate the hydrophikbydrophobic 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 47. The chitosaionly coated slide showed slight hydrophobi@artter 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 &borts
This was consistent with its more hydrophilic character and nanoscale structural texture, providing
enormous surface area. More interestingly, the hydrophobic character of chitosan wasledpers
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 @ie @hCNC complex. This

(b.) (c.)

Figure 4-4. Contact angles of glass slides coated with (a.) Ch, (b.) CNC, and (c.) ChCN(
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can also be correlated to the distribution of CNCs into the chitosan matrix in ChCNC composite
as shown in figure-8d and 43e. CNCs are present protruding out of the surface through chitosan
matrix instead getting entrap into timeatrix. 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 Chargedetermination

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 eeased out using the streaming current
method for endpoint determination (figureBX Quantification of net positive charge was done
using anionic PVSK polymer (potassium polyvinyl sulfate) and expressed as demand ef micro
equivalents charge per liteot surprisingly, the streaming potential of untreated {coated)
tissue paper was found to be negathe (6 5 mV) |, which implies that
coatedd paper is negat i veDADMAC) wak ased tccnausraizec at i o
the colloidal charge of the system; during the quantification of charge (4 -eugnwalent
chargel/liter). The streaming current output for Ci¥€ated sample was also found to be negative
(-3.26), with a cationic demand of 14 mieequivalent charge/literOn the other hand, the
streaming current output for @heated tissue paper was found to be positive with anionic (PVSK)
polymer demand of 135 micrequivalent charge/liter. The streaming current output of ChCNC
treated tissue paper was also found to Is#tipe (+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-equvalent charge/liter (90 micrequivalent chargeffibers).
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Figure 4-5. Streaming current test output and oppositely charged equivalent volume t
neutralize Uncoated and treated tissue paper with CNC, Ch and ChCNC

4.4.4 Antimicrobial activity of CRCNC coatings

Disk Diffusion Assay Results. Tabledsummarizes the results of disk diffusion assay in
terms of zones of microbial growth against specific graagative bacteriaE. coli) and the
unspecified microbial culturedm the unwashed hand sample. A disk diffusion assay was carried
out using uncoated, CNGnly (CNC), Chonly (Ch), ChCNC composite, plasma treated uncoated
(p-No coat), and plasma treated ChCNC coate@H{ENC) tissue paper agairst coli (strain
NO022) and a microbial sample taken from an unwashed hand after using the restroom. No zone of
inhibition for microbial growth was observed
against thee. coliplated culture. However, a slight zone of inhibitiorB{0and 0.85 cm diameter)
was observed with t he u-trdatedeuacoated tissu€pgader againatt e d a
coli. The highest zone of inhibition with a diameter 2.34 cm, ag&nsbli, was found with p

ChCNCtreatedtissue paper. This waslliowed by untreated ChCNC, which had an inhibiting
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zone diameter of 1.74 cm. For a microbial sample collected from hbarah no zone of

inhibition was found with any of the coated or uncoated tissue paper, excegCf@NC coated

tissue paper. Microbizsample collected from humerand after using rest room is expected to

have a number of different types of microbes including fungi, virus, -gegative and gram

positive bacterig?% 322,

Table 4-1 Inhibition zone diameter of microbial culture (E. coli and unspecified microbes) on
agar plates usingpray coated tissue paper

Coating type

Zone of microbial growth inhibition/diameter (cm)

E. Coli | Microbes from humathand 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 bactdriatéria monocytogenes, Bacillus megaterium, B. cereus,

Staphylococcus aureus, Lactobacillus plantarum, L. brevis, L. bulgdcdg and a very few gram

negative bacterige( coli, P. fluorescens, S. typhymuriet)?8, 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 lieeatudies that the hydrophilicity of microbes

and substrate is one of the key factors that increases the sensitivity of chitosan as antimicrobial

agent 323325 Treatment of ChCNC treated tissue paper with oxygen plasma, increases the

hydrophilic character of papéf®. This might be the reason thatCARCNC samples resulted in a
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significant reduction of microbial growth by increasing the inhibition zortendisk diffusion
test.

Antimicrobial activity was evaluated using the ASTM 2149 method. In figww@sdd 4
10, spraycoated, and ptamaactivated tissue paper inhibited up to 99% of bacterial growth. The
samples are considered to be bactericidal if they inhibit greater than 75% of microbial {fowth
The gasmatreated pChCNC 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 plagima systems have
shown bactericidal activity against a variety of pathogens in various stiidi&€ However,
unexpectedly, cellulose nanocrystals (CNf®o showed inhibitory action agairist coli culture
with this method. The mechanism of bactericidal activity needs to be further understood to use this

treatment more effectivef}*.
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Figure 4-9 Percent reduction in microbial culture growth with spray coated tissue pap

against E. coli culture

82



ChCNC P-No coat P-ChCNC
Figure 4-6. Bacterial (E. coli) growth on agar plates after treating the culture with

different coated samples

4.4.5 Waterabsorption

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 fi6&$3%. 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 hteeveatsy
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 pZ3eENC and Ch work similarly to
a highly refined pulp if added during paper formation, which would result in reduced water
absorption®®3. However, in the current study, CN&®ntaining coated papers showed similar or
slightly better water absorption when compared to-cwmeted papers (figure-#1). This is

because, the treatment of CNC and Ch on tissuer pege 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 (Bgure 4

and 43c, figure 45). Water absorption was reduced with the-dOhated 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 a®*. Synergistic results were obtained with ChCNC coatings, ascteghe

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 (figure3#l). Due to the presencé hydrophilic CNC particles

on the surface, there was an increase of water absofftith Plasma treatment did not affect

the water absorption capacity of coated or uncoated paper.

4.4.6 Strength properties of coated tissue paper

The ball burst test is one of the commonly measured strength tests for sanitary tissue paper.

No coat ChCNC P-No coat p-ChCNC
Figure 4-7. Water absorption capacity of @INC coated paper
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It measures the resistance to mechanical penetration through a tissue paper, which is an important
characteristic of napkins or tissue paper for end use. Ruetigapers, 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 strengtlcan also cause problems in manufacturing and the converting processes.
Figure 412 shows that dry ball burst strength properties were increased significantly with ChCNC
spray coated tissue paper. With CNC coatings, the burst resistance of tissue papexdirbgr

48%. Further improvement was observed with CNC and Ch. However, as plasma treatment does
not impart any modification through the bulk of tissue paper,-fitter bonding of tissue paper
remained unchanged; thus, strength properties remaineduemodéd. 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™® 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 plasreated tissue paper

resistance, as shown in figurel2. The principle behind this behavior of stiffness can be different
than burst strength. The burst strengthCdOfC-coated paper may increase due to its nanoscale
structure andhtegral hydrogen bonding between paper and within CNC particles. Another reason

for the increase in stiffness is due to the higher aspect ratio of CNC paiticles
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4.5 Conclusions

A recycled tissue paper was prepared by spraying it susitainable CNC and chitosan
based coatings to render bactericidal activity without significantly disrupting functional properties
such as water absorption and strength. The morphology and chemical characterization of ChCNC
treated substrate was validatesing SEM, ToFSIMS and Auger electron microscopy. Successful
antimicrobial activity against specifie. coli cultures and unspecified microbial cultures taken
from a soiled hand was tested qualitatively (disk diffusion assay), as well as quantit&SEM (
2149 method). Spragoated CNC and chitosan paper could inhibit the growth.afoli up to
99%. CNC coatings improved water absorption due tdnidjieer surface area and hydrophilicity
of nanocellulose increasing the rate of absorption. Also, teagttr of the paper increased. This
was especially true of CN€ontaining 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, thusducing the overall cost of the final product.
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CHAPTER 5. Lignin Containing Cellulose Nanofibers for Barrier and

Antimicrobial Packaging Products

5.1Abstract

This study includes the effecbf the selection of feedstock and processing conditions on
chemical and morphological properties of the produced cellulose nanofibers and their barrier and
antimicrobial properties. A newood feedstock from hemp hurd fibers is selected for producing
lignin-containing cellulose nanofibers. The hemp hurds are obtained from industrial herap stalk
and defibrillated/pulped using four different pulping proesssamely autohydrolysis (with
water), alkaline/carbonate (4% »0s), unbleached kraft (N& + NaOH) and bleached kratft.
Lignin-containing and bleached hemp cellulose nanofibers (CNF) were produced using a high
speed mechanical grinding process. For comparison of hemp CNF, hardwood (Eucalyptus) was
used and processed @similar fashion to obtain hardwd (HW) CNF. The morphological
properties characterized using SE¥owedthat lignin containing CNF were more fibrillated
compared to bleached CNF from both hemp and HW fibers. The obtained CNF were used to
prepare films anderveas coating over linerboad paper for barrier and antimicrobial propert
measurements. The chemical characterization of CNF films carried out usirglW&showed
a progressive reduction in surface lignin for carbonate (C), unbleached kraft (UK) and bleached
kraft (BK) CNF. When HW fibers were comparedhemp fibers were observead 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
hempC, andhempUK CNF. The Crystallinity Index (Cl) of hardwood CNF was obseryed
increadng in a progressive manner for H\@ < HW-UK < HW-BK. However, no big difference

in Cl of hempC, hempUK, and hempBK was observed. The highest water contact angle (WCA)
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was neasured forhemg CNF films (104C)( I@2K(p8adWWBG he mp
(84 ). A similar trend of contact angle was o
angle rangi mglL betTweenwander a b sto bepotvar fonlignma s al s
containing CNF coated paper compared to bleached CNF. Howeven melative water

absorption for hemp and HW CNF filmgas measuredBK CNF was foundo accept less water

compared to C and UK treated paper due to very high density of BK fiiiNé: The water
permeability (WVP) was also found to be more related to the density thémethdignin content

of CNF coatings and films. The lowest WVP was observed with Hekhpnd HWK CNF films

as 5.85 mm.g/Aday and 6.12 mm.g/iday, respectivéy.

For testing antimicrobial activity of hemp hurds and processed fibers, the extractives were
extracted. The characterization of hemp hurdsHepresence of antimicrobial active compounds
was carried out using GMS. In GGMS chromatographs of hemprdupowder (hemy?), CBD
was observed, comparetb and confirmed by commercially obtained standard CBD
chromatograph The CNF fiims and coated papers were tested agé&irSoli for their
antimicrobial activity. However, no significant antimicrobial activwas observed. Then, the
sterilized paper discs and hetAgfilm s were treated with the extractives obtained from hémp
hempA, hempC, hempK and hempB. HempP and hemyA extractive treated paper showed a
significant reduction bacterial growthat resulted in a zone of bacterial inhibition of 1.85 and
1.05 cmrespectively in disk diffusion assay. The results were confyrabmingacolony forming
assayand a 98% and 55% reduction in colony forming units was observed foremg hemp
A extracive treated paper. The results of using hemp CNF as barrier and antibacterial coatings

createa great potential for valorizing industrial hemp waste for value added products.
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5.2Introduction

Hemp is a noipsychoactive variety aannabis sativa L33 The crop is one of histizal
andworldwide importance as manufacturers seek hemp as a renewable and sustainable resource
for a wide variety of consumer and industrial prodi#éisCannabis sativas astraight, annual
herb thatis mostly dioecious and graswp to 26 m in heigh4%34L The stems are green, hollow,
cylindrical, and longitudnally ridged. Hemp stenaemade up of two parts. The inner carle
woody (xylem core body) materiatsalso known as hurd or shive and outer layer cossidtber
bundles known as bast fibe¥s3*2 The woody or hurd fibers are lignified and generally used as
animal bedding due to their high absorption capacity and insulationncretelike materials®.
The outer bast fibers are bound by a central lamella and arranged in buiddbsareseparated
by the cortex parenchyma cell withpectic and hemicellulose rich cell watf. Bast fibers are
used for cordage, rope, tting, canvas, bi@wompositesand textiles**®. Bast fibers represent a
smaller percentage of total biomass of hemp stempared to the xylem core/hurd fibers, which
account for 70% of total biomass of heffip

Antimicrobial activity is one of the welltudied properesof hempfibers with numerous
contradictions and anecdotal information. Few studies show that the antimicrobial activity of hemp
fibers is linked to their chemical compositigssich as esterified sterols, triterpenesi{osterol
a n damyrin), which possess &imicrobial properties*®3*’. However, other studies show that
hemp contains numerous biologically active compounds known as cannabiwbidh, are
responsible for their antimicrédd activity 33248 Cannabinoids are carboxylic acids of C21 or C22
compounds in the form of analogs and transformation prodéttdhere are more than 40
cannabinidsthathave been found in hemp plardmongthese five major cannabinoid:mamely

cannabidiol (CBD), cannabichromene (CBE)annabi ger®okt ( @BGYr o%pannabi
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THC), and cannabinol (CB)Nhave beenvell studial in terms of their structussand properties
(Figure 51) 34 CBD and THC both have demonstrated antimicrobial activity against gram
positives, gram negativg and a few varieties of fungi’ However, CBD is the primary therapeutic
component of hempnlike THG which is the psychoactive componeRegardinghemp hurds
from medicinal cannabis sativa varieties such as Futyrén&phave higher content of lignin and

phytochemials than badtbersand are thus superior in their antimicrobial activft}>>:

cannabigerol

gp-tetrahydrocannabinol cannabinol

Figure 5-1. Five major cannahoids present in hemp (Cannabis sativa L.)

Most of the studies on antimicrobial activity of hemp is focused on their polar ard non
polar solvent extractives. The solvents used for extraction of phytochemicals from hemp and
cellulosic fibers for antingrobial functionality are petroleum ether, acetone, methanol, ethanol,
hexaneand water?9:2523%8 A et al. studied the effesbf petroleum ether and methanol extracts
of whole Cannabis sativa Lplants for antimicrobial activity against Gram posits/€B. subtilis
and S. aureys Gram negative(E. coli and P. aeruginogaand fungi A. niger and C. albican)s
They found that both petroleum ether and methanol extractives showed pronounced or good

antimicrobial activity against all selected microorganiskhathur et al. showed that aqueous and
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ethanolic extract of cannabis sativa exhibited good antimicrobial activity adair&ruginosa
andS. aureushut wereinactive againsk. coliandC. albicans However, Wasim et al. showed

that aqueous extract of @ did not perform antimicrobial activity against any of the
microorganisms tested including Gram posgjv&ram negativeand fungi. A few studiebave
focused on antimicrobial activity of hemp fibers using different treatments with associative
antimicrdbial agents. These treatments include incorporation of silver nanoparticles (AgNPs) on
oxidized hemp fiberg®, chemisorption of AgNPs on hemp fibéf§ andgrafting of hemp fibers
with ant i bicgclodexdrm, e€tich as b

As discussed above, hemp extractives with-polar solvents and physically or chemically
modified hemp fibers have shown pronounced antimicrobial activity against a wide range of
microorganismsVery few studies show the antimicrobial activity of hemp filleesnself°%. To
our knowledge, solely Khan et al. studied the antimicrobial activity of hemp hurd powder against
E. coli3®132 Khan et al studied the effects of particle size andnet treatmetrof 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 describedd ilni gnGmapctoenrt ai ning cell ul ose
hydrophobic compared to bleached nanocellulose fibetsVery few studies have reported the
production and properties of LCNF from softweo(lhuja plicata, Norway spruce,) and
hardwoods(Aspen/Populus, eucalyptu¥)®2:94:3633€4Rgjo et al., showedn increase in contact
angle with higher lignin content in cellulose. Similarly, Wei et al and Peng et al. also showed that
lignin containing nanocellulosés more water repellent compared tondAmnin 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 atwsogd no difference in
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contact angle In response to thaRojo et al. 2015, studied pulp produced with different syyfe
digestion processto produce LCNF. In his studiRojo et al. found that residual lignin present in
cellulose fibers has differemmtydrophobicity and hydrophilicity charactstics In his study, the
hydrophobicity of residual lignin was ranked as follows in increasing order: Kraft pulp <
Chemithermemechanical pulp (CTMP) < Thermmechanical pulpTMP < S@2thanoi water
(SEW) in terns of water contact angleCompaniesuch asAmerican Process Inc. a also
shown interest in producing LCNéfue toits low cost and comparatively hydrophobic nature.
Exploring lignin containing nanocellulose from hemp hurds provides another opportunigyart
barrier and antimicrobial coatiegwith 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 hake potential to be used asbarrier 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 itwgt 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: FirdtCNF produced from hemp hwdncludes
exploring barrier properties of hemp LCNF, primarily focusing on water sensitiitgalyptus
LCNF wasalso investigated to compare the effect of raw material on barrier propEnescond
part ofthe study included the testing of antimicrobiabperiesof 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 testhdifantimicrobial 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 gedies of hemp hurd waste is

summarized in figure-2.

HempHurds
(Futura75s)

Partl: Barrier properties Partll: Antimicrobiabctivity

Fibrillation/pulping Grinding into powder and

screening for particles <1 m

Extracting extractives using
ethanol

Treating sterilized paper discs
nfr:g]g(lg?eairtc:g:jscsgi r?éllgslglig with obtained extractives and
standard CBD

Preparing films and coating Q Testing for antibacterial activi
over linerboard paper " 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 nanocellulase

5.3 Experimental
5.3.1 Materials
Dew retted and decoctted, Futura 75 hempCénnabis sativa L.hurds stems were
procured fromhe Netherland and cut into small pieces before useodium carbonate, sodium
hydroxide and sodium sulfite used for carbonate and kraft pulpiegewrocured fromSigma

Aldrich at98% purity. Chlorine dioxide and hydrogen peroxide used to bleach kraft peip w

obtained fronBigma Aldrich at 99% purityA masuko grinder was used to prepare nanocellulose.
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Eucalyptus (hybrid of E. grandisand E. urophyllg chips were obtained fromrazil. A brown
linerboard witha basis weighbf 130 g/nt and bulkof 1.5 cni/g was used a@coating substrate.
A wiley mill grinder was used to grind the hemp hurds into powalad therthey werescreened
through 40 mesh screens to get 1 mm snippgtisanol and benzemeereused for the extraction
procesandwas procured from Sigmaldrich at99.98% purity. AbrCBD (C1H3002) solubilized

in methyl acetate (5 mg/ml) was procured from TOCRIS Bioscieac®3.7 % purity.

5.3.2 Methods

The autohydrolysis (Apulping was carried out by soaking cut pieces of hemp hurd stems
in distilled water witrehemp towater ratioof 8:1 at a temperature 160 °C for 3 hours in a stainless
steel reactor at pressure 90 psi. After three holesoftened hemp hurd stems (pivere washed
and refined on the laboratory disc refiner at disc gaps ofQ@3) mm with two passes before
screening on a 0.3mm slotted laboratory screen. For a mild alkalingdonate(C) pulping,
4wt.% sodium carbonate (N@Os) was usedinderthe same conditiond60 °C for 3 hours with
8:1 ratio of hemp to 4%aCOs. Unbleached kraft (UK) pulp fibers of hemp were obtained using
12% active alkak25% sulfidity (NaOH+Na2S) (as M) with a6:1 solid to liquor ratiaunder the
same conditions. Tobtain bleached kraft (BK) pulp fibers, the,P)D: 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 fro
eucalyptus chips. However, lawer (4:1) solid to liquor ratiovas used for defibration of
eucalyptus chipdue to its high bulk density compared to heémpds Due to the high density and
intact structure of eucalyptus chipee autohydrolysis procesuld not result in fiberandonly
alkaline, unbleache@nd bleached kraft pulping proceswere used for defibrillatiorExtractives

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/A310-42618 and TAPPI T222
method.

To achievea similar diameter range of nasszale fibers, fibrillabn of differently
processed cellulose fibers was carried out usiMgsuko grinder at 1500 rpm using-36 passes.

The details of energy consumption in production of each type of nanocellulose is given in table 1.

Table 5-1. Conditions and energyonsumption for producing LCNF

Pulp type Number of passes  Energy consumption Final  Consistency
(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

The morphological characterization of produced LCNF was carried out ssamning
electron microscopy (SEM) under FEI XFNRERIOS 460L field emission SEMT o-BE1 MS
spectra and images were obtained wusing a TOF
instrument to show t he dirsay iddiuftfiroanc toifo n isgpne cnt
with a Rigaku SmartLab dtiyf faofaclt @WNie tfeirl miso. oTbhtea i
to 0.05A paPdsgkromt aAti dag50A. The diffractior
werdeeconvoluted to obtain the ar eaThé ochemicalmor p h

characterization of gsactives from differentlyprocessedhemp hurd was carried out using gas
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chromatography and mass spectrometer (G@S). Extractives were dissolved in ethyl acetate
beforebeing analyzeavith GG-MS.

Prepared nanocellulose samples at 1.5% consistency ceatted over the selected
linerboard packaging papesing a lab scale benchtop rod coater usirayeM rod number 16as
described in chapter 2 and 3 and dried with hot air. This coating process was regketiees3o
obtain ~5 g/rhof coat weight. Theierboard papers were calendared before and after coating at
100 C temperature and 10 @Glts witlsthickness 80spsnuvere . The
prepared by using the solvent casting method in teflon petri dishes under controlled coffitions
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 ded papers and filmsvater 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% Rsing the ASTM E96 wetup method with coating side towards
the high humidity. Water absorption (¢fnof coated paper was determined using the Cobb60
TAPPI T441 methodRelativewater absorptiofRWA%) was determined by immersirigcm
diameter filmsn deobnized water and recording teample weight afte2 hours The excess water
was removedby means of a standard roller uskigtting paper on both sides of tfien samples

before weighing the sampleBhe RWAwas determined usirtipe following equation
DO 0O

Y @ ob —
00

where wtand wbn are the weights of the sample before aftdr2 hours oimmersion in

water, respectively.
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Air permeance ofthe coated substrate was determined using TAPRIGTO 0 Gur | ey
Densometer methoal.

The antimicroial activity of differentlyprocessedhemp nanocellulose coated linerboard
papers was tested agaifstoli usingaDisk diffusion KirbyT Baue) assay. Fothedisk diffusion
assay the overnight grown culture d&. coliin lysogeny broti(LB) media was diluted t®.5
McFarland concentratio(0.5 OD at 600 nm) using KH-PQu buffer. The 100 pl culture was
transferred to the LB agar plates. The extractives obtained from hemp hurd powder and processed
pulps were used to treat a sterilizedefilpaper substrate. The 200 pl of each extradarmaple
(Img/ml) were added to different filter discs and dried bdiemrgplacedover theE. coli culture
spread on LB agar plate. The treaiedolip| at es wer e i ncubatededoverni
bacterial growth was measured usagiler by subtracting the diametertbk original disk from
the diameter ofthe zone of inhibition & transparent area devoid &. coli growth). The
antimicrobial activity of hemyhurd extractives was also confirchesing ASTM E2149 method
which is thesame aghatdiscussed by khan et #f*>*For mmparison, 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 |. Barrier properties
5.4.1.1Lignin and extractives content

Table5-2 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 auto
hydrolyzed hemp hurd pulp were found to be comparable. As desired, most lafrtin 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 autdwydrolyzed pulp fibes. Compaed 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 Klason lignin  Acid soluble Ignin [%]  Total lignin [%] Extractives [%)]
%
Hemp-P 2[3.;8 1.069 24.849 5.9
Hemp-A 23.02 0.878 23.898 5.8
Hemp-C 22.03 1.077 23.107 2.6
Hemp-UK 14.01 1.034 15.044 2.6
Hemp-BK 0.06 0.778 0.838 1.2
HW-C 21.63 1.502 23.132 6.9
HW -UK 8.13 1.074 9.204 6.5
HW -BK 0.06 0.837 0.897 2.6

Surprisingly, the wt.% of extractives remaingm same for carbonate and kraft pulping
treatmens in both hemp and HW fibers. For both hemp and HW pulp, bleaching of kraft pulp
resulted in traces or almost no amauot 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 comparedo klason lignin (KL)%® It has beenobservedthat ASL is ypically
composed of lowmolecular weight products and hydrophilic lignin derivatives formed during
lignin degradation whilehe pulping/defibration processccurs®®® Among unbleached fibers,
hempA pulp wasobservedo have thdeast amount of ASL and highest amount of KL. Though
bleached hemp and HW pulp had almoskhq they wergound to have significant amogf

ASL compared to others.
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5.4.1.2 Morphological andhemical characterization of LCNF

The SEM images in figure-8 differentiate the morphology of nanocellulose fibers
obtained from differently préereated hemp and HW (eucalyptus) fibeAthen compared tthe
same prdreated fibers, nano cellulose fibett@aned from hemp were found to be more fibrillated
thanhardwood fibers. The small spherical particles appgan LCNF from hemp and hardwood
were identified as lignin using SEMDX. In the EDX spectra, the 69% and 31% of total round
globular particleareconstituted of carbon and oxygen respectively (Figede B/hich eliminates
the probability of being this particle as part of ceramic or other polymer coming out of stones while
grinding in Masuko grindeAlso, LCNF appeared to have lower diamst@mpared to bleached
CNF, which is consistent with earlier studmsd was confirmed by measuring diameter of 100
fibers from SEM images using ImageJ softwdree diameter of Hem@, HempC, HempK,
HempB, HW-C, HW-K and HWB were found to be 4510, 67+198+11, 13826, 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 mecheadicals produced duringhe
mechanical fibrillation procesghis resits in more fibrillated and reduced diameter fibrils. In
summary, the lignin containiniiperswere found to be fibrillated more extensively compared to
bleached fiber8* 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®’ Higher amount ofhemicellulose should corresp to a higher negative

charge on fibers that facilitate the easier fibrillation due to more swellability of fiber walls.
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HempA

Fi 5-3. 25,000 SEM imae of LCNF obtained from iessep and
hardwoodpulp.

. Spectrum 1
Wt o

Fig 5-4. SEM im of HemyE 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 TOR-SIMS spectra of nanocellulose films, the lignin wiEemntified using their prominent
G (CgHeOz", CgH703") and S (GH110s", CoHeOo") fragments’®® To study tle distribution of
lignin, RGB overlay of ToFSIMS lignin fragment imageover btal fragments image was carried
out (Figure 55). For RGB overlay (Figure-5: o, p, q, 1, S, t and u), the total fragment images
(Figures 55: a, b,c,d, e, fand g) and lignin fragments images (Figukel,5, j, k, |, m & n) were
given red and greerotors respectively. As the lignin concentration decrelasgh carbonate,
unbleached kraftand bleached kraft pretreated fibers (TeBR), the surface lignin distribution
on CNF was also fourtd bereducedThiscan be confirmed bgreduction in greenolor intensity
in overlay images. Though herfppulp fibers were confirmed to have highest amewofitignin
(~24wt.%) compaedto raw material (Tabl®-2), LCNF obtained from the hemfy appeared to
have bwer amouns of surface lignin (Figure 50). Thaugh ToFSIMS is not a quantitative
analytical technique, a relative comparisidrtheamount of lignin present in the CNF films can
be carried out conveniently. Adm deepsputtered spectra of LCNF films shown in figure 5v
depictshowhempA, hempC and HV-C possessed the highest amewiftignin present in them.
This confirms the lignin wt% numbers shown in tabl2. Though the amount of lignin present
in hempA LCNF was observed as highest in terms of spectral intensity but surface lignin
distributionwas significantly low compared to heripfibers the surface lignin distribution was

expected to have a significant impact on barrier properties shoadater section.
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Figure 5-5. Total positive fragments TeBIMS images of hemp and HW nanocellulose
films (a, b, ¢, d, e, f, g)., G (C8H902+, C8H703+ ) and S(C9H1103+, C9H909+) ligr
fragments images (h, i, j, k, I, m, n)., RGB overlay of ligninges (as green) over total (a

red) fraanents imaaes (o, p. a. r. S, t,u)., and spectrum of all films
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