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Abstract

The common uses of plastic for food packaging are advantageous in many cases because
of its easy processability, low cost, and excellent resistance to water, oil, and grease penetration.
The per- and poly-fluoroalkyl substances (PFASSs) treated paper using the conventional paper
manufacturing process has also achieved similar functionalities to prevent oil, water, and grease
passages. However, due to the health and environmental concerns of the two packaging systems
mentioned above, food packaging industries are now open to more options. A sustainable and
health-promoting paper-based food packaging system that can restrict oil, water, and grease from
passing through is highly desirable to fulfill the increasing demand for convenience food products.
Cellulose nanomaterials (CNs), such as cellulose nanofibrils (CNFs) and cellulose nanocrystals
(CNCs), are ideal alternatives. CNFs have excellent mechanical strength and gas barrier properties,
but they have high hydrophilicity because of their amorphous structure and surface hydroxyl
groups which decrease their properties whenever in contact with moisture or high humidity. On
the other hand, CNCs are less chemically reactive to water due to their crystalline structure, but
films prepared with only CNCs are very brittle. To overcome the limitations of each of these two
CNs, this research studied films prepared by blending CNF and CNC suspensions at various ratios.
Water-soluble polymer polyethylene oxide (PEO), widely known for coating applications, was
added to the film formulation development process to optimize the film performance. This research
aims to prepare standalone grease resistance films and/or coating materials for food packaging
applications. The properties of the films were characterized by mechanical property tests, contact

angle analysis, atomic force microscopy analysis, grease resistance test, pore size distribution



measurement, and Fourier-transform infrared spectroscopy (FTIR) analysis. Films prepared with
100% CNF showed better tensile strength (103 + 11 MPa), strain at break (13% =+ 0.02), and tensile
energy absorption (9059.8 + 2076.8 J/m3) than all the other CNF/CNC composite films as well as
commercially available parchment paper, butcher paper, pan liner, and copy paper. FTIR analysis
reported that intermolecular hydrogen bonds of cellulose molecules were replaced by the hydrogen
bonds between PEO and CNF in the films prepared with CNF/PEO. In addition, pore size
distribution results reported that PEO helped reduce the overall pore size distribution of CNF film,

which can be advantageous in grease resistance.
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1. Literature Review

Paper-based materials are the first choice for packaging manufacturing since they have an
environmentally friendly tag. There is an increasing demand for the food we regularly consume,
like pizza, burgers, and others, which require grease-resistant packaging material for
consummation and transportation. In this regard, the paper containing per- and poly-fluoroalkyl
substances (PFASSs) is the most common and dominates the current market because of its effective
resistance to grease, oil, and water. However, the major challenge of using PFASs is being
potentially toxic to the environment and health when the paper product closely interacts with food.
In search of an alternative, this research work demonstrates a method of preparing grease-resistant

food packaging products using cellulose nanomaterials.

1.1. Introduction

The food packaging industry is expanding exponentially and holds the largest share 85%
of the overall packaging market (J. Huang, X. Ma, G. Yang 2019). Food processing industries
choose packaging materials considering the packaging barrier properties (water, oil, and gas
barrier), heat sealability, processability, strength, printability, and cost-effectiveness (Deshwal et
al. 2019). In 2015, paper and paperboard production covered 31% of the total packaging market in
the world. Paper-based materials have been predominantly used for the food industries where paper
contacts directly with food products during packaging. Additionally, industries use paper-based
materials for transportation and storage purposes (Khwaldia et al. 2010). These packaging

materials help us enjoy our food as they restrict oil or grease from penetrating and reaching our



fingers. Most foods containing oil or grease are commonly handled in paper-based boxes or
flexible thin paper possessing grease resistance. For the benefits of food safety and easy
processability, grease-resistant paper-based packaging is essential for food handling in our daily
life.

Unlike regular paper products, most grease-resistant food packaging paper products are
treated with potentially harmful chemicals which are persistent in the environment and pose a
significant threat to human health (Azeredo et al. 2017; Mudumbi et al. 2017). Paper containing
per- and poly-fluoroalkyl substances (PFASS) is the most common and dominates the current
market because it effectively establishes resistance to grease, oil, and water (Tyagi et al. 2019).
PFASs are commonly used as a paper coating material to achieve the desired grease resistance
(Giatti 1996; Stolpe 1996). However, the major challenge of using PFASs is being potentially toxic
to health when the paper product closely interacts with food. Under this circumstance, the
fluorochemical can migrate into our food during consumption (Begley et al. 2008; Birnbaum and
Grandjean 2015; Blum et al. 2015). PFASs were identified to be responsible for thyroid-related
diseases, kidney diseases, developmental toxicity, immunotoxicity, metabolic disruption, and
cancer. Furthermore, PFASs are highly persistent when disposed into the environment with the
packaging, which causes significant negative impacts on the whole ecosystem (Geyer et al. 2017).
In this regard, US manufacturers of these kinds of paper products agreed with US Environmental
Protection Agency (EPA) to avoid using long-chain PFASs containing eight carbon chains and
above, as it has been identified as the most persistent in nature (Blum et al. 2015; Schaider et al.
2017). On the other hand, shorter-chain PFASs containing six carbon or less, which do not have
the same persistency and potential toxicity compared to longer-chain fluorochemicals, have been

agreed to be used (Rice 2015). Regardless of the fact that long-chain PFASs are not being used in



the US, they are still being used in other countries around the world (Schaider et al. 2017).
However, due to the uncertainty of future regulations, industry and academia are interested in
PFASs-free grease-resistant paper products (Anon 2017). To achieve this mission of finding new
alternatives, it is essential to understand the fundamentals of grease-resistance properties of paper-

based products.

1.2. Mechanisms of grease resistance for paper products

Before understanding the principle of grease resistance paper, it is essential to understand
how plain paper works in terms of oil/grease resistance. The plain paper we regularly use is
manufactured from pulp fibers that are extracted from raw materials like wood and agricultural
residues (Bajpai 2012). There are various stages in the paper manufacturing process. Pulping is a
process of generating pulp fibers from raw materials with the help of chemical, mechanical, and
thermal treatment or by combining any of these. After pulping, beating, and/or refining treatment
are commonly applied to the pulp fibers to increase the surface area of fibers so that the water-
holding capacity of fibers and bonding ability between fibers increases without significantly
reducing the fiber strength (Deshwal et al. 2019). After beating and refining, the fiber slurry is
prepared through the stock preparation process for papermaking (Biermann 1996; Smook 1992).
Generally, the plain paper structure is porous with distinct roughness. The porosity of the paper
largely depends on the degree of beating/refining (Bajpai 2012). For instance, through
beating/refining, the interfiber porosity can be reduced by 30-60% compared to paper made from
unrefined pulp fibers (Umair et al. 2020). As shown by the scanning electron microscope (SEM)
images in Figure 1.1, paper made from unbeaten pulp showed a clear separation of individual
fibers, suggesting no fibrillation on the fiber surface and large pores (Figure 1.1 a).On the other

hand, paper made from beaten pulp fibers demonstrated fibrillar bridges, which suggest good
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bonding among fibers, leaving smaller pores (Figure 1.1 b). Therefore, the paper made from fibers
without fibrillation linkage has a larger pore size, facilitating the oil penetration (Umair et al.

2020).
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(a)

Figure 1.1 The SEM images of Kenaf paper made from (a) unbeaten pulp and (b) beaten pulp

(Umair et al. 2020)

An experiment has been performed to observe the phenomenon of oil penetration in plain
paper. Two pieces of regular paper were placed on top of each other, and one drop of vegetable oil
was placed on the surface of the top paper (Figure 1.2a). Through a light microscope, the
immediate penetration of oil into the porous paper structure has been identified in Figure 1.2 (a).

After 5 minutes, the bottom paper showed marks of oil contamination (Figure 1.2b).



Figure 1.2. Oil penetration through plain paper: (a) A droplet of vegetable oil placed on top of a
piece of regular paper with another piece of paper placed underneath it, (b) the surface of the

underneath paper showing oil contamination.

From the above discussion, it is understandable that oil penetration occurred due to the
porous structure of the plain paper. Hence, to make paper oil/grease resistant, pore sizes in the
paper structure have to be reduced by fiber beating/refining. According to Giatti (1996), the main
feature of grease resistance comes from a dense surface with few pores on the paper surface. Based
on this fact, there is a traditional grease-resistant paper commercially available called glassine or
highly refined paper. To manufacture glassine, a high degree of beating is required. In this beating
process, many bonding sites on the surfaces of cellulose fibers are created and function as an
effective barrier by establishing a hydrogen bonding network during the drying process of
papermaking. Hydrogen bond created in glassine paper is more robust in comparison to plastics

like polyethylene which use weaker source of forces like van der Waals forces to create the barrier



properties (Castner and Grainger 2001; Griffin 1976; Kjellgren and Engstrom 2008; Rostami 1998;
Song et al. 2015).

Another traditional approach to making grease resistance paper known for around 150
years is parchmentized paper (Mayer 1860). It is also known as vegetable parchment, butter paper,
or papyrine (Mayer 1860). The concept was to make the paper dense by pulling a regular paper
sheet through a concentrated sulfuric acid, where the paper fibers react with acid and start swelling.
During this process, the surface layer of the paper was gelatinized. The follow-up washing and
drying steps deposited a dense layer of gelatinized cellulose materials on the paper surface,
providing grease resistance (Giatti 1996, Twede and Selke 2004). The parchmentized paper has
been widely used for high-end butter and cheese products (Slott-Moller 1972; Lechiffre 1992;
Giatti 1996).

The above-mentioned two of the most viable yet economically feasible grease-resistant
paper products, namely parchmentized paper and glassine paper, rely on extremely dense paper
production. In this paper manufacturing process, a slow water drainage rate and a very long
dewatering time are needed, resulting in high energy demand in the drying section. The capacity
in the drying section is one of the major limitations for manufacturing grease-resistance paper
products in high-speed settings (Anon. 1970). Furthermore, extensive beating is energy and time-
consuming, which is another major drawback for producing glassine paper. It has been reported
that the beating energy required for making glassine paper is approximately five times higher than
for making copy paper (Fellers and Norman 1991). Therefore, using coating material to impart the
grease-resistant surface to a piece of regular paper will be an economically viable option compared

to manufacturing glassine paper (Kjellgren and Engstrom 2005). Moreover, the energy consumed



to dry a coating layer is one-third of the energy it takes to beat pulp to manufacture uncoated
glassine paper (Kjellgren and Engstrom 2005).

In this regard, fluorochemicals have been developed and used as a coating material on the
paper substrate to achieve grease resistance properties. The mechanism behind fluorochemicals
being grease-resistant, widely known as PFASs or "Forever Chemicals”, is low surface energy.
PFASs have been used for paper and cardboard since the 1940s and 1950s to provide barrier
properties against oil, water, and fat (Ramirez Carnero et al. 2021). Unlike any natural chemicals,
PFASs are synthetic chemicals with fluorine atoms covering the carbon molecular backbone. For
perfluorinated fluorocarbons, all the carbon atoms are bonded with only fluorine forming C-F
bonds with no C-H bonds. For polyfluorinated fluorocarbons, all the carbon atoms form C-H and
C-F bonds (Baran 2001; Krafft and Riess 2015). Fluorocarbons have limited ability to bond among
themselves or their surrounding molecules. Perfluorinated materials show low surface energy,
which prevents them from interacting with their surroundings. The reason behind that is the atomic
radius of fluorine (1.47 A) which is bigger than the hydrogen atom (1.20 A). Hence, the atomic
size of fluorine is very much feasible for shielding the carbon chain from interacting with its
surrounding atoms (Krafft and Riess 2015). As a result, PFASs are commonly used by the
packaging industry as a surface coating material by leveraging the fluorine atoms' low surface
energy and inert nature (Birnbaum and Grandjean 2015). Differing from the other two grease-
resistant paper products, which have a closed surface structure with few pores (Stolpe 1986), this
PFAS-coated paper has a more open system (Giatti 1996; Stolpe 1996). Hence it can be concluded
that for PFAS-coated paper, low surface energy plays a dominant role.

Two mechanisms offering grease resistance to paper products can be summarized from the

previous literature review. Firstly, grease resistance can be achieved either by blocking/minimizing



the pores through a high degree of pulp beating or by making the paper surface dense with acid
treatment. Secondly, grease-resistant paper surfaces can also be achieved by applying low surface
energy coating material. Our research focuses on using cellulose material on a nano-scale to
establish a thin and dense layer on a regular paper surface to impart the desired grease resistance.
In the next section, we will review the potential of using cellulose nanomaterials (CNs) to achieve

grease resistance.

1.3. New strategies to develop grease-resistant paper products

Although PFASs coated paper is potentially toxic to our health and the environment, the
coating technique used for PFASs is an economically viable way to make convenient grease-
resistant paper products. Hence, in this study, we will be developing CN-based coating for a paper
to develop grease resistance. CN is a non-toxic, sustainable, and renewable nano-scaled cellulosic
material (Phuong et al. 2022). Cellulose is the most abundant polysaccharide in nature,
encapsulated by lignin and hemicellulose. It is a linear chained structure with a repeated unit of -
(1—4)-D-glucopyranose (Hubbe et al. 2017). The cornucopia of cellulosic biomass around us and
their outstanding mechanical properties made them desirable for nanocomposites incorporated
with other polymers (Hubbe et al. 2017). CN is produced from natural cellulose sources (wood,
grass, cotton, tunicate, etc.) by chemical treatment, mechanical treatment, or a combination of
chemi-mechanical treatment or bacterial production (Omran et al. 2021). Three major types of CNs
have been studied intensively in the literature, including cellulose nanofibrils (CNFs), cellulose
nanocrystals (CNCs), and bacterial cellulose (BC) (Ferrer et al. 2017). CNFs and CNCs are mainly
produced from wood cell walls, whereas BC is produced from bacteria (Nechyporchuk et al. 2016).
The major limitation of using BC is that it is resistant to biodegradation in the absence of

cellulolytic enzymes (Roman et al. 2019). Hence, this study will only focus on CNFs and CNCs.
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In terms of appearance, CNFs have a spaghetti-like shape, while CNCs have a rice-like form.
CNCs can be packed more densely than CNFs (Wang et al. 2020). CNFs have a diameter of 10 to
100 nm and a length of several microns, while CNCs are rigid nanomaterials having a diameter of
5 to 20 nm and a length of 100 to 200 nm (Vergara-Figueroa et al. 2022). In terms of mechanical
properties, CNs possess superior properties; for instance, CNFs have a tensile strength of 7.5-7.7
GPa, Young's modulus of 110-220 GPa, and CNCs have a tensile strength of approximately 10
GPa and Young's modulus of approximately 110-130 GPa. CNs also have biodegradability,
tunable surface chemistry, excellent chemical resistance ability, and renewability (Chen and Hu
2018; Chen et al. 2018; Moon et al. 2011; Shojaeiarani et al. 2021; Thomas et al. 2018).

Many research articles handling CNs for food packaging applications have been focused
on their barrier properties (Choi and Simonsen 2006). Four types of barrier performance were
commonly studied for CN films in packaging: oxygen barrier, oil/grease barrier, water barrier in
vapor form, and liquid form (Hubbe et al. 2017). However, in this study, we will be focusing on
the oil/grease barrier performance of CN-based films due to the importance of such a topic in
packaging applications. Several studies were conducted addressing oil/grease barrier properties of
CN-based films (Aulin et al. 2010; Kisonen et al. 2015; Kumar et al. 2014; Osterberg et al. 2013;
Sirvio et al. 2014).

CNCs have recently been used in a grease resistance formulation with sodium
montmorillonite (MMT) and soy protein (Tyagi et al. 2018). It was reported by Tyagi et al. (2018)
that paper coated with only CNCs failed kit rating 1 while the mixture of CNCs incorporated with
MMT, soy protein, and alkyl ketene dimer-coated paper passed kit rating 6. It was reported by
Hubbe et al. (2017) that, to achieve good oil/ grease barrier properties, CNFs played roles in the

coating process as a stabilizer, pore filler, thickener, and binder and concluded that placing CNFs



onto the porous surface of paper basically seals/decrease most of the pores of the paper. Food
packaging materials are expected to show considerable resistance to oil and grease. Interestingly,
it was demonstrated that CNF films prepared for oxygen barrier performance tend to provide
excellent oil/grease resistance (Kisonen et al. 2015). Another review of published work (Hubbe et
al. 2017) suggests that the high cohesive energy density provided by the large network of hydrogen
bonding within a pure CN film might be required to achieve effective resistance against oxygen

and oils.

2. Problem statement and significance of the study

Despite being a promising alternative to replace potentially toxic and non-biodegradable
compounds, CN has certain limitations that hold back its uses in many cases. One of the primary
limiting factors is having cracks/pinholes of CN films/coating materials. It was reported that even
a highly dense cellulosic film with extensive internal hydrogen bonding networks could be
expected to give poor barrier performance if it has pinholes or cracks. For instance, it was reported
that four layers of starch-PVOH were necessary to cover glassine paper to avoid any effects of
pinholes or cracks (Javed et al. 2017). Theoretically, a higher crystallinity is desirable to achieve
good barrier properties for the CN films (Kjellgren et al. 2006). However, high crystallinity results
in the brittleness (easy to crack) of the film. Due to the higher crystallinity in CNCs compared to
CNFs, films prepared with only CNCs are brittle and difficult to handle(Fernandez-Santos et al.
2022). To address this issue, sorbitol, a plasticizer, was used to increase the flexibility of CNC
films (Bardet et al. 2015). However, the tensile strength of the CNC films with plasticizer
decreased significantly. Another approach reported by Tyagi et al. (2018) is to incorporate MMT
into CNC-based film formulation. The MMT incorporation into CNC suspension successfully

increased the coated paper's stiffness by 20% compared to uncoated paper. Due to the high
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crystallinity of MMT, soy protein was added to improve CNC-MMT coating behavior with a
hydrophobic agent alkyl ketene dimer (AKD) in cationic emulsion form. This coating recipe
improved grease resistance ability by reaching a kit rating of 6 while only CNC-coated paper failed
the lowest kit rating of 1. However, a higher Kit rating couldn't be achieved with this mentioned
coating recipe due to the brittleness of the coating layer. Furthermore, a complex formulation with
multiple chemical components, including CNC, MMT, protein, and AKD, is necessary for the
coating formulation which complicates the system. Therefore, future research focused on more

practicable film formulation to resist oil and grease at a higher kit rating needs to be developed.

Another primary concern with CNFs for packaging applications is their hydrophilicity due
to their amorphous structure and the presence of surface hydroxyl groups. It has been reported that
at higher relative humidities, the barrier properties of CNF films become suppressed (Miettinen et
al. 2014). On the other hand, CNC-containing composites show less sensitivity to humidity when
compared to CNFs (Nair et al. 2014). Herein, considering the different attributes of CNCs and
CNFs, we hypothesize that desired properties in grease resistance can be achieved by combining
them. Hence, our study focused on preparing CN-based films by mixing CNFs and CNCs at

different ratios to optimize the film properties.

To further address the problems of pinholes and high sensitivity towards humidity of the
CN-based films, we incorporated polyethylene oxide (PEO) in the CN film formulation
development. PEO is a linear structured, semicrystalline, and water-soluble polymer (Harris 2013;
Zhou et al. 2011), and is used widely in the field of tissue engineering, solar energy utilization,
waste heat recovery, electric energy storage, and drug-controlled release (Chen et al. 2015; Fallahi
etal. 2017; Li et al. 2009; Liang et al. 1995; Peng et al. 2016). It was reported by Shi et al. (2019)

that the standalone film of PEO incorporated with CNFs formed new hydrogen bonds and resulted
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in highly dimensionally stable films. Therefore, in this study, PEO was added with CNs to the
formulation development process to understand the contribution of PEO to mechanical properties,

physical properties, pore size distribution, and grease resistance of the prepared films.

3. Materials and methods
3.1 Raw material

The CNF suspension (3 wt.%) was purchased from the Process Development Center (PDC)
at the University of Maine (Orono, ME, USA). The CNC suspension (6 wt.%) was purchased from
CelluForce Inc. (Montreal, Quebec, Canada). The suspensions of CNF and CNC were diluted
using deionized (DI) water to prepare the 1 wt% suspensions. During the dilution process, a
homogenizer (IKA T25 digital Ultra-Turrax, IKA works Inc, Wilmington, NC, USA) was used to
disperse the CNF or CNC in the suspension at 3000 revolutions per minute (rpm) for 3 min,
followed by stirring overnight using a magnetic stirrer for 12 hours at room temperature condition
(22°C, 50% RH). Parafilm was used to cover the beaker top to prevent water evaporation during
the stirring process. The PEO powder, at a weight average molecular weight between 250,000 to
400,000, was supplied by Thermo Scientific Chemicals (MA, USA). A 4 wt.% PEO solution was
prepared by dissolving 4 g PEO in 96 g of DI water by stirring the mixture for two days at room
temperature. Commercial paper products, including parchment paper sheets (Reynolds Kitchens,
USA), copy paper (Worklife Brands LLC, Massachusetts, USA), pan liner from unbleached paper
(LO10U, DIXIE, USA), and FDA-approved butcher paper (5SPGK9, Grainger, Lake Forest, IL,

USA), were purchased for this research.
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3.2. Particle size distribution

The particle size measurements of CNF and CNC were carried out using dynamic light
scattering (DLS) technology with a Litesizer™ 500 (Anton Paar, Ashland, VA, US). Suspensions
of CNF and CNC at 0.01 wt.% were prepared for the particle size analysis. The instrument uses a
40 mW semiconductor laser operating system at a wavelength of 658 nm. The light scattering was
detected at 90° by backscattering technology. Results were presented as an average value of five

experiments for each sample.

3.3. Standalone CNF/CNC composite films

Standalone films were prepared by mixing CNFs and CNCs at 1 wt.% concentration
according to the formulation design shown in Table 1. The aqueous CNF and CNC suspensions
were mixed using a high-speed homogenizer at 3000 rpm for 5 minutes. The mixture was then
stirred for 12 hours at 750 rpm at room temperature to remove the air bubbles using a magnetic
stirrer. Afterward, the suspensions were cast on a 120 mm x 120 mm polystyrene petri dish and
allowed to dry at room temperature for seven days to reach equilibrium with room conditions. For
each film preparation, 60 grams of suspension was used consistently. After drying, the films were
cut into strips with dimensions of 25.4 mm width and 101.6 mm length with a lab film cutter
according to the ASTM standards D828 for mechanical property characterization. All the

commercial paper products were cut into strips with the same dimensions for characterization.
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Table 3.1. Suspension formulation design for CN-based films

CNF (1 wt% suspension) CNC (1 wt% suspension)
100 0
85 15
70 30
55 45
30 70

3.4. Standalone CNF/PEO composite films

The CNF/PEO composite films were prepared by mixing CNF suspension (1 wt.%) and
PEO solution (4 wt.%) according to the formulation design shown in Table 2. The CNF suspension
and PEO solution were mixed using the same procedure as preparing the CNF/CNC composite
films. The CNF/PEQ suspension casting was similar to the CNF/CNC composite films mentioned
earlier. The films took seven days to dry in room conditions. Next, films were oven dried at 105
°C for 6 hours, then conditioned for one hour at room temperature before mechanical
characterization. PEO used in this study has a melting temperature of 65 °C (Fischer 2020). At
first, the films were dried in the oven at 80 °C, 105 °C, and 120 °C for 6 hours. As PEO has a
melting temperature of 65 °C therefore, it is important to ensure that PEO is melting properly
inside the films to flow around the pores of CNFs. Films dried at 80 °C swelled when contacted

with water, while films dried at 105 °C and 120 °C showed stability. Therefore, 105 °C has been
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chosen as the optimum oven drying temperature to dry the films. The CNF/PEO composite films
were prepared with the CNF suspension to the PEO solution of 95/5, 90/10, and 85/15 ratios. After
drying, the theoretical PEO contents in the solid films were 17%, 30%, and 41%, corresponding

to the CNF suspension to the PEO solution ratios of 95/5, 90/10, and 85/15.

Table 3.2. Suspension formulation design for CNF/PEO-based films.

CNF (1 wt% suspension) PEO (4 wt% solutions) PEO solid content (%)
100 0 0
95 5 17
90 10 30
85 15 41

3.5. Characterization of films:
3.5.1. Mechanical properties

The mechanical properties, including tensile strength (TS), strain at break, tensile energy
absorption (TEA), and Young's modulus, of all the prepared films and commercial paper products
were tested using a Mark-10 motorized force test stand ESM750S (Copiague, NY, USA)
accompanied with a 500 N load cell at 22°C and 50% RH. The initial grip distance was 25.4 mm,
and the grip separation rate used was 7 mm/min. Ten replicates of each sample were measured to
report the film properties. The thicknesses of each specimen and the commercial product were
measured using a digital micrometer screw gauge (model 293-831-30, Mitutoyo, Japan). The
mechanical properties of all the tested samples, including TS, strain at break, TEA, and Young's
modulus, are reported according to the ASTM standard D828. Moisture content was measured
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with seven replicates for each sample by drying them at 105 °C until constant weight. A statistical

analysis of the mechanical properties and moisture content of all the samples was also carried out.

3.5.2. Contact angle measurement

The water contact angle of all the films was measured by using a contact angle goniometer
(Ossila Contact Angle Goniometer, UK) at room temperature with 50% RH. The contact angle
determines the wetting degree between a liquid and a solid. High contact angle (> 90 °) represents
hydrophobicity and vice versa. During contact angle measurement, the appropriate size of the film
was bonded to the top of a glass slide using double-sided tape. For each test sample, contact angle
measurements were performed ten times at different locations. The contact angle changes of water
droplets on the film surface were captured with time. The contact angle data were extracted at 0.5,
1, 2, 3, 4, and 5 minutes, counting from when the water droplet contacted the film surface. The

water contact angle measurement procedure followed the literature (Wang et al. 2020).

A separate set of experiments were performed to understand the effect of film thicknesses
on surface properties using contact angle analysis. Films were prepared by casting 20g, 40g, 60g,
and 80g of the 1 wt.% CNF and CNC suspensions in petri dishes. After drying at room temperature
condition (22°C and 50% RH) the thickness of the films for 20g, 40g, 60g, and 80g were measured.
Films with different thicknesses were used to evaluate the changes in the water contact angle. The
contact angles were measured from 30 sec to 5 min after the contact between the probing liquid

(water) and the film surface.

3.5.4. Atomic Force Microscopy (AFM)

A Bruker Dimension Icon AFM (Bruker Nano Inc., Santa Barbara, CA, USA) was

employed in this work. The ScanAsyst mode was employed to investigate the morphology of the
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film surfaces. ScanAsyst-Air probes were used. The nominal probe spring constant and radius were
0.4 N/m and 2 nm, respectively. The probes were calibrated by the thermal tune method before
use. Five random areas (2 um x 2 um) were imaged on each surface. The data were processed with

the software NanoScope Analysis 2.0 (Bruker) and height images were generated.

3.5.6. Fourier-transform infrared spectroscopy with attenuated total reflection (FTIR-ATR)

The chemical bonding structures of the film samples of CNF/PEO at 100/0, 95/5, 90/10,
85/15, and 0/100 were characterized by FTIR-ATR using a Perkin Elmer Spectrum 400 FTIR
spectrometer equipped with deuterated triglycine sulfate (DTGS) detector and a built-in Perkin
Elmer ATR module (diamond-selenium crystal). Before the measurements, a background
spectrum was recorded for each different sample. Next, all spectra were collected from 500 to

4000 cm™ with a 4 cm™ wavenumber resolution after 64 continuous scans.

3.5.6. Pore size distribution test

The pore size distribution of the films at 100/0, 95/5, 90/10, 85/15, and 0/100 of CNF/PEO
were measured using a capillary flow porometer (CFP- 1200-AEXM, Porous Materials Inc, city,
state, USA). The procedures using the capillary flow porometer followed the method in the

literature (Jang and Kang 2020).

3.5.7. Grease resistance test

A grease resistance test (the Kit test) was performed by following the TAPPI test Method
T559 cm-12 to test the degree of repellency of the films against oil and greasy substances. This
test uses a series of 12 solutions with different ratios of castor oil to the mixture of toluene and n-
heptane. The aggressiveness of the test solutions increases with the increasing content of n-heptane

and decreasing content of castor oil. A drop of a chosen kit solution was placed on a film at a

17



height of about 13 mm above the film using an eye-dropper. A piece of kraft paperboard in brown
color was placed under the film to observe the penetration of the solution. After 15 s, the droplet
was removed from the film, and any darkening of the underlying paperboard resulted in the
"failure” of the test. The test continued until the highest kit number was obtained and reported as

the Kit number of the film.

4. Results and Discussion
4.1. Particle size distribution

The particle size distributions, as measured by DLS, of CNF and CNC are shown in Figure
4.1. The CNFs are mechanically extracted fibrous materials with a large aspect ratio, while the
CNCs are chemically extracted needle-like materials. The CNC shows a single peak at around 100
nm (from 47.6 to 260 nm), while the CNF shows two peaks at around 200 nm (from 126 to 300
nm) and 1300 nm (from 690 to 2000 nm). The minimum particle sizes of the CNC and CNF

particles in the suspensions were around 47 nm and 126 nm.
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Figure 4.1. Particle size distribution of CNF and CNC suspension

18



4.2. Mechanical Properties
4.2.1. Mechanical properties of CNF/CNC composite films

Several commercial paper products, namely parchment paper, butcher paper, pan liner, and
copy paper, were tested as control samples to compare with the CNF/CNC composite films. The
thicknesses were measured for all the CNF/CNC composite films and commercial papers (Figure
4.2). Parchment paper has a thickness of 0.05 (£0.01) mm, similar to the pure CNF films with a
thickness of 0.052 (+0.02) mm. In addition, parchment paper is a traditional grease-resistant paper
that doesn't contain fluorochemicals. Therefore, in this section, the mechanical properties of
parchment paper were treated as the benchmarks to be compared with the CNF/CNC composite

films and were further compared with other commercial paper products.
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Figure 4.2. The thicknesses of the CNF/CNC composite films and commercial paper products.

The letters A, B, C, D, and E represent the significant levels in statistical analysis. The
values with different letters are significantly different. Throughout the whole thesis paper, the
letters will carry the same meaning as mentioned.

TS values and the strain at break values for all the CNF/CNC composite films and
commercial paper products are shown in Figure 4.3. The TS values of the CNF/CNC composite
films with up to 30 wt.% CNC are not significantly different from the 100 wt.% CNF films. As the
weight ratio of CNC in the composite film increased to 45 and 70%, the TS significantly decreased.
The TS value of the 100 wt.% CNF film is 103 £ 11.0 MPa which is nearly 39.8% higher than that
of the film containing the highest CNC loading (70 wt.%), which is 73.9 £ 4.3 MPa. The TS value

of 100% CNF film is 41.4% higher than parchment paper (72.8 = 5.5 MPa). The composite film
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with 45 wt.% of CNC showed a higher TS value than the parchment paper, while the 70 wt.% of
CNC-loaded film showed a similar TS value to the parchment paper. The TS value of parchment
paper is much higher than butcher paper, pan liner, and copy paper, which have TS values of 50.7
+ 3.2 MPa, 38.6 + 2.8 MPa, and 19.7 = 0.7 MPa, respectively. Similarly, the 100 wt.% CNF film
exhibited the greatest strain at break (12.7 % + 0.02), which is more than twice the highest CNC-
loaded film (5.6 % + 0.03). According to Wang. L (2020), the lower the crystallinity of the
cellulose-based film material, the greater the strain at break. As mentioned earlier, CNC is a higher
crystalline polymer compared to CNF. Therefore, films prepared with a higher CNC loading level
result in lower TS and strain at break. In addition, the strain at break value of 100% CNF films is
four times higher than the parchment paper (2.5%). The CNF/CNC composite films at the
CNF/CNC ratios of 85/15, 70/30, 55/45, and 30/70 have strain at break values of 11.4 + 0.01, 9.7
+ 0.01, 8.5 £ 0.07, and 5.6% =+ 0.07, respectively. The strains at the break for these films are all
greater than that of parchment paper. Furthermore, the strain at break value of the parchment paper
is similar to the butcher paper (3.1% % 0.02) but lower than those of pan liner (5.8% + 0.07) and
copy paper (5.8% = 0.01). A similar trend was observed for the TEA values shown in Figure 4.3.
The films prepared with 100 wt.% of CNF have a TEA value of 9060 J/m® (+ 2076.8), which is
more than double that of the highest CNC-loaded film (3260 + 571.8 J/m®) and around nine times
higher than the parchment paper (1143.3 + 205 J/m®). The TEA value of the parchment paper is
not significantly different from the pan liner, butcher paper, and copy paper, which have TEA

values of 1143.3 + 834,993.1 + 152.7, and 863.1 + 98.7 N/mm?, respectively.
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Figure 4.3. Tensile strength and strain at break of CNF/CNC-based films and commercial

products.
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The addition of CNC increased the film's stiffness, which can be demonstrated by the

changes in Young's modulus of the films shown in Figure 4.5. The film with 70 wt.% of CNC has

Young's modulus of 6.13 = 0.39 GPa, much higher than that of the 100 wt.% CNF film (3.24 +

0.28 GPa). This is probably caused by the higher loading level of CNC, which has a higher degree

of crystallinity and densification of the film (Leppénen et al. 2022). Densification of the composite

film with 70 wt.% CNC can also be demonstrated from the slightly reduced thickness of such films

shown in Figure 4.2. The pure CNF film has a thickness of 0.053 mm, while the composite film

with 70 wt.% of CNC has a thickness of 0.044 (x 0.03) mm. Young's modulus value of parchment

paper is 5.47 GPa which is not significantly different from the 70 wt.% CNC-loaded film but much

higher than the rest of the CNF/CNC composite films. In addition, Young's modulus value of

parchment paper is higher than butcher paper, pan liner, and copy paper, which have values of 2.6

+0.22 GPa, 1.95 + 0.31 GPa, and 1.62 + 0.11 GPa, respectively.
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Figure 4.4. Tensile energy absorption of CNF/CNC-based films and commercial products.
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Figure 4.5. Young's modulus of CNF/CNC-based films and commercial products.

Overall, the 100% CNF film showed higher TS and TEA values and lower Young's
Modulus value compared to the highest CNC-loaded film and all the other commercial products,
including parchment paper. Surprisingly all the CNF/CNC composite films showed higher
flexibility (higher strain at break values) than parchment paper. Flexibility is one of the important
criteria for food packaging application since the packaging material needs to be folded in a certain
pattern. All the CNF/CNC composite films with CNC content up to 45 wt.% showed lower
Young's modulus value than that of parchment paper. The Young's modulus value of the film with
the CNF/CNC ratio of 30/70 was similar to the parchment paper. The 100% CNF film formulation
has been chosen for further study to prepare a coating formulation using PEO since films prepared
with only CNF offered greater flexibility in comparison to other films and commercial paper

products (Mo et al. 2021).
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4.2.2. Mechanical properties of the CNF/PEO composite films:
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Figure 4.6. Tensile strength and Young's modulus of the CNF/PEO composite films.

The TS of the CNF/PEO composite films decreased with increasing PEO content. For the
100% CNF film, the TS value is 103 = 11 MPa. The TS of the composite films with PEO decreased

to 64.16 + 0.07 MPa (1.6 fold), 37.78 + 0.03 MPa (2.7 fold), and 23.06 + 0.07 MPa (4.5 fold) with
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PEO solid content addition of 17%, 30%, and 41%, respectively. The Young's modulus of
the CNF/PEO composite film changed significantly with the PEO content of 17% (Figure. 4.6).
As PEO content gets higher in the CNF/PEO composite films, the Young's modulus value
decreased significantly. For example, the Young's modulus decreased to 2.67 = 0.27 GPa and 1.64

+ 0.16 GPa after adding 30 and 41 wt.% PEO, respectively.

12000
A
oo
£ 10000
~
2
T 8000
N
£ 6000
S
2 4000 B
L c
2000 - C
0 H
100/0 95/5 90/10 85/15
CNF/PEO Ratio
0.16 A
0.14
o 012
©
L 01
o} B
‘< 0.08
= c
£ 0.06 c
D 004
0.02
0
100/0 95/5 90/10 85/15

CNF/PEO Ratio

Figure 4.7. Tensile energy absorption (TEA) and strain at break of CNF/PEO films.
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On the other hand, the TEA of the CNF/PEO composite films decreased significantly after
adding PEO into the film formulation (Figure. 4.7). For 100% CNF film, the TEA decreased from
9059 J/m® + 2076.7 to 2225 + 284.1 J/m® (3 fold), 1377 + 157.3 J/m® (5.5 fold), and 1178 + 157.3
JIm3 (6.7 fold) for the films containing 17, 30, and 41 wt.% of PEO, respectively. The pure PEO
films were brittle and broken into pieces while peeled off from the petri dish, as shown in Figure
4.9. According to Li & Matsuba (2019), the PEO crystallization process correlates with
temperature and the PEO crystallization process accelerates as the annealing temperature
increases. All the CNF/PEO composite films were dried in an oven at the temperature of 105°C
for 6 hours. This process possibly increased the crystallinity of PEO, resulting an increase in
brittleness. Therefore, it is possible that with increasing PEO loading levels, the brittleness of the
CNF/PEO composite films increased, which lowered the tensile strength and TEA values.
Similarly, the strain at the break value of the CNF/PEO films decreased two-fold from 13% to 5%
after adding 17 wt.% PEO in the pure CNF film formulation. After adding 30 wt.% PEOQ the strain
at break decreased to 4% + 0.01, which is not significantly different from the 17 wt.% PEO addition
in the CNF film formulation. However, the addition of 41 wt.% PEO surprisingly increased strain
at break property to 7% + 0.02. This could be due to the increment of moisture content in CNF/PEO
films (Figure 4.8). PEO is a nonionic hydrophilic material (Vanza et al. ). As the PEO content
increased in the film (Figure 4.8), the moisture content of such films also increased. CNF/PEO
composite film at the PEO content of 17 wt.% showed 9.3 + 2.7 wt.% moisture content which is
significantly different than 100% CNF film showing a moisture content of 5.5 + 0.3 wt.%.
Moreover, further addition of PEO increased moisture content. For example, the CNF/PEO
composite films with 30 and 41 wt.% PEO showed moisture contents of 10 + 1.0 and 14.7 + 1.9

wt.%, significantly greater than the other two films.
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Figure 4.8. The moisture content of CNF/PEO-based composite films.

The increased moisture contents in the CNF/PEO composite films led to lower TS
properties and greater strain at break values. The reason behind this observation is that the
absorption of moisture weakens the bonding strength between CNFs due to the reduction of

hydrogen bonds, resulting in easier interfacial debonding and sliding between CNFs (Benitez et

al. 2013; Wang et al. 2018).

100 PEO 85 CNF/15 PEO 90 CNF/10 PEO 95 CNF/5 PEO 100 CNF

Figure 4.9. CNF/PEO composite films at a ratio of 100/0, 95/5, 90/10, 85/15 and 0/100
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4.2.3. Effects of RH on CNF/PEO composite films

The CNF/PEO composite films conditioned at 30, 50, and 90% RH were tested to
understand the effect of RH on film mechanical properties (Figure 4.10. The mechanical properties
of CNF films are moisture-sensitive (Wang S et al. 2018; Sehaqui H et al. 2014; Benitez A et al.
2013; Osterberg M et al. 2013). As the RH increases, the TS value and Young's modulus decrease,
and the strain at break increases. The TS values at 30% and 50% RH are not significantly different
for all the CNF/PEO composite films. However, at 90% RH, the TS value drastically decreased.
For example, at 90% RH, the TS value for 100% CNF film decreased from 103 + 11 MPato 80 +
16.3 MPa, which is 27% lower than the film conditioned at 50% RH. Similarly, at 30% RH, the
CNF/PEO composite films showed decreased TS values of 64 + 7.6 MPa, 37 + 12.3 MPa, and 24
+ 5.5 MPa at 95/5, 90/10 and 85/15 ratios, respectively. Young's modulus value of 100% CNF film
at 50% RH is not significantly different from that at 90% RH. However, at 90% RH, Young's
modulus values decreased for all the CNF/PEO composite films. Since CNF and PEO are both
hydrophilic materials, it can be concluded that after adding PEO into the CNF matrix, films became

more moisture sensitive than pure CNF films, further weakening film properties at high RH levels.

29



140 A
m30RH m50RH ®=m90RH

A
B
c C
p D
D
. i pe  OF DE
‘M |

100/0 95/5 90/10 85/15
m30RH ®W50RH m90RH

CNF/PEO Ratio
AB
A A
B/C D op
c/D
DIE
E E/F
G
. H
. 1y
100/0 95/5 90/10 85/15
CNF/PEO Ratio

=
N
o

=
o
o

80

60

40

Tensile Strength (MPa)

20

w

Young's Modulus (GPa)

[EEN

Figure 4.10. Tensile strength and Young’s modulus of the CNF/PEO composite films at 30%,

50%, and 90% RH.

The TEA and strain at break values of all CNF/PEO composite films are shown in Figure
4.11. The TEA value of 100% CNF films decreased at 90% RH, and the values are significantly

different from that at 50% RH. However, the TEA values for all CNF/PEO films are not
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significantly different at the three RH levels. In contrast, the strain at break value increased at 50%
RH compared to 30% RH for the film with 41 wt.% PEO, and the values are not significantly
different for all the other films at 30 and 50 % RH levels. However, at 90% RH, the strain at break
values are significantly different from 50% RH for all the films. For example, at 50% RH, the
CNF/PEO film with 17 wt.% PEO has the strain at break value of 3% + 0.03, which increased to
9% + 0.08 (twice) at 90% RH. Similarly, the strain at break values increased from 3.6 % + 0.04
and 7.2 % + 0.07 t0 6.7% + 0.06 and 10.5% % 0.02 for films with 30 wt.% and 41 wt.% of PEO.
The main reason behind such an increment in strain properties and decrease in TS values
is associated with the moisture sorption properties of the hydrophilic films, resulting in the
swelling of the CNF and PEO. The swelling of CNF and PEO molecules led to the larger
deformation under external load, simultaneously lowering interfibrillar stress transfer and TS
(Benitez et al. 2013). In addition, secondary interactions dominate the work of adhesion between
CNFs in the dry state, and this will be reduced if a sufficient amount of water hinders the
interfibrillar bonding, further decreasing the TS (Henriksson et al. 2008; Meng and Wang 2019).
In addition, the flexibility of fibers and molecules caused by water swelling promotes interfibrillar

shearing and sliding, accelerating the decrease of the TS (Meng et al. 2019; Henriksson et al. 2008).
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Figure 4.11. Strain at break and Tensile energy absorption of the CNF/PEO composite films at

30%, 50% and 90% RH.

4.2. Fourier-transform infrared spectroscopy with attenuated total reflection (FTIR-ATR)

The FTIR spectra of CNF/PEO composite films are shown in Figure 4.12. The absorption

band at around 3300 cm™* was observed for pure CNF and PEO films, attributed to the OH group.
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In the 100% CNF film, this absorption band was 3313 cm™ and the same band for PEO showed a
peak at 3328 cm™. This indicates that with increasing PEO content, the hydrogen bond between
PEO and CNF became stronger, which serves as a good barrier in terms of grease resistance (H.
Tayeb et al. 2020). At 2900 cm™, the peak corresponds to C—H groups, and at approximately 1000
cm?, the peak corresponds to C—O groups (de Cuadro et al. 2015; Joly et al. 1999). These peaks
correspond to the cellulose structure and this peak stretches higher with increasing PEO content.
The CNF/PEO composite film showed an increased wavenumber of 3334 cm™ and 3336
cm?* for the composite films with 17 and 30 wt.% of PEO, respectively. This absorption band
further shifted to 3338 cm™ for films with 41 wt.% PEO. The band shifting to a higher wavenumber
is mainly caused by adding PEO to the CNF matrix. The shift of this band to a higher wavenumber
was ascribed to the increased hydrogen bonding between CNF and PEO (Kondo and Sawatari
1994). The literature also reported that the intermolecular hydrogen bonds of cellulose molecules
were replaced by the hydrogen bonds between PEO and CNF in the CNF/PEO films (Fukuya N et

al. 2017).
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Figure 4.12. FTIR analysis of CNF/PEO composite films at a ratio of 100/0, 95/5, 90/10,

85/15 and 0/100

4.3. Atomic Force Microscopy (AFM)

The surface morphology of the CNF/CNC composite films with weight ratios of 100/0,
85/15, 70/30, 55/45, 30/70, and 0/100, are shown in Figure 4.13. It was observed that the 100%
CNC film sample exhibited a short needle-like/rod-like structure and the particles were distributed
evenly on the surface. In contrast, the 100% CNF film sample showed the distribution of fibrous
network structure with larger pores, which showed in darker areas. The AFM micrographs confirm
that 100% CNC film has low surface roughness, and the surface was smooth and compact in
comparison to the 100% CNF film surface. The difference in contrasts in the images indicates
different heights. Notably, the 100% CNF film is more porous than the 100% CNC film. As the

CNC loading level increased in the CNF/CNC composite films, the porosity of the films decreased,
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which helped to get a smoother surface. The average roughness values (expressed in Ra) for the

100% CNF and 100% CNC films were 40.14 £ 6.24 nm and 2.67 + 0.36 nm, respectively.
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Figure 4.13. The AFM height diagrams of CNF/CNC composite films on sensors at weight

ratios of 100/0 (a), 85/15 (b), 70/30 (c), 55/45 (d), 30/70 (e), and 0/100 (f).

The AFM height images of the CNF/PEO composite films with the PEO contents of 17,
30, and 41 wt.% and the pure PEO film are shown in Figure 4.14. The AFM images show that
CNFs were arranged randomly (Figure 4.14. a). In the CNF/PEO composite film with 17 wt.%,
PEO content, a large number of CNF bundles are visible (Figure 4.14. b). As the PEO ratio
increased in the composite films, many small-diameter fibrils were observed (Figure 4.14. c).
Likewise, the films become less porous as the PEO loading level increases. For the 100% PEO
film (Figure 1.14 d), a flat surface with no fibers and no visible pores was observed. This indicates
that the addition of PEO could seal the pores of CNF films resulting in a much smoother surface.
In addition, from the AFM height images, it can be observed that as the PEO loading level
increased, the agglomeration of CNF fibers decreased which helped get a smoother surface.
Furthermore, as the PEO loading level increased, the larger pores showed darker color reduction,
which is an advantageous feature of using PEO in CNF film formulation to block the pores and
make the films/coating material grease resistant. Further study was conducted to analyze the pore

size distribution of CNF/PEO composite films.
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Figure 4.14. The AFM height diagrams of CNF/PEO composite films with the PEO content of

17 (a), 30 (b), and 41 wt.% (d) and the pure PEO film.

4.4. Pore size distribution

The pore size distributions of CNF/PEO composite films are shown in Figure 4.15. As the
PEO loading level increased in the films, the proportion of the larger diameter of pores decreased.
For instance, the film prepared at the highest loading level of PEO (41 wt.% PEO in the composite
film) showed that most of the pores of the film were located between 0 to 1.75 microns, and the
largest pore diameter is around 17 microns. The 100% CNF film showed a wide range of diameters
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of pores up to 30 microns. The pore size distribution results indicate that PEO helped to reduce the

pore size of CNF film.
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Figure 4.15. The pore size distributions of CNF/PEO composite films.

4.5. Contact angle measurement

The measured contact angles (CAs) of water as a function of time for the CNF/CNC
composite films and commercial paper products are shown in Figure.4.16. Contact angles were
counted from 0.5 min to 5 min. The CNF/CNC films and copy paper showed a much better surface
wettability (i.e., smaller CAs) by water than other commercial paper products, namely parchment
paper, pan liner, and butcher paper. At the beginning of the wetting process, the CAs for the 100%
CNF films were 36.5° (£11.9) which decreased to 22.7° (x2.9) with an increasing period (5 min).
However, as the CNC loading level increased in the films, the CAs decreased. For the 100% CNC

film, the CA was 49.8° at 30 sec, then decreased to 41.2° at 5 min. It can be observed that with the
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same period (5 min), the contact angle of water on the 100% CNF film surface decreased by 69 %
while the water CA on the CNC film decreased by 20 %, which indicated that pure CNC film is

more stable in contact with water than for pure CNF film.
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Figure 4.16. The contact angle data for water on CNF/CNC composite films and commercial

paper products.

The reason behind such a phenomenon could be the chemical component of CNC. As we
discussed earlier, CNC contains a higher degree of the crystalline region of cellulose, which is less

sensitive to water than the amorphous region that can absorb water. Another possible reason could
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be the porous structure of the CNF film, which accelerates the water to go through the pores and
interact with the fibers, resulting in a rapid CAs decrease.

In contrast, adding the PEO in the CNF film formulation decreased the overall water
contact angle with time shown in Figure 4.17. For instance, 100% CNF film showed a CA of 36.5°
(x11.9) at 30 sec whereas the films prepared with the PEO content of 17, 30, and 41 wt. %, showed
a much lower CAs of 5.6° (x0.5), 5.8° (£0.8) and 6.3° (x0.1), respectively at the same time frame.
Furthermore, at five minutes, the 100% CNF showed a CA of 22.9° (£2.9) while the films prepared
with the PEO content of 17, 30, and 41 wt. % showed much lower CAs of 3.5° (£1.1), 2.8° (£1.0)
and 1.5° (£0.6), respectively. The reason behind such phenomena could be the reduced porosity of
the CNF/PEO films, as shown in Figure 4.15. As the PEO content in the films increased, more
pores were blocked, which might lead to a smoother surface and helped the spreading of water
droplets faster resulting in lower contact angle. Another reason could be the higher moisture
content in CNF/PEO composite film in comparison to pure CNF film, which was discussed earlier
(Figure 4.8). Due to higher moisture content, films prepared with CNF/PEO might absorb water

more rapidly in comparison to pure CNF film, resulting in lower contact angles.
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Figure 4.17. The water contact angle of the CNF/PEO composite films.

Another set of experiments was carried out to understand the effect of the film thickness
on water CA. The effect of different thicknesses of the pure CNF and CNC films on water contact
angles as a function of time is shown in Figures 4.18 and 4.19. The CNF films were prepared with
the final thicknesses of 0.027 (x 0.03) mm, 0.037 (+ 0.03) mm, 0.052 (x 0.02) mm, and 0.063 (*
0.03) mm. The water contact angle on the CNF film surface increased as the film thickness
increased, which indicated that the CNF film showed less wettability with increasing film
thickness. The CNF film at 0.063 mm thickness has a CA of 47.8° at 30 sec, which decreased to
28.1° at 5 min. Films prepared at 0.052 mm and 0.037 mm thickness showed similar CAs at 36.5°
at 30 sec, then reduced to around 21.6°. However, the lowest thickness of the CNF film (0.027

mm) showed a decrease in CAs from 13.4° to 1.7°. The water can quickly penetrate through the
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CNF film at 0.027 mm. On the other hand, the water CAs of pure CNC films prepared at 0.032 (+
0.01) mm, 0.043 (= 0.01) mm, 0.022 (£ 0.02) mm, and 0.011 (£0.01) mm thicknesses did not
change significantly as a function of time (Figure 4.19). Even with a much smaller thickness (the
thinnest CNC film with a thickness of 0.011 mm) compared with the CNF film (0.027), the water

contact angle of the pure CNC film only changed from 34.5° at 30 sec to 30.7° at 5 minutes.
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Figure 4.18. The effect of the CNF film thickness on water contact angle.
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Figure 4.19. The effect of CNC film thickness on water contact angle.

4.7. Oil and grease resistance

Our major goal is to prepare oil and grease-resistant films for food packaging applications.
Therefore, grease-resistant tests play an essential role. An example of a ‘“pass” and “or fail” of a
kit test is shown in Figure 4.22. Kit solution 12 was used in this experiment. All the prepared films,
including CNF/CNC, CNF/PEO-based films, and films prepared at different thicknesses, showed
a “pass” in kit test-12 by showing no dark surfaces after treating the paper with oil/solvents kit
solution rating 12. It indicates that no penetration of oil occurred through prepared films. However,
copy paper showed a “fail” test. A dark surface was observed after placing one drop of kit solution
12 on the surface of copy paper, thus indicating oil penetration through copy paper. However, all

the other commercial paper products “pass” kit solution 12.
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(a) | (b)

Figure 4.20. Oil and grease resistance test : (a) before kit test (b) after kit test
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5. Conclusions

This research analyzed the physical and mechanical properties of CNF/CNC-based films
for grease resistance food packaging applications. The pure CNF film showed better tensile
strength, strain at break, and tensile energy absorption compared to films loaded with the highest
(70 wt%) CNC which showed better Young’s modulus. However, the addition of different loading
levels of PEO into CNF film formulation lowered mechanical properties except for strain at break
value which showed an opposite trend. AFM images showed CNC film surface is smoother
compared to CNF film and with the increasing addition of CNC loading level into CNF matrix,
the film surface became smoother. As CNC can cause brittleness hence PEO has been added to
the CNF matrix and films became more uniform and smooth with increasing PEO loading level.
The water CAs of CNF films increased with increasing film thickness. In contrast, the CNC films
at different thicknesses didn’t show any significant change in CAs as a function of time. In terms
of grease resistance, all CNF/CNC composite films and films prepared at different thicknesses
passed the grease resistance test with a kit rating of 12. In addition, all the CNF/CNC composite
films and CNF/PEO composite films passed the grease resistance test of 12 kit ratings. However,
CNF/PEO composite film 85/15 ratio showed the lowest pore size distribution, which is a vital
factor for grease resistance. With all the characterization techniques, CNF/PEO films at a ratio of

85/15 could be optimal for grease resistance food packaging applications.
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6. Limitations and Future Recommendations

One of the main limitations of preparing such films is that, it requires seven days to dry in
air which is time-consuming. Another limitation is that films prepared with CNF and PEO require
high drying temperatures like 105 °C. Furthermore, the preparation of PEO solution at room
temperature is also time-consuming. Therefore, some future recommendations have been

suggested.

Firstly, oven drying temperature plays an important role in CNF/PEO film preparation. In
addition, oven drying time holds another important parameter to fully dry CNF/PEO films. In this
research work, we have used 105 °C oven drying temperature with 6 hr oven drying time.
However, it is important to observe CNF/PEO film behavior at a slow drying process which means

lower oven-drying temperature with prolonged oven-drying time.

Secondly, the preparation of PEO solution and the mixing temperature for the CNF
suspension and PEO solution is an important parameter in preparing CNF/PEO composite films.
In this research work, we used room temperature to mix CNF suspension and PEO solution.
According to Li & Matsuba (2019), increasing mixing temperature can improve PEO chain
mobility to form a more extensive deformation network and decrease the number of entanglements.
Hence, in future work, we want to observe the effect of mixing temperature on the CNF/PEO film

properties.

Finally, instead of preparing the standalone film, coating on paperboard using the optimum
CNF/PEO ratio would be another recommendation for the future to understand the coating

behavior of CNF/PEO formulation.
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