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Abstract 

Plastics are a class of materials known for their cost and property advantages, increasing 

significantly in their usage worldwide. Unfortunately, these benefits come with an 

increasingly concerning environmental impact. A combination of inadequate disposal 

options and combinations of materials have led to environmental disasters that will 

impact generations. One of the worst areas for plastic waste is food packaging. Plastic as 

a material generally excels at durability and longevity, but as food packaging, it outlives 

its intended purpose by several orders of magnitude. This leads to plastic food packaging 

materials sitting in landfill or leading to the environment for hundreds of years. Because 

of this, there is a strong motivation to develop food packaging materials that are 

biodegradable, yet still maintain the properties that make plastic better than other classes 

of materials. Food packaging has many forms, but in general, the most important aspects 

are cost, mechanical, and oxygen and water barrier properties. To achieve an end-product 

that excels in these aspects, combinations of materials called composites may be 

developed. Nanocomposites are a subcategory of composites composed of a matrix 

material and nanomaterials, separate phases that interact with one another in a number of 

ways. This research is focused on increasing the mechanical and barrier properties of 

polyvinyl alcohol, the most commercially-viable biodegradable polymer. The 

nanomaterials used were graphene oxide (GO) and cellulose nanofibers (CNF) for 

mechanical and barrier reinforcement. Five sample compositions were produced: a 

control PVA, CNF, 1 wt% GO, 5 wt% GO, and 10 wt% GO, which were drawn down on 

uncoated paper and cast by themselves. Testing of these nanocomposites included oxygen 

transmission, mechanical, and thermal property analysis, and various solvent-interaction 
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testing including absorption of water and oil, Cobb testing, and water vapor permeation. 

With the addition of CNF and GO to PVA, there was an observed increase in barrier 

properties through a reduction of hydrophilicity and water absorption, and oxygen 

permeability. 

 

Keywords: Poly(vinyl alcohol), food packaging, cellulose nanofibers, graphene oxide, 

barrier properties 
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1. Introduction 

1.1. The Problem with Food Packaging 

 Since their conception, plastics have been a material with a wide range of 

applications due to their wide range of material properties and cost of production. These 

benefits have made plastics see exponential growth since their conception, doubling in 

usage since 2000 [1].  Unfortunately, as plastics have increased in usage, more research 

on environmental impact of materials has been done that indicates plastics as they are 

used currently are not sustainable in the long-run. This provides a drive to develop 

plastics from more renewable sources and a focus on the environmental impact of the 

entire lifecycle of materials. In the case of plastics, petroleum-based synthesis and 

century-long environmental degradations are typical and carry many issues on their scale 

of use [2]. The largest issue plastics have in the consumer world is the fact that most 

plastic packaging outlives its purpose. For example, a plastic bag from the grocery store 

is strong enough to hold groceries, prevents liquid from getting everywhere through 

condensation or spills, and is cheaply manufactured, but vastly outlives its lifetime 

usefulness. Once a plastic bag is done transporting groceries, it typically gets thrown 

away and sent to landfill to decompose over a period of hundreds of years.  

In terms of materials outlasting their purpose, there are few better examples than 

the food packaging industry. In most cases, plastics designed to hold perishables do not 

need to last longer than a month at most while plastics can take hundreds of years to 

decompose [2]. This durability issue alongside the sheer scale of the food industry led to 

large amounts of single-use plastic waste, packaging materials accounting for 45 percent 

of landfill waste in the US in 2018 [3]. Food packaging in general takes many forms and 
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has a range of material requirements depending on the specific food item and needs for 

shelf-life, transportation, and presentation. In all cases food packaging needs to be food 

safe, not leaching harmful chemicals or causing illness. Properties such as strength, 

stiffness, chemical resistance, and water repellence can vary by a lot depending on the 

application. For example, some produce like cucumbers may be encased in a film while 

strawberries may be put into hard plastic baskets. The cucumber has enough structural 

integrity to not get bruised without assistance from the packaging but will degrade 

quickly if exposed to high moisture. Conversely, strawberries are much softer and will 

bruise easily, but can tolerate higher moisture. What this means for the development of 

food packaging is that depending on the needs of the application, many different 

materials and combinations of materials can be considered. 

 The two most important material properties in food packaging are mechanical and 

resistance to oxygen and water permeation. Mechanical properties include strength, 

toughness, stiffness, etc. and translate to how the material reacts to external forces. 

Oxygen and water permeability refers to the material’s ability to block out air and water 

and is also referred to as barrier properties. These properties, alongside cost and ease of 

manufacturing are why plastic is the ideal modern material for most food packaging 

applications. Unfortunately, more sustainable plastics typically lack decent properties in 

one or both of these two main requirements in addition to higher cost [4]. 

A life cycle analysis of most plastic products includes environmental impact at all 

stages of  its life – from “cradle to grave” and use production, shipping, use, and disposal 

to determine by-products, emissions, and waste. The chronological life of a plastic 

product can be categorized into synthesis, manufacturing, work life, disposal, and 
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optionally recycling. Synthesis refers to the polymerization process, which uses solvents, 

monomers, initiators, catalysts, etc. and can also be referred to as primary processing. As 

most plastics are synthetic, they typically start as a byproduct of the petrochemical 

industry [5]. For plastics that are not synthetically produced, they may be sourced 

naturally, for example starch from potatoes and corn to make thermoplastic starch [6]. 

After synthesis, manufacturing for polymers can be varied significantly as there are many 

ways to make different products. Examples of this include continuous processes such as 

extrusion and rolling, and non-continuous processes including molding and casting. 

Sometimes synthesis and manufacturing happen at the same time such as the case of UV-

cure polymers and plastics with fast reaction times. After manufacturing, the product 

experiences its useful life as whatever role the product is supposed to take. This step is 

more relevant to larger and more complex systems such as cars, which have associated 

needs during their useful life such as gasoline, oil, replacement wheels, etc. For plastic 

products, this could include cleaning or protecting agents, but in most cases includes very 

little to nothing. Finally, disposal involves the processing and waste materials associated 

with the end of the product’s life. If the product at the end of disposal can be reused or 

recycled, any environmental impact “saved” over using newly synthesized material can 

be subtracted from the overall environmental impact of the product [7]. 

Unfortunately, most plastics are not recycled for a few reasons. For the average 

consumer, recycling plastic materials is mostly limited to poly(ethylene terephthalate) 

(PET), high-density polyethylene (HDPE), and sometimes polypropylene (PP) [8]. PET 

is commonly used in water bottles, HDPE in milk jugs, and PP in solid food containers. 

These plastics can also only be recycled when they are in pure form, typically without too 
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many additives or combined into layered or composite forms. Other plastics or even 

composite materials including the plastics mentioned may require specific commercial 

processes that are not realistic to deploy in residential recycling facilities [9]. This general 

life cycle of course does not include every step a product might take, especially 

transportation, but for the purpose of material comparison, extra steps such as 

transportation most often matter significantly less than the ones listed above as they 

somewhat cancel each other out and their relative scale in terms of environmental impact 

per unit is magnitudes smaller than production and disposal [7]. 

Other issues with synthetic synthesis include the price of plastics being tied with 

the oil market. This is the case as oil is a finite resource and even byproducts of other 

processes have value. As oil becomes scarcer, the costs of plastics will increase until they 

are no longer commercially viable [10]. 

1.2. Biodegradable Polymers in Food Packaging 

1.2.1. Polyesters 

 There are several classes of polymers being used and developed for degradable 

food packaging, each with their own benefits and associated issues. First, polyesters are a 

large class of polymers that may be produced using either natural or petroleum-based 

sources. Natural sources can include biomass and they may even be produced using 

microorganisms. Polyesters are good for environmental degradation as ester groups break 

down through a process of hydrolysis, a group of chemical reactions where water pulls 

apart larger molecules [11]. One such degradable polyester is the aliphatic poly(butylene 

succinate) (PBS), produced using succinic acid and 1, 4 butanediol, two renewable 

chemicals obtainable through biological routes [12], [13]. In general, aliphatic polyesters 
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display properties beneficial for liquid-containing bottles, being odorless and degrading 

within two months in the environment [14]. Some polyesters struggle with maintaining 

mechanical properties high enough to be useful.  

 Another type of degradable polyester is polyhydroxyalkanoates (PHAs). PHAs 

are typically produced through bacterial fermentation in nature and can have a wide range 

of properties depending on the specific monomers produced [14]. Several studies have 

been conducted using food waste as a bacterial feed to produce PHAs to form food 

packaging films, but difficulties in scaling and high cost prevent PHA from being widely 

used today [15]. 

Finally, poly(lactic acid) (PLA) is one of the most popular renewable polymers 

used today, mostly for its desirable low cost and mechanical properties [16]. PLA has 

seen a lot of success in 3D printing due to these benefits, but also due to the relatively 

low thermal transitions which make heated extrusion easier. Conversely, food packaging 

application of PLA is difficult due to the brittle nature and low thermal resistance of the 

polymer. Because of this, new copolymers incorporating aliphatic polyesters and other 

renewable polymers are being produced that improve ease of manufacture, mechanical, 

and thermal properties. The combination of the strong yet brittle PLA and weak yet 

ductile polymers can produce copolymers with superior toughness, an indication of high 

strength and ductility [17].  

1.2.2. Polysaccharides 

 Another class of renewable polymers that are useful in food packaging is 

polysaccharides. This class of polymers excel in cost, biodegradability, and 

biocompatibility, while typically struggling with hydrophilicity and barrier properties. 
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Commonly used sources for polysaccharide-based polymers are starch, cellulose, chitin, 

chitosan, and pectin. Polysaccharide polymers use monosaccharide monomers, meaning 

it is extremely easy to synthesize products that degrade in the environment and 

importantly do not form other environmental hazards in the process of degradation. 

 Starch is highly hydrophilic due to the abundance of hydroxyl groups present in 

its chemical structure. This means binding to the also hydrophilic paper and cardstock is 

easy, especially with the assistance of water. Starch has seen a lot of success in food 

packaging and even single-use dinnerware in the form of thermoplastic starch [18]. 

Unfortunately starch polymers typically struggle with barrier properties without 

copolymerization or other additives [19]. 

 Cellulose is derived from plant cells alongside hemicellulose and lignin (Figure 

1). These three compounds are among the cheapest naturally produced polysaccharides, 

sourced from any plant material. There has been a lot of research specifically behind the 

surface functionalization and cross-linking of cellulose-based films to reduce 

hydrophilicity and improve barrier properties [20]. 
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Figure 1. Configuration of cellulose, hemicellulose, and lignin as part of a plant cell [21]. 

 Chitin and chitosan are also interesting polymer sources, being the second most 

common carbohydrate polymer after cellulose [22]. It can be sourced from crustaceans, 

insects, fungi, and spiders, and has many uses already in the food industry outside of 

packaging. Chitosan is simply chitin that has gone through a process called deacetylation, 

which removes most of the acetyl groups in an elimination reaction (Figure 2). Chitin and 

chitosan are already used as an additive to supplement fiber and maintain freshness of 

meaty flavors [23]. 

 

Figure 2. The deacetylation reaction removes acetyl groups from chitin to form chitosan 

[24]. 
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1.2.3. Functional Lipids and Proteins 

 As lipids and proteins are naturally a part of the environment, their degradation is 

ensured and harmful degradation products are not present. General properties for lipid-

based coatings are excellent hydrophobicity and barrier properties, but lackluster 

mechanical properties [25]. Popular lipid-based coatings are beeswax and carnauba wax, 

beeswax being sourced from beehives and carnauba wax being sourced from the leaves 

of the carnauba palm tree [26]. These two waxes contain a high percentage of esters from 

fatty acids, making them easily degraded in the environment. 

 Casein polymers are an interesting example of protein-based materials that 

degrade extremely well in the environment. This type of polymer is one of the oldest 

adhesives and is formed by the simple addition of acid to milk. The two main types of 

proteins in milk are casein and whey, casein being a class of many similar proteins that 

react to changes in acidification of the milk . Casein polymers can be produced through 

the use of a dilute form of formaldehyde called formalin, citric acid, acetic acid, or many 

other acids. They can also be produced by simply allowing milk products to go bad as 

bacteria convert the lactose into lactic acid. Generally, casein polymers struggle from 

poor mechanical properties and high cost [27]. 

1.2.4. Petroleum-derived 

 While not as ideal in terms of environmental impact, there are some petroleum-

based polymers that perform well on an industrial scale that are also biodegradable. 

While these materials are a good step towards fully renewable food packaging. In 

general, oil-derived polymers exhibit better associated costs, and mechanical and barrier 

properties. Some petroleum-based biodegradable polymers include poly(butylene 
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adipate-co-terephthalate) (PBAT), polycaprolactone (PCL), and poly(vinyl alcohol) 

(PVA).  

PBAT contains many ester groups, which facilitate the environmental degradation 

of the polymer. PBAT has the benefit of manufacture ease due to its synthetic origin and 

high flexibility. These factors along with cost lead to PBAT being one of the most 

promising future food packaging materials. 

Another interesting degradable polyester is polycaprolactone. PCL is typically 

synthetically produced using petroleum products, but it makes up for this in its excellent 

biodegradability and chemical resistance. PCL is on the cheaper side of degradable 

polymers and has a very low melting point of around 60°C, which makes manufacturing 

PCL desirable, but applications in food packaging limited. 

Finally, PVA is another biodegradable synthetic polymer. PVA has by far the 

most simplistic chemical formula of the polymers listed, being composed of a 

hydrocarbon chain and an alternating hydroxyl group (Figure 3). PVA does not contain 

an ester group like many of the other biodegradable polymers, but the degradation 

through hydrolysis still works as there are so many available hydroxyl groups.  

 

Figure 3. Chemical structure for the repeat unit of poly(vinyl alcohol). 

 PVA is one of the best biodegradable polymers for the application of food 

packaging due to its excellent film formation and relative cost but has several common 

issues for practical use. The main issue associated with PVA is its sensitivity to water in 
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both liquid and vapor forms. Due to the abundance of hydroxyl groups, the polymer itself 

is quite hydrophilic, which allows water into the bulk of the material. This has a large 

negative impact on mechanical and barrier properties, essentially restricting its use to 

low-moisture foods. With the issue of hydrophilicity taken out of consideration, PVA has 

comparable mechanical and barrier properties to conventionally used polymers such as 

polystyrene (PS) and poly(ethylene terephthalate) (PET) [28]. 

PVA is produced through a hydrolyzation procedure performed on poly(vinyl 

acetate), a structurally similar polymer with an alternating acetate group instead of a 

hydroxyl group (Figure 4). Through this procedure it is possible to obtain different 

purities of PVA, where the reaction did not happen for a percentage of the acetate groups. 

This can also impact the polymer’s overall material properties through the interruption of 

crystalline regions. 

 

Figure 4. The hydrolyzation reaction is used to convert poly(vinyl acetate) to PVA [29]. 

 Some food packaging developments with PVA are the incorporation of crosslinks 

to reduce the available hydroxyl groups and composites using PVA as a matrix material. 
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1.3. Composites 

 Composites describe a class of materials involving a combination of two or more 

significantly different materials, typically synthesized to improve properties or 

performance of the final product. One requirement of composites is that the materials 

combined form distinctly separate phases within the combined material. This means 

given a cross-section or other analysis it would be apparent there were different materials 

and/or structures that perform different roles. Composites have many uses in the modern 

world such as improving mechanical performance and decreasing costs. An example of 

this is carbon fiber reinforcement of epoxies, composites that with the combination of 

epoxy as a matrix material and carbon fibers, exhibit extraordinary mechanical properties 

exceeding steel while also maintaining low weight [30]. Without the combination of 

these two materials, neither would be able to replace steel as the sum is greater than the 

parts. 

 There are many types of composites depending on intended use. One subclass is 

nanocomposites, which combine a nanomaterial with a matrix material, typically a 

polymer. These can work in similar ways to regular composites, increasing mechanical, 

thermal, electrical, etc. properties without sacrificing cost and form-factor. 

1.4. Nanomaterials 

 Nanomaterials refer to material with at least one dimension on the nanoscale 

(smaller than 100 nanometers). There are many types of nanomaterials that are generally 

divided into groups of chemical composition and dimensionality. Chemical compositions 

for nanomaterials include metals such as iron and copper nanoparticles, carbon in the 

form of fullerenes, carbon nanotubes, and graphene, and other materials such as silica and 
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clay. Dimensionality describes the specific shape of the nanomaterial as either 0D, 1D, or 

2D. Figure 5 illustrates the difference of dimensionality on nanomaterial shape. 

 

Figure 5. Some of the different dimensionalities of carbon, each having significantly 

different properties [31]. 

0D nanomaterials, also known as nanoparticles, are materials that have three 

dimensions on the nanoscale. They are typically used for their chemical reactivity and 

optical abilities but have many other uses depending on their chemical composition [32]. 

Commonly used nanoparticles include metals, metal oxides, ceramics, and fullerenes. 

1D nanomaterials have two dimensions on the nanoscale and are typically used 

for the purposes of increasing electrical and mechanical properties. Nanocomposites with 

1D nanomaterials can display much higher strength and stiffness than the bulk matrix 

material by itself. This is because within the composite, the nanofiller acts as fiber-

reinforcement, similar to that seen with carbon fiber. In this case, the nanomaterial uses 

interfacial forces between itself and the matrix material to improve mechanical 

performance [33]. Important 1D nanomaterials include carbon nanotubes (CNTs) and 

cellulose nanofibers (CNF). 

2D nanomaterials have only one dimension on the nanoscale and are most 

commonly used to increase barrier and mechanical properties, but also have uses in 
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electrical and thermal applications. Mechanical properties typically increase to a lesser 

degree with 2D nanomaterials as opposed to 1D nanomaterials, but the interfacial force 

mechanism is the same. Barrier properties in 2D nanocomposites can be increased 

through a mechanism known as tortuosity or tortuous path. Tortuosity essentially 

describes the difficulty of which permeants face as a result of physical travel distance 

[34]. Figure 6 displays three different tortuosities of varying levels based on filler particle 

shape. It is important to note that the physical thickness of films does not change the 

tortuous path, rather it is a function of how well additives increase travel length. 

Important 2D nanomaterials include graphene sheets, silicene (a two-dimensional silicon 

sheet), and nanoclays[35], [36]. 

 

Figure 6. Illustration of how filler particle shape relates to the tortuous path [37]. 

Nanomaterials are of particular interest to the scientific community as with the 

scaling of material size, properties can change significantly. For example, iron in a large 

scale hardly flammable, but on the nanoscale can combust when sprinkled in the air and 

even inert metals such as platinum can catalyze reactions on the nanoscale [38]. 
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1.5. Nanocomposites 

 As the name implies, nanocomposites are composites incorporating the use of 

nanomaterials. Many nanocomposites already have been used in all sorts of fields, but 

new discoveries are being made all of the time. Food packaging is an interesting 

application of nanocomposites as the health implications for many nanomaterials are still 

not fully understood. Considering the increase of interest in renewable materials and the 

concurrent rising interest in nanomaterials, the two come together to produce some 

interesting results. 

 Starting with 0D nanocomposites, the vast majority of nanomaterials currently in 

use are 0D for the purpose of catalyzing chemical reactions and enhancing coatings. For 

chemical reactions, the usefulness mostly lies in the higher surface area, allowing for 

higher levels of efficiency and reactivity. This, however, is not an example of a 

composite. For nanocomposites, paints and coatings use 0D nanoparticles for color and 

other optical effects. This can work through several different mechanisms including 

absorption and scattering of specific wavelengths of light, changing general transparency, 

and altering observed surface finish [39]. When used in this manner, nanomaterials are 

sometimes called nanopigments. Nanopigments can work through either reaching specific 

particle sizes, reaching the size of specific wavelengths of light or through other 

mechanisms such as photoluminescence [40]. For photoluminescence, specific emissions 

of light can be controlled through the absorption of photons. Using 0D carbon nanodots, 

paints can be developed that exhibit large photoluminescent reactions to UV and visible 

light in a way that doesn’t harm the environment, while still being just as mass-

producible as conventional photoluminescent dyes (Figure 7) [41]. 
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Figure 7. Multicolored photoluminescent solutions using carbon nanodots [42]. 

 Although they currently are used less frequently than 0D nanomaterials, 1D 

nanomaterials have seen a lot of recent interest in the field of nanocomposites, mostly for 

their use in mechanical reinforcement. As a filler, 1D nanomaterials such as cellulose 

nanofibers (CNF) or carbon nanotubes (CNTs) may be added for this purpose. 1D 

nanofiller acts on the nanoscale similarly to how rebar works in concrete, increasing 

overall tensile strength through the transfer of force from the concrete to the steel. This 

idea of interfacial force transfer applies to 1D nanocomposites in the same way, just on a 

smaller scale. The addition of this nanofiller can increase strength and toughness of the 

nanocomposites to be able to compete with or outperform other materials. Depending on 

the application, lower amounts of material can be used as the performance to weight ratio 

changes, or materials can be changed to follow secondary manufacturing goals [43]. 

 2D nanomaterials may also be used to increase mechanical properties in 

composites, but additional uses in enhancing barrier properties make their application 

different. 2D nanomaterials such as nanoclays and graphite have been used in the past to 

enhance mechanical and barrier properties. For mechanical properties, the same concept 

of force transfer between the matrix material and the nanomaterial applies. Considering 

the barrier properties, tortuosity can be massively increased when plate-like samples are 

introduced. As both of these composite changes impact properties that significantly 

(a) (b) 
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concern food packaging, the use of 2D nanomaterials has been explored previously. For 

example, nanoclays are food-safe and ecologically friendly nanoparticles that can be 

produced using relatively low-cost processes. Unfortunately, actual application of 

nanoclay into most polymeric materials is difficult as there are difficulties with dispersion 

and incorporation [44]. Other uses of 2D nanomaterials can include unmodified graphene 

for the purposes of improving electrical and thermal properties. Graphene sheets have 

extremely high electrical and thermal conductivity values, which transfer to 

nanocomposites including substantial loading. Several issues with graphene in general 

are the scaling of production and associated costs [45]. 

1.6. Active/Functional Nanocomposites 

 Active nanocomposites describe composites utilizing nanofiller as an antioxidant, 

antimicrobial, and/or antifungal agent. Typically, this is most useful for films or coatings 

as especially in the context of food packaging, a surface with no coverage doesn’t protect 

food. Often additives such as clove essential oil can be added as a natural antimicrobial 

agent, but so can metal nanoparticles. This greatly reduces all forms of fouling a product 

may experience throughout its lifetime [46]. One application of metal nanoparticles is 

Au- TiO2 in an algae-based film. It was concluded that the nanomaterials increased the 

antibacterial ability by 60% and 50% against S. aureus and E. Coli, respectively. 

Additionally, the hydrophilicity of the film changed by 34 degrees in a contact angle test, 

further increasing other properties of the film. This development for algae-based films 

transformed the extremely limited matrix material into something that could actually be 

used [47]. Another study focused on the addition of Ag-Cu nanoparticles to guar-gum 

films. In addition to stark differences in microbial activity, the barrier, thermo-
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mechanical, and UV-resistance properties all improved. The results of this study 

indicated a proper active packaging material could be synthesized using these 

nanoparticles that would protect UV-sensitive foods [48]. 

1.7. PVA/CNF/GO Nanocomposites for Food Packaging 

 Considering the potential PVA films have if the problems with hydrophilicity and 

mechanical properties are addressed, PVA may be a good step towards a fully sustainable 

future for food packaging. To do this, cellulose nanofibers and graphene oxide could be 

used to make nanocomposites with PVA as the base. PVA is a synthetically produced 

polymer that biodegrades quickly and has appropriate base properties and associated cost 

that make it satisfactory for use in food-safe composites. PVA easily dissolves in water, 

so any additives would be best chosen to also disperse in water readily. 

Cellulose nanofibers would be primarily added to increase strength as they are a 

1D nanomaterial, but also to decrease hydrophilicity by occupying some of the hydroxyl 

groups of the PVA. Figure 8 displays that the structure of cellulose is composed of repeat 

units of D-glucose, condensed and connected in a chain. From the amount of oxygen 

present in the structure, hydrogen bonding between both PVA and water is achievable. 

This means both PVA and CNF can exist in liquid sample concurrently and the finished 

product sans water should include hydrogen bonding between the polymer and nanofiller. 

CNF is extremely biodegradable and bio-safe as cellulose itself is naturally produced by 

all living plants [49]. 
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Figure 8. Chemical structure of the repeat units for cellulose. 

 Graphene oxide (GO) is another nanomaterial that would likely improve the 

properties of PVA through its 2D dimensionality and abundance of hydroxyl and 

carbonyl functional groups. As it is 2D, it should provide a lower level of mechanical 

enhancement when compared to the 1D CNF due to the difference in aspect ratio, the 

ratio of length to width. A representation of the chemical structure can be seen in Figure 

9. The plate-like dimensionality of GO should assist in increasing tortuosity of the 

material, increasing the path length permeants have to travel through the material. The 

hydroxyl and carbonyl groups should decrease the hydrophilicity of PVA in the same 

way as CNF, by occupying the hydroxyl groups with hydrogen bonds. GO is produced 

through several methods, the most currently popular being the Hummer’s method. 

Through this method, graphite can be converted into graphene oxide through a long series 

of steps. Due to the difficulty, dangerousness, and long reaction time, producing graphene 

oxide is expensive and not environmentally friendly. Fortunately, the production of 

graphene oxide can be scaled using different oxidizing agents and improving/modifying 

the Hummer’s method to suit large-scale production [50]. Interestingly, different levels of 

oxidization can be used to obtain different properties, which can also change the 

requirements for the production method in a bulk setting. Curiously, this has also caused 

a lack of standardization in manufacturers for GO [51]. 
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Figure 9. Representation of the chemical structure of graphene oxide. 

 The motivations for combining PVA with these two nanomaterials are produce a 

food-safe nanocomposite film or coating that maintains high mechanical and barrier 

properties, even when exposed to water, and to determine any interaction between 1D 

and 2D nanomaterials within the matrix. PVA was chosen as the base matrix material as 

aside from its decline in useful properties when exposed to water, it is the most 

commercially viable biodegradable polymer for the purpose of food packaging owing to 

its synthetic origins and associated low costs. In the scheme of things, any step towards 

biodegradability and true renewability is a step forward towards a greener future, even if 

the material is not renewably sourced. CNF was chosen as a 1D nanofiller material as 

cellulose is abundant in nature and degrades easily through environmental and biological 

means. GO was chosen as the 2D nanofiller due to its dimensionality and its recent 

interest in the scientific community. As the impact of CNF to polymers is relatively well-

known, varying GO loading would provide a more novel focus to the food packaging 

research development. Even considering the swapping of materials for this type of 

nanocomposite, the observations and trends noted may be applied to other hybrid 1D and 

2D nanocomposites. 
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2. Methods and Materials 

2.1. Sample Preparation 

2.1.1. Stock Solution Preparation 

 In order to prepare the five solutions with varying amounts of PVA, GO, and 

CNF, stock solutions of the three must be prepared to then distribute out for the finished 

liquid samples. In a typical process, graphene oxide was prepared using a modified 

Hummer’s method, starting with graphite, then reacting to form expanded graphite, and 

finally graphene oxide. The Hummer’s method involves first treating 5g of Acros 

Organics graphite flakes with a mixture of 150 mL 98% sulfuric and 50 mL 70% nitric 

acid in a stirred ice bath, then stirred for 24 hours. 1000 mL DI water was then added, 

and vacuum filtration was used to separate the acid-treated graphite flakes. DI water was 

added and filtered out until the pH of the rinse was around five. The graphite flakes were 

then dried in an oven at 60°C for 24 hours after being washed with acetone. To make 

expanded graphite, the acid treated graphite was then placed in a tube furnace set to 

1000°C for 15 seconds. The five grams of expanded graphite was then added to 300 mL 

sulfuric acid, 4.2g potassium persulphate, and 6.2g phosphorous pentoxide. The mixture 

was then placed in an oil bath at 80°C for five hours. The mixture was then added to 1000 

mL DI water and vacuum filtered. Again, the addition of water and filtration was 

repeated until the pH was around five. The expanded graphite was then set to dry in an 

oven for 72 hours at 100°C. Next, one gram of expanded graphite was added to 200 mL 

97% sulfuric acid alongside 15g potassium permanganate in a large round-bottom flask, 

where the color changed from black to dark green. A mechanical stirrer was then set up 

and the round bottom was placed in another oil bath at 45°C. The reaction was then run 
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until the mixture changed from green to reddish-brown, taking approximately 24 hours. 

The mixture was then resuspended in 1000 mL DI water and 5 mL 30% hydrogen 

peroxide was added dropwise to change the color to a gold/orange color. At this point, 

the mixture contained oxidized expanded graphite. An Eppendorf 5810 centrifuge was 

then run with 35 mL of the mixture at 10,000 RPM for 90 minutes and the precipitate was 

collected. Once all of the mixture was processed, 500 mL DI water and 5 mL HCl was 

added to the precipitate and mixed until homogenous. Finally, the mixture was spun in 

the centrifuge at 7000 RPM until separation, where the supernatant liquid would be 

pulled out and DI water would replace the liquid volume taken out. Each vial was 

sonicated using the tip sonicator to redisperse the precipitate. This process was repeated 

until the pH was at or greater than five, with a final color change from yellow to black. 

   

Figure 10. Graphene Oxide produced using the Hummer’s method at three stages of the 

process, acid treating expanded graphite (a), oxidizing GO (b), and concentration through 

centrifuging (c). 

 The stock solution for PVA was prepared by dissolving 50 g 98-99% hydrolyzed 

high molecular weight PVA (Alfa Aesar CAS number 9002-89-5) in 500 mL DI water in 

a large beaker with stir bar. The PVA was first allowed to hydrate for 15 minutes, then 

the beaker was placed in a water bath at 80°C and ran for approximately two hours until 

much of the PVA had gone into solution. Occasionally a steel spatula was used to scrape 

(a) (b) (c) 
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down the sides as the viscosity increased and to break up large chunks. Once the solution 

was having trouble stirring due to the viscosity increase, the solution was passed through 

a 100-micron mesh filter into two jars while still hot. The jars were then left to cool with 

their tops mostly closed, then placed in the refrigerator to avoid any mold issues. After 

cooling, a solid content test was performed to determine the water content in the stock 

solutions.  

 The stock solution for cellulose nanofibers was prepared by first grinding 1 g 

Acros Organics microcrystalline cellulose nanofibers with average particle size of 50 

micron with a mortar and pestle for two minutes until fine. Next, the grinded CNF was 

added to 40 g DI water in a large vial. The vial was then sonicated in an ice bath with a 

tip sonicator for approximately an hour. At this stage, the cellulose was only metastable, 

sinking to the bottom if left overnight. The solution was then tested using a solid content 

test, then diluted with DI water to 0.055 wt% into several vials. Following that, the 

diluted solutions were then sonicated for four hours using a tip sonicator in an ice bath, 

monitoring the de-clumping of aggregations every 30 minutes. 

Solid content tests were performed for each stock solution by weighing out an 

aluminum dish and adding between two and three grams of solution. The aluminum pans 

were then weighed and transferred to an oven at 110°C for an hour, then finally 

reweighed. To determine solid content of the solutions, the solid mass of the sample was 

divided by the liquid mass after subtraction of the pan. Solid content tests indicated the 

stock PVA sample was at 9.920 wt% PVA, the stock CNF sample was 0.055 wt%, and 

stock GO solutions were between 0.5 – 0.9 wt%. 
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2.1.2. Liquid Sample Synthesis 

 Five samples were synthesized for this project: control PVA, CNF, 1 wt% GO, 5 

wt% GO, and 10 wt% GO. The PVA sample contained only PVA and DI water, the CNF 

sample contained PVA, CNF, and DI water, and the 1-10% GO samples contained PVA, 

CNF, DI water, and varying amounts of GO (Table 1). Final liquid samples were 

prepared using the solid content data from the stock solutions to determine the required 

amounts of each solution, accounting for different densities of each solution. DI water 

was used to maintain a common total solid weight percentage at 4.10 wt% (Table 2). 

Table 1. Ratios of the solid content in each liquid sample. 

 PVA CNF GO 

PVA 100 0 0 

CNF 99 1 0 

1% GO 98 1 1 

5% GO 94 1 5 

10% GO 89 1 10 

 

Table 2. Sample composition with each stock solution. 

 Stock PVA 

(9.920 wt%) 

Stock CNF 

(0.055 wt%) 

Stock GO 

(0.686 wt%) 

DI Water 

PVA 16.74 g 0.00 g 0.00 g 21.60 g 

CNF 16.74 g 0.75 g 0.00 g 20.86 g 

1% GO 16.57 g 0.75 g 2.40 g 18.64 g 

5% GO 15.90 g 0.75 g 11.50 g 10.28 g 

10% GO 15.06 g 0.75 g 21.97 g 0.90 g 
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After combining the stock solutions, each sample was vigorously shaken for a few 

minutes, then tip sonicated for increasing amounts of time until few aggregates were seen 

with the polarized optical microscope. Following any period of inactivity, samples were 

placed in the vortex mixer to ensure even distribution. 

2.1.3. Solid Sample Preparation 

 Solid samples were prepared using several methodologies, each with a different 

purpose. Samples intended for water vapor permeation, Cobb, microwave, and contact 

angle testing were drawn down on paper. The paper used was uncoated Creatology 

MSPCI easel paper intended for art purposes, so it was minimally processed and had no 

coating. Drawdowns are typically a simple preparation technique, but it was discovered 

that performing them on wet paper yielded more consistent thicknesses and textures 

throughout the sample. First, a good section of paper where there were no obvious defects 

was cut out and the alignment of the fibers was noted. Packaging tape was used to 

laminate the edges of the easel paper, then scissors were used to cut to the paper to 

account for some of the expanding as water was introduced. DI water was sprayed onto 

the surface and was spread lightly with gloved hands to fully saturate the paper. The 

water was left to soak into the paper for approximately a minute, then dabbed up until 

wet, but no longer shiny. From there, scotch tape was used to secure the edges of the now 

expanded paper and ensure the surface was sufficiently flat. After all of that preparation, 

a 15-mil drawdown bar was used to deposit the liquid sample in the same direction as the 

paper’s fibers and it was left to dry overnight at 25°C. The finished product was then 

marked for areas of high uniformity (Figure 11a) and samples were cut. 
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Samples intended for FTIR, water and oil absorption, thermal, and mechanical 

testing were prepared by simply casting four grams of liquid solution into a weigh boat 

and storing in a covered room temperature environment. Figure 11b displays the cast 

samples organized by composition from CNF at the top to 1, 5, and 10% GO samples 

going down. Samples for color and gloss data were made using the standard 6-mil 

drawdown bar on BYK black and white color paper and left to dry overnight at 25°C. 

  

Figure 11. Paper drawdown (a) and cast (b) nanocomposite samples. 

Some samples were conditioned in an oven at 110°C for three hours. The paper 

samples were secured using glass plates and microscope slides to prevent them from 

folding in on themselves and being hard to work with. Conditioning was necessary to 

ensure all samples had equal amounts of water content, which can influence barrier and 

mechanical properties in PVA significantly [52]. After conditioning, plastic bags and 

desiccant were used to keep the water content from increasing. 

(b) (a) 
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2.2. Basic Material Characterization 

2.2.1. Thickness and Mass Testing 

 Thickness of samples was determined using a digital Starett 734 micrometer for 

both paper and cast samples. Mass testing was performed by simply cutting out large 

sections of the uncoated paper and determining a mass per square area. Through these 

tests, it was concluded that the paper was on average 0.099 mm with a standard deviation 

of 0.006 mm. The average mass per square meter was also determined as 60.997 g. 

Coated samples were then cut to appropriate areas and weighed out. The increased mass 

per area was then quantified and an estimated film thickness was determined. For the 

coated samples, this was a better estimate than simply measuring with a micrometer as 

liquid sample penetrates the paper, undershooting the actual coating thickness. Weigh 

boat samples were also measured for thickness, but mostly to determine usefulness as 

oxygen permeation samples. Those samples had an average thickness of 1.346 mm with a 

standard deviation of 0.052 mm. 

2.2.2. Polarized Optical Microscopy 

 A Leica DM 2500P polarized optical microscope was used to observe both the 

liquid samples during preparation and solid samples. Liquid samples were monitored to 

ensure aggregation was minimized throughout the lifetime of the samples. Solid samples 

were observed to monitor any potential aggregation and monitor the condition of the 

semicrystalline nature of the PVA. The paper substrate used for some samples was also 

observed, specifically areas of thinness and holes. 
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2.2.3. Fourier-Transform Infrared Spectroscopy 

 Fourier-Transform Infrared Spectroscopy (FTIR) testing was performed using a 

Thermo Scientific Nicolet iS10 using the 16-scan mode. Data was analyzed using 

Essential FTIR, locating peaks and calculating the height and integral of the OH peak 

from 3030-3700 cm-1. Samples were scanned in liquid, unconditioned, and conditioned 

form. 

2.2.4. Rheometry 

 Rheometry profiles were determined using a Discovery hybrid HR-2 rotational 

rheometer with a two-degree cone top plate. One milliliter of liquid sample was placed on 

the bottom stage of the rheometer and tested with a shear rate sweep from 0.01-1000 1/s. 

This data could be important to collect if graphene oxide or cellulose nanofibers impact 

the coating’s ability to be applied through high shear applications such as spray coating 

or spreads/sags more in low-shear applications. 

2.2.5. Absorbance 

 Absorbance of the film samples was determined using an Agilent Cary 60 UV-vis 

spectrometer. Samples for this test were drawn down with a 6-mil drawdown bar on 

glass. The samples were removed from the glass in order to have the fewest transitions 

between materials. Adding glass to the spectra introduces extra error in the final data that 

needs to be accounted for. To obtain data, a background spectrum was first taken, then 

samples were simply placed between the aperture and the detector. The wavelength range 

was from 200 to 1100 nm. Data was then output from the instrument and converted to 

absorbance. From there, the absorbance data from the background was subtracted from 

each sample’s data. 
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2.2.6. Color and Gloss Testing 

 Color and gloss testing was performed on 6-mil drawdowns on BYK black and 

white color paper. Color data was determined using a BYK Gardner Spectro-Guide 45/0 

colorimeter set to D65/10° and gloss was determined using a BYK Gardner Micro-TRI-

Gloss glossmeter set to 60 and 85°. Data was taken from the white portion of the paper in 

triplicate and any extremely low gloss values were thrown out. 

2.3. Thermal Analysis 

2.3.1. Thermal Gravimetric Analysis 

 Thermal gravimetric analysis was performed in triplicate on conditioned and 

unconditioned samples using a TA Q500 TGA instrument from 25-600°C at a ramp rate 

of 5°C/min. Average sample mass was 5 mg, prepared using offcuts from weigh boat 

samples and conditioned for three hours at 110°C. This test was run in atmospheric 

conditions, not under nitrogen. 

2.3.2. Differential Scanning Calorimetry 

 Differential scanning calorimetry was performed using conditioned samples using 

a TA Q1000 DSC instrument in atmospheric conditions. Each test was performed in 

triplicate using a heat/cool/heat cycle from   -50-275°C with a heating and cooling rate of 

10°C/min. The results from TGA helped to determine an upper bound for this test so that 

too much degradation would not interfere with the second heating cycle’s data. The 

average sample mass was 8 mg, also collected using offcuts from the weigh boat samples. 

2.4. Mechanical Testing 

 Mechanical testing was conducted using a TA Q800 DMA on a triplicate of 

unconditioned and conditioned samples. The film-tensile mount was used, and samples 
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were cut from even areas of weigh boat samples in a “dog bone” shape in order to ensure 

a failure point between the grips instead of at the grips. The dog bone dimensions were 

scaled down from ASTM D638 Type IV. Figure 12 shows the template cut and the 

dimensions used to make it. A line was marked on samples to indicate where the clamps 

would line up to ensure even holding points between tests. To run the test, a strain ramp 

of 5% per minute was used with a final strain at 500%. For paper samples, simple 3x30 

mm rectangles were cut from areas of high uniformity in from the bulk paper. 

  

Figure 12. Dimensions (a) of the dog bone template (b) used for tensile testing. 

2.5. Solvent Permeation 

2.5.1. Water Vapor Transmission 

 Water vapor transmission testing was performed using regular-mouthed 400 mL 

Ball jars. Standardized vapometers were considered, but the jars were tested for water 

and air-tightness and were deemed a suitable alternative. To set up the test, paper samples 

were cut into circles using the jar lids as a template. The cut samples were then weighed 

and labelled. The flat, metal component of the lid was then replaced by the sample, 

coated side down. Next, each jar was marked with the sample name and filled with DI 

water to approximately 200 mL and the lids were secured onto each jar. From there, each 

jar was weighed, then placed into a PH09-DA Darwin environmental chamber at 50% 

(b) (a) 
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humidity and at 23°C. The mass loss over time was determined by simply weighing out 

each jar on day two and four, then once a week for four weeks. 

 Water vapor transmission rate was determined using water loss divided by area 

and time and reported in units of g/(hour*m2) (Equation 1). 

𝑊𝑉𝑇𝑅 =  
𝑤𝑎𝑡𝑒𝑟 𝑙𝑜𝑠𝑠 𝑚𝑎𝑠𝑠

𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑎𝑟𝑒𝑎 ×  𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑
 

Equation 1. Water vapor transmission rate using average water loss, area, and time. 

Next, two vapor pressures were calculated using the 50% humidity and 25°C of 

the chamber and 100% humidity to represent the inside of the jars. To calculate 

permeability of each sample, first the Tetens equation was used to determine the 

saturation water vapor pressure (Equation 2). 

𝑃𝑠 = 0.61078 exp (
17.27(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)

(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) + 237.3
) 

Equation 2. Saturation water vapor pressure (Ps) using temperature in Celsius. 

From there, the saturation water vapor pressure was used to calculate the water 

vapor pressures at 100% and 50% humidity. For 100% humidity, the water vapor 

pressure was simply equal to the saturation pressure, and the water vapor pressure for 

50% was half. From there, permeability could be calculated using the rate acquired 

previously, an estimated film thickness, and the difference between the two calculated 

water vapor pressures (Equation 3). 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑀𝑎𝑠𝑠 × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑇𝑖𝑚𝑒 × 𝐴𝑟𝑒𝑎 × ∆𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
=

𝑊𝑉𝑇𝑅 × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

∆𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
 

Equation 3. Permeability caluclation incorportaing the water vapor tranmssion rate, 

sample thickness, and change in pressure. 
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2.5.2. Cobb Testing 

 Cobb testing was performed three times, using water for unconditioned and 

conditioned samples, and using oil for conditioned samples. A modified TAPPI T411 

Cobb testing procedure was used, making substitutions where practical. To start, 200 mL 

of DI water or 1-2-3 vegetable oil was poured into each of the jars used for water vapor 

transmission testing. The paper samples were weighed, then placed coated-side down on 

the lid and the lid was secured on the jar, carefully so as to not form creases in the 

samples. One at a time, jars were inverted for 120 seconds, then inverted again. The 

samples were quickly pulled out and dabbed with paper towels as consistently as possible 

to remove any surface moisture. The samples were then weighed again to determine the 

added mass from the absorbed water. To conserve graphene oxide (the yield from the 

Hummer’s method in a lab setting is small), the samples used were the same ones used 

for water vapor transmission testing. Additionally, each sample was used for 

unconditioned, conditioned, and oil conditioned testing, in that order. To calculate the 

Cobb value, the mass of the water absorbed was divided by the exposed area of the 

samples. 

2.5.3. Contact Angle Testing 

 Contact angle testing was performed using a RX-Trans imaging system and 

ImageJ. Pictures were generated by carefully taping a coated paper sample to the stage so 

that the camera view displayed a singular flat surface. The instrument was set to take 

pictures every second for five minutes to ensure enough data could be collected. A needle 

was then run across the focal point to ensure the camera was focused and the area of 

interest was sufficiently flat. Next, a singular drop of DI water was placed on the surface 
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of the sample and left to sit for a period of 240 seconds. Finally, the angle tool in ImageJ 

was used to analyze the exported images and determine contact angle. Figure 13 displays 

the zoomed-out image of the entire droplet after zooming in to determine the precise 

angle at the edge of the droplet. 

 

Figure 13. Determination of contact angle for water droplets using ImageJ. 

2.5.4. Water and Oil Absorption 

 Absorption of water and oil was determined by cutting samples approximately 

two and a half centimeters by three millimeters out of the cast samples, weighing, and 

placing them in one-dram vials with DI water and oil. Samples were taken out, lightly 

patted dry, and weighed at intervals of 1, 5, and 30 minutes, then 1, 3, 5, and 24 hours. A 

final mass was determined at 7 days. Conditioned samples were the only ones tested as 

their water content would be comparable to one another. 
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2.6. Oxygen Permeability 

 Oxygen permeability was determined for each sample using an OX-Tran model 

2/22 oxygen permeability tester. Samples were prepared by first locating the most 

uniform sections of the casted weigh boat samples and determining their thicknesses in a 

one-centimeter grid on the samples. A 20 mm circle was traced on the surface of the 

sample in the best section and folded or otherwise non-flat sections were trimmed. To 

adapt the samples to the instrument, aluminum tape was used to seal in the samples. First, 

the shape of the chamber midsection was cut out of a folded piece and a 20 mm punch 

was used to make a hole in the middle. Next, the wax paper protecting the adhesive was 

peeled off and the circle marked on the samples was carefully lined up with the hole. The 

samples were then pressed into the aluminum tape and the tape was folded over to encase 

the sample. Finally, a rubber mallet was used to secure the sample and to flatten out the 

perimeter of the aluminum tape (Figure 14). To prepare the chamber for the test, 

specialized oxygen barrier vacuum grease was spread across one side of the chamber and 

the samples were placed in the chamber. Finally, the chambers were loaded into the 

instrument and data was collected. 

 

Figure 14. One of each weight boat sample composition prepared for oxygen permeation 

testing. 
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2.7. Microwave Testing 

 Microwave testing was performed by first cutting a strip of paper drawdowns into 

2 x 5.5 cm rectangles. Next, samples were weighed, then rolled and placed in a 15-dram 

vial approximately two centimeters in diameter. One at a time, 6 milliliters of DI water 

was then added to the vials to cover the paper samples, then the vial was placed into the 

middle of the spinning platter of a MT5111XDQ-0 1000-watt Whirlpool microwave. The 

microwave was then turned on for 30 seconds at a time up to 120 seconds and an Etekcity 

Lasergrip 1080 infrared thermometer was used to quickly determine temperature at each 

interval. Another test was performed with the microwave, this time putting all samples in 

a ring around the middle of the platter, again with 6 mL of DI water. The microwave was 

set to half power for ten minutes, and jars were reweighed to determine the mass loss 

from boiling and evaporation. 

2.8. Bacterial Inhibition Testing 

 Bacterial inhibition testing was performed with cultures of E. Coli and S. aureus 

to represent gram-negative and positive bacteria. First, a solution of the bacteria was 

obtained by pulling bacteria from an inoculator loop and vortex mixing with DI water. 

Next, prepared agar plates were evenly spread with bacteria solutions. Small 5 mm 

squares were carefully cut from the cast samples and disinfected by dipping in 70% 

ethanol for 30 seconds. Samples were then placed apart on petri dishes and the dishes 

were then allowed to culture for 24 hours at 37°C and observed for zones of inhibition 

surrounding the samples. If an inhibition zone was observed, a ruler was used to measure 

it at its narrowest and thickest dimensions. 
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3. Results and Discussion 

3.1. Sample Preparation and Solution Properties 

3.1.1. Polarized Optical Microscopy 

 Polarized microscopy was used to ensure aggregations of GO and CNF were not 

present in both the stock solutions and final mixed sample solutions. Aggregates can be 

noticed separately from dust and dirt through visualization of crystalline formations. 

Figure 15 shows typical optical micrographs of cellulose and graphene oxide aggregates 

that indicated further sonication was required. This works for CNF and GO because the 

cellulose used was initially in microcrystalline form and GO aggregates appear in 

crystalline form. 

  

Figure 15. Cellulose (a) and GO (b) aggregations at 20x magnification. 

For the cellulose stock solution, careful observation of aggregates was performed 

as applying aggregated CNF to finished solutions would only increase the amount of time 

for which the samples needed sonication. Figure 16 illustrates optical micrographs of 

CNF solutions at the beginning and end of sonication. It can be seen that there are many 

aggregates before sonication which become invisible after sonication. This observation 

indicates that sonication is effective to exfoliate and disperse CNFs in water. 

(a) (b) 



   

 

Webb | 36 

 

  

Figure 16. Low-concentration cellulose stock solution at 5x magnification towards the 

beginning (a) and end (b) of sonication. 

 Concerning the GO stock solutions, aggregates can be eliminated much faster 

than the CNF solutions. Within 30 minutes of tip sonication, high concentration GO 

transforms from a multi-phase liquid to a singular phase as shown in Figure 17. These 

two phases are present due to the removal of the acidic supernatant and addition of fresh 

DI water. Removing aggregates takes longer but is still fairly fast. A typical liquid crystal 

texture was observed in the concentrated singular phase (Figure 17b). 

  

Figure 17. High-concentration graphene oxide stock solution at 5x magnification towards 

the beginning (a) and end (b) of sonication. 

 Dry samples were also observed, specifically for aggregates and to monitor the 

semicrystalline nature of PVA as nanomaterials were added. All samples displayed 

semicrystalline features through small crystalline spherulites and were free of visible 

(b) 

(a) (b) 

(a) 
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aggregates (Figure 18). As more nanomaterials were added to the PVA, the crystalline 

spherulites get visibly smaller and more dispersed. This is due to the increased loading of 

GO, which helps to provide more nucleation sites, which in turn decreases the size [53]. 

   

Figure 18. Unconditioned PVA (a), CNF (b), and 1% GO (c) samples at 5x magnification. 

3.1.2. Fourier-Transform Infrared Spectroscopy 

 FTIR for each sample showed mostly expected behavior. To start, liquid samples 

were analyzed using Essential FTIR v3.50.218. Unfortunately, the large presence of 

water in the samples made observing specific peaks difficult. The high water content in 

the samples is indicated by the large broad peak at 3380 cm-1, which represents O-H 

stretching. This is observed in all solution samples, and it was decided that solid samples 

would be a better indication of chemical composition (Figure 19). 

(b) (a) (c) 
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Figure 19. FTIR spectra for each composition’s solution. From top to bottom: PVA, CNF, 

1% GO, 5% GO, and 10% GO. 

The loss of water in the samples as they are left to dry and conditioned was monitored 

using FTIR. The large peak almost completely disappeared for all conditioned samples, 

indicating the water content significantly decreased during the conditioning process 

(Figure 20). This was important as it ensured other tests would have an even starting 

point. 
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Figure 20. FTIR spectra of control PVA in liquid, unconditioned, and conditioned form, 

indicating a loss in water content. 

3.1.3. Rheometry 

 The rheometry profiles of each sample were quite similar to one another. For 

everything except 10% GO, mostly Newtonian behavior was observed. For 10% GO, a 

slight shear thinning was observed (Figure 21). Overall viscosities decreased with the 

addition of low amounts of nanomaterials, but as the amount of GO increased, viscosity 

increased as well. Looking a little deeper, it can be observed that each sample is slightly 

shear thinning, as can be seen by the difference between the low and high shear rate 

viscosities (Figure 22). This was expected as polymers typically display a shear thinning 

behavior and the samples are only 4.1 wt% solid content, the rest being water [54]. 

Additionally, the difference between low and high shear seems to increase with the 
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composition of graphene oxide. This was expected as aqueous dispersions of GO are 

shear thinning [55]. 

 

Figure 21. Rheometry profiles for each liquid sample solution. 

 

Figure 22. Changes in viscosity at low and high shear rate for each sample composition. 
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3.2. Structural Characterization 

3.2.1. Fourier-Transform Infrared Spectroscopy 

Following the solution samples, characteristic peaks for PVA were confirmed 

with the unconditioned and conditioned samples as lower water content obscured many 

of the smaller peaks. Important vibration bands to note are OH stretching from 3100 to 

3400 cm-1, CH2 stretching at 2980 cm-1, and C-H bending at 1381 and 1461 cm-1. All of 

these peaks were observed in the unconditioned control PVA sample (Figure 23). 

 

Figure 23. FTIR spectrum for unconditioned dry PVA. 

Using FTIR, it can be difficult to isolate peaks for the CNF samples as the 

concentration of cellulose in the samples is not high in comparison to PVA. Additionally, 

many peaks overlap with those observed in PVA and GO. Especially between CNF and 

GO, most bonds are repeated, making analysis difficult. For CNF, the best indication of 
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its presence is an increase in the peak at 1334 cm-1 as it represents an alcohol group O-H 

bond, which does not change with water content. Additionally, the singular peak for C-O 

at 1072 cm-1 splits into two, one at 1074 cm-1, representing a primary alcohol and the 

other at 1124 cm-1, representing a secondary alcohol and an ether functional group. These 

two peaks are observable in the unconditioned CNF sample, indicating the proper 

addition of CNF to the sample (Figure 24). 

 

Figure 24. FTIR spectrum for unconditioned PVA with CNF. 

 To observe the addition of GO to the polymer samples, the best peaks to look at 

are C=O at 1763 cm-1 and C=C at 1630 and 995 cm-1. Additionally, the C-O peak at 1085 

cm-1, which represents secondary alcohol and ether groups is increased due to the higher 

concentration of those functional groups. All of these peaks are observed in the spectrum 

of the 10% GO unconditioned sample, with the exception of C=O at 1630 cm-1 (Figure 
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25). Instead, there is a wide peak at 1599 cm-1 that extends over 1630 cm-1, where if there 

were a peak, it may be obscured. 

 

Figure 25. FTIR spectrum for unconditioned dry PVA with CNF and 10% GO. 

 To observe the chemical difference between unconditioned and conditioned GO 

samples, FTIR was used on both. The only changes observed between the conditioned 

and unconditioned 10% GO samples are a decrease in the OH peak at 3200 cm-1, a 

decrease in C=O peak at 1763  cm-1, and a decrease in the C-O peak at 1085 cm-1. If 

graphene oxide was reduced significantly, the peaks indicating alcohol and ether groups 

would decrease, and double-bonded carbon-carbon bond peaks would remain. This is 

because through the reduction of graphene oxide, the nanoparticles lose some of their 

hydroxyl and carbonyl groups, forming a mostly uninterrupted graphite structure. This 

change is observed in the conditioned sample and indicates the conditioning step may 
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cause partial reduction of graphene oxide (Figure 26). It has been reported that graphene 

oxide can be reduced when heated above 100°C [56]. 

 

Figure 26. FTIR spectrum for conditioned dry PVA with CNF and 10% GO. 

3.2.2. Absorbance 

 Figure 27 shows the high absorbance of visible light for both unconditioned and 

conditioned high loading GO samples. Unconditioned samples displayed large difference 

in absorbance for all samples between around 250-900 nm, with the largest peaks being 

at approximately 350 nm. The control PVA and cellulose nanofiber samples performed 

almost identically, absorbing almost nothing over the entire range of visible light. For 

graphene oxide samples, their absorbance increased as their composition increased. These 

trends follow with how the samples appear visually, with PVA and CNF samples being 
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completely transparent and the 1, 5, and 10% GO samples progressively getting harder to 

see through.  

 

Figure 27. UV-vis spectra for each unconditioned sample composition. 

For the conditioned samples, there was again a large difference in absorption of 

samples across the entire range of visible light as shown in Figure 28. Similar to the 

unconditioned samples, the control PVA and CNF samples displayed little to no 

absorbance throughout the entire wavelength range. The graphene oxide samples did 

increase absorbance over the entire range of light, with higher GO loading further 

increasing the absorbance. This is not particularly observable in the samples themselves 

as both conditioned 5 and 10% GO samples appear the same level of black visually. The 

broadening of the absorption peak to cover the entire spectrum is indicative that graphene 

oxide has partially been converted into reduced graphene oxide during the conditioning 

treatment. 
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Figure 28. UV-vis spectra for each conditioned sample composition. 

 As there is no real difference between the absorbance from the cellulose and 

control PVA, it can be concluded that PVA and CNF will not absorb light within this 

range of wavelengths. As a calibration curve was not performed with the stock solutions, 

the magnitude of absorbance cannot be accurately used to confirm percent loadings of 

additives, but the unconditioned samples certainly seem to display the 1, 5, and 10% GO 

loadings with the absorbances of 10, 32, and 88 at their peak at 350 nm. 

3.2.3. Color and Gloss Testing 

 The color data determined using the colorimeter followed expected trends from 

visual inspection and absorbance. As samples increased in loading of graphene oxide, 

they became darker. This is observable in Figure 29, where a CIELAB L value of 100 

corresponds to white and 0 is black. This follows the observed darkening of samples after 

going through the conditioning process and the trends observed in FTIR and UV-vis, 

where graphene oxide seems to be partially reduced. 
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Figure 29. CIELAB L colorimeter data for unconditioned and conditioned samples. 

For gloss, there were some interesting trends, but also potentially a high degree of 

error. As more filler was added to the samples, in general gloss decreased. For the 85° 

gloss, the unconditioned samples follow the best trend, decreasing in gloss only when GO 

is added and drastically decreasing as the loading reaches 5 and 10 wt%. This could be 

explained by an increase in surface roughness caused by GO appearing at the surface. 

The conditioned data for 85° gloss displays PVA and CNF samples decreasing in gloss, 

while the GO samples all increased (Figure 30a). This could be attributed to the partial 

reduction of graphene oxide, leading to a shinier surface after conditioning. For the 60° 

gloss, a trend is harder to pick out, but in general GO decreases gloss in its 5 and 10% 

loadings and there is little difference between gloss for PVA, CNF, and 1% GO. As for 

the difference between unconditioned and conditioned samples, there is a slight increase 

for the PVA and CNF samples, and a larger increase for 5 and 10% GO (Figure 30b). 

This data is likely not ideal as any section that was not perfectly flat would have 

produced significant error. This is because the glossmeter relies on the flatness of the 

sample to reflect the light beam into its detector [57]. 
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Figure 30. Gloss data at 85° (a) and 60° (b) for unconditioned and conditioned samples. 

3.2.4. Contact Angle Testing 

 Contact angle testing helped a lot to understand the water Cobb test results for the 

uncoated paper samples. When the droplets were first added, it had the highest contact 

angle, indicating its initial hydrophobic nature, likely due to its roughness compared to 

the coated samples (Figure 31). As the test continues, the paper sample quickly starts 

taking in the water droplet, and by 120 seconds all of the water droplets had been 

completely absorbed into the paper. For the coated samples, CNF performed slightly 

better than the control PVA for the first two minutes, but over time performed about 

equally. Interestingly, 1% GO performed better than both 5 and 10% GO initially, until a 

crossover at approximately 45 seconds. After that, it consistently displayed worse 

performance than the higher loading samples. Finally, 5 and 10% GO had practically 

identical performances throughout the entire test, indicating a maximum hydrophobic 

threshold for GO loading, at least for this test. 
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Figure 31. Contact angle of droplets on conditioned samples versus time. 

3.3. Thermal Analysis 

3.3.1. Thermal Gravimetric Analysis 

 Figure 32 indicates two distinct steps of degradation in the control PVA, one from 

around 225 - 325°C, and another around 425 - 500°C. In typical polymeric materials, 

only one degradation step is observed, but with PVA there are two distinct steps. The first 

step between 200 - 350°C represents the degradation of side chain groups, in this case 

hydroxyl groups. The second step between 400 - 500°C represents the polymer backbone 

degrading. This two-step behavior was observed in all samples tested. 
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Figure 32. TGA mass loss versus temperature profile for control PVA. 

 The first observation with the TGA results was what percent mass remained at 

200°C. This should be well before any degradation and would only indicate the water 

loss in the samples. Figure 33 shows a slight increase in water loss from PVA to CNF, 

but a much larger increase as GO was added. This follows the observations noted during 

the conditioning steps, that the GO samples hold on to water much more than PVA. 

 

Figure 33. Percent mass at 200°C indicating water content in the samples after conditioning. 
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 The next points of interest are the first step onset and midpoint. It was observed 

that with the addition of both CNF and GO, the midpoint increased, but the onset 

decreased significantly with the addition of GO but increased with the loading (Figure 

34). This is consistent with literature as side groups bound by CNF and GO would take 

more thermal energy to degrade and eliminate [58].  

  

Figure 34. Onset temperature (a) and midpoint (b) of the first degradation step. 

Interestingly, the first degradation step had different profiles between each 

sample, significantly changing for the GO samples as seen in Figure 35. This may be 

explained by an increase in thermal conductivity of partially reduced GO, which would 

facilitate the transfer of heat to the PVA matrix, accelerating the first-step degradation 

[59]. On the other hand, ordered PVA structures can be induced through the addition of 

GO, which would increase the thermal resistance of the material, thus the degradation 

temperatures. 
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Figure 35. Overlayed TGA results displaying the difference in step profiles between each 

sample composition. 

 Next, the second onset and midpoint were observed for main-chain degradation 

(Figure 36). The overall trend appears to be that as more nanomaterials are added, the 

second degradation temperature increases. The exception to this is the results for 5 and 

10% GO with the onset, but considering the different TGA profiles of those samples, the 

onset could be still including side chains. 

  

Figure 36. Onset temperature (a) and midpoint (b) of the second degradation step. 

The percentage mass for each sample composition was recorded at 375 and 600°C 

to produce Figure 37. This displays the mass present after the first and second steps, 

where the 5 and 10% GO samples displayed that all of the extra mass present after the 
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first step was eliminated. Curiously there was a lower percent mass for the 5% GO 

sample at the end of the test, but that may be due to taring issues as values at the end 

would be the most susceptible to those sorts of issues. 

  

Figure 37. Percent mass of each sample composition at 375°C (a) and at 600°C (b). 

3.3.2. Differential Scanning Calorimetry 

 Figure 38 shows the glass transition temperature was about equal for the control 

PVA and the CNF and 1% GO samples. This was within the literature range of 76 - 80°C 

for PVA, which is so large as it depends on the percentage of hydrolyzation [60]. As the 

loading of GO increased, so did the glass transition temperature, which was due to 

hydrogen bonding restricting the movement of polymer chains [61]. As glass transition is 

the point at which a polymeric material shifts from a glassy to rubbery state, the 

mechanism behind it requires polymer chains to slide past each other as mechanical force 

is applied [62]. With the hydrogen bonds present, the polymer chains require more 

energy to obtain the freedom necessary to slide past one another. 
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Figure 38. Glass transition temperatures for each sample composition. 

 Considering the melting points of each composition, there was a lot of observed 

variation within the same samples (Figure 39a). This could have been due to different 

individual moisture content between samples as higher water content, which can change 

the melting temperature up to 10°C [63]. As for the trend, the melting temperature 

slightly decreased with the addition of CNF, and continually decreased with the increased 

loading of GO. This follows literature as the melting temperature should decrease with 

the addition of both CNF and GO due to decreased crystal sizes as loading increases. For 

the enthalpy of fusion (ΔH), the values correspond to the degree of crystallinity of the 

polymer samples. The trend observed in Figure 39b suggests that with more added 

nanomaterials, the degree of crystallinity decreases, which is exactly what was expected. 

One note is that for the 10% GO sample, degradation occurred within the upper bound of 

the first cycle, so only the first heating cycle was compared. 
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Figure 39. Melting temperatures (left) and heating enthalpy of fusion (right) for each 

sample composition. 

Finally, crystallization occurred on the cooling cycles for each sample 

composition aside from 10% GO (Figure 40). The trend for crystallization temperature 

was an increase with the addition of nanomaterials, which may be explained by the 

nanomaterials acting as nucleation sites earlier on in the cooling cycle [53]. This would 

allow for crystalline regions to develop quickly, but higher loadings of the CNF and GO 

would make large crystalline regions difficult to finish developing. The cooling enthalpy 

of fusion results produced this trend mirroring expectations exactly. As more additives 

are added, it gets harder for large crystalline regions to fully develop, which decreases the 

crystallinity of the material as a whole. 
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Figure 40. Crystallization temperatures (a) and cooling enthalpy of fusion (b) for each 

sample composition. 

 Because the test went to an upper limit of 275°C, each sample experienced slight 

side-chain degradation, a permanent change to the polymer structure. As properties such 

as melting point and degree of crystallinity change with the reduction of side chains, this 

degradation can also be observed using DSC [63]. Figure 41 displays an observable 

change in melting point and crystallinity as the samples are retested. 

  

Figure 41. Change in melting temperature (a) and degree of crystallinity (b) as samples 

thermally degrade. 
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3.4. Mechanical Testing 

 For the mechanical properties of the cast samples, overall the addition of CNF 

seemed to do little to impact the stiffness of the PVA and the GO decreased the stiffness 

for both the unconditioned and conditioned samples (Figure 42). 

  

Figure 42. Elastic modulus/stiffness for unconditioned (a) and conditioned (b) cast samples. 

 For the ultimate tensile strength, the CNF and 1% GO samples saw a massive 

increase for the unconditioned samples, but with higher loading of GO, strength 

decreased. For the conditioned samples, ultimate tensile strength decreased with the 

increase in CNF and GO loading (Figure 43). 

  

Figure 43. Ultimate tensile strengths for unconditioned (a) and conditioned (b) cast samples. 
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 Considering the elongation of samples, the trend observed seems to be that as the 

CNF and GO are added, elongation increases (Figure 44). For the unconditioned samples, 

the largest percent elongation was 1% GO at approximately 490% strain, followed by 

CNF and 10% GO, which extended approximately 210%. PVA displayed the lowest 

elongation between all samples for both unconditioned and conditioned samples but 

decreased almost four times after conditioning. Finally, the conditioned samples 

increased their elongation with loading of CNF and GO. 

  

Figure 44. Percent elongation for unconditioned (a) and conditioned (b) cast samples. 

 The only take away from the cast samples that was expected was the decrease in 

elongation and increase elastic modulus and ultimate tensile strength for most samples. 

This meant the PVA samples lost water through the conditioning step as mechanical 

properties are influenced significantly due to water content. The data observed in the 

unconditioned samples was expected to show an increase in strength and stiffness with 

the addition of CNF, but GO loading was unknown. On one hand, the interfacial force 

transfer between the GO and PVA matrix would increase these two mechanical 

properties, but higher loading of GO also meant they held onto their water for much 

longer, as observed in the synthesis of samples, and FTIR and TGA testing. The 
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decreasing in stiffness and tensile strength for conditioned samples is also likely due to 

higher water content in the higher loading of CNF and GO. 

 The paper samples displayed an opposite trend to that of the conditioned cast 

samples, instead increasing in stiffness with the higher loading of nanofiller (Figure 45). 

This indicates that paper samples may have had a better conditioning process as the 

samples themselves are much thinner. 

 

Figure 45. Elastic modulus/stiffness for each conditioned sample composition on paper. 

 The ultimate tensile data collected seems to follow a similar trend to the stiffness, 

generally increasing with the loading of CNF and GO. Interestingly, the 1 and 10% GO 

samples displayed lower strength than the CNF and 5% GO samples (Figure 46). This 

could be explained by either inconsistencies in the paper substrate or sample film as any 
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1000

1500

2000

2500

3000

3500

Paper PVA CNF 1 % GO 5 % GO 10 % GO

St
if

fn
es

s 
(M

P
a)



   

 

Webb | 60 

 

 

Figure 46. Ultimate tensile strength for each conditioned sample composition on paper. 

 Next, the elongation of the paper samples did not seem to change significantly, 

despite the stiffness and strength increases (Figure 47). This is likely due to the paper 

yielding and the low elongation of PVA at low water content. 

 

Figure 47. Percent elongation for each sample conditioned composition on paper. 

 Concerning mechanical property analysis, further work should be investigated, 

ensuring the water content of each sample is the same. 
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3.5. Solvent Permeation  

3.5.1. Water Vapor Transmission 

 Figure 48 displays the loss of water for each sample composition as a function of 

time. The trend observed is that the paper sample took several days to produce steady-

state water loss, while the coated paper samples essentially produced steady state results 

after the second day. From this data, it can be observed that each coated paper sample 

shows higher resistance than the paper control samples. The uncoated paper samples 

displayed high permeability, which was expected as paper by itself is not a good barrier 

to water vapor. The coated paper samples performed similarly to one another, but the 

CNF and 1% GO samples displayed higher water loss than the control PVA, and the 5 

and 10% GO samples displayed lowest water loss. This data is not useable in this form, 

however, as it does not account for the thickness of the coating applied on the paper. 

 

Figure 48. Average water loss for each sample composition over a period of 30 days. 
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Using the slopes of each sample composition, transmission rates were determined 

and applied to the equation for permeability. This effectively applied a normalization for 

the thickness of the sample films as everything used in the calculations for permeability is 

related to the sample area, relative humidities, and temperature of the environment. The 

uncovered samples were omitted for the purposes of clarity for the data of interest as the 

rate of water loss in the chamber was approximately 20 g/day. First, each sample 

maintained an average permeability between   2.5x10-11 -  3x10-11 g/(m⋅s⋅Pa), between 

expected literature values from 1.8x10-11 - 4.2x10-11 g/(m⋅s⋅Pa) [64]. The trend for 

permeability suggests the addition of CNF did not help decrease the transmission of 

water vapor through the samples. Additionally, 1% GO actually increased transmission 

through the sample, which was unexpected. Finally, as the loading of GO increased from 

one to five and ten percent, permeability decreased (Figure 49). This follows expected 

behavior as with a higher loading of graphene oxide, the tortuous path would be 

increased, furthering the distance water vapor needs to travel within the samples to reach 

the other side. 

Unfortunately, there was a lot of error in the data collected as is visible in the 

magnitude of the error bars (Figure 49). This may be explained by issues regarding 

sample preparation such as barely visible holes in the paper, bleed through, and/or 

variations in coating thickness. Additionally, there could be error related to the jar 

method with which this experiment was performed. 
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Figure 49. Average permeability calculated from the water vapor transmission rates. 

Following this test, the paper substrate and coated paper samples were observed 

using optical microscopy to determine the surface features of the paper itself and ensure 

proper application of the drawdown. Specific areas of interest for the paper samples were 

holes and areas of reduced thickness (Figure 50). The holes were mostly visible when 

holding the paper up to light, but were easily missed, and areas of reduced thickness were 

difficult to observe with the naked eye. For the coated samples, no holes were observed, 

but areas of reduced thickness were common. 

   

Figure 50. Easel paper substrate at 5x of two types of holes (a and b) and a thinner section 

(c). 

2.50E-11

2.55E-11

2.60E-11

2.65E-11

2.70E-11

2.75E-11

2.80E-11

2.85E-11

2.90E-11

2.95E-11

PVA CNF 1% GO 5% GO 10% GO

A
ve

ra
ge

 P
er

m
ea

b
ili

ty
 (

g/
(m

⋅s
⋅P

a)
)



   

 

Webb | 64 

 

3.5.2. Cobb Testing 

 For the unconditioned samples, the Cobb data suggests that the control PVA 

absorbed water most and the addition of CNF and GO helped to decrease the water 

absorbed (Figure 51). This was the expected behavior as PVA by itself has many 

hydroxyl groups that are open to hydrogen bond with water. As CNF is added, some of 

the hydroxyl groups are occupied, lowering the hydrophilicity of the PVA. Next, as GO 

is introduced, the higher GO-loading further occupies those hydroxyl groups, again 

lowering the hydrophilicity of the PVA. 

 

Figure 51. Cobb values representing water absorption for unconditioned paper samples. 

For the conditioned samples, a different trend was observed. In this test, the 

control PVA absorbed water the least out of all coated samples, followed by an increase 

in hydrophilicity with both CNF and GO. As the loading of GO was increased, 

hydrophilicity decreased (Figure 52).  The results may be explainable through the 

interruption of the hydrogen bonding and reduction of graphene oxide.  
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Figure 52. Cobb values representing water absorption for conditioned paper samples. 

For both unconditioned and conditioned samples, uncoated paper seemed to 

perform exceedingly well despite paper typically being fairly hydrophilic [65]. This 

might be explainable by the difference in surface roughness between the paper itself and 

the smoothness of the coated samples. A high surface roughness would allow the water to 

avoid touching the entire surface of the paper, thus preventing the paper from getting 

fully saturated in a short period of time [66]. This same effect would not stop the 

transmission of water vapor or inhibit long-term saturation. Future Cobb testing data 

should be produced at a longer interval to ensure the paper displays this behavior. 

The scale of error is again fairly large but may be accounted for in the 

methodology and/or sample imperfections. There were concerns that by reusing them, the 

conditioned samples would provide less reliable data, but one new sample of each 

composition was made, and the resulting trend was the same. 

 Finally, considering the oil testing, the uncoated paper absorbed the most, which 

was expected as oil permeates uncoated paper well despite typically being hydrophilic 

(Figure 53). Paper is good at absorbing low-viscosity fats such as cooking oils through 

30

35

40

45

50

55

60

65

70

75

Uncoated
Paper

PVA CNF 1% GO 5% GO 10% GO

C
o

b
b

 V
al

u
e 

(g
/m

2 )



   

 

Webb | 66 

 

capillary action [67].  For the coated samples, there is an increase in absorbed oil with the 

CNF, but as GO is added, the oil absorbance of the samples decreases significantly. PVA 

by itself should be [68], so it is interesting that the Cobb values for the control PVA in 

the oil test are similar to that observed in the water tests. The increase in absorption from 

PVA to CNF was unexpected but is likely due to experimental error. The decrease in 

absorption as GO loading increases is likely due to path length for the oil increasing 

following the tortuosity model. This model applies even considering the partial reduction 

in graphene oxide as the graphene sheets still modify the path solvents need to travel. 

 

Figure 53. Cobb values representing oil absorption for conditioned paper samples. 

3.5.3. Water and Oil Absorption 

 Water absorption testing revealed trends that aligned fairly well with Cobb and 
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Figure 54. Average water absorption as a function of time in the first three hours. 

 From Figure 55, it was observed that the amount of water absorbed by each 

sample decreased as GO and higher loadings of GO were added. This trend was present 

because as more CNF and GO are added, the nanomaterials occupy spots in the PVA 

matrix that could take in water due to their hydrogen bonding. 

 

Figure 55. Average water absorption for each sample composition after 24 hours. 
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 For the oil absorption test, the only real trend observable is that the control PVA 

took in much more vegetable oil than the other samples (Figure 56). This was unexpected 

as PVA has many hydroxyl groups, typically making it hydrophilic, but the trend 

observed is the opposite. It is possible PVA appears to absorb more oil when in fact the 

samples had curling issues that made patting off excess oil difficult. 

  

Figure 56. Average oil absorption as a function of time in the first three hours (a) and 

absorption at 24 hours (b). 

3.6. Oxygen Permeability 

 Unfortunately, the data collected for oxygen permeability was not fully completed 

in triplicate as there were complications with samples and high failure rates. Initially, 

coated paper samples were used with the idea that glass drawdowns would introduce 
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 For the paper sample tests, out of 35 tests, 25 resulted in a test failure and only 

four gave results that were below 8 cc/(m2*day). One data point was generated for each 

sample aside from 1% GO, which had nine tests and failed all of them. These results can 

be seen in Figure 57, and display little to no visible trend outside of possibly the addition 

of CNF and GO decreasing permeation. There is no particular trend to the samples and 

their failure rates. These results illustrate an issue with methodology, specifically the 

paper substrate used and sample preparation (Table 3). This unfortunately tracks with the 

previously observed continuity issues with the paper substrate. 

 

Figure 57. Oxygen transmission results for conditioned paper samples. 

Table 3. Oxygen permeation testing failure rate of each sample composition. 
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Control PVA 5 3 88.9% 

CNF 3 2 83.3% 

1% GO 9 0 100% 

5% GO 7 2 90% 

10% GO 1 3 80% 
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 The weigh boat samples performed much better, with an overall failure rate of 0% 

for PVA, CNF, and 1% GO, and the only issues with 5 and 10% GO being errors in 

setup. Without the thickness calculations, it can be observed that oxygen transmission 

towards the beginning of the test is much higher than as the test continues (Figure 58). 

That is because with these samples there is a level of oxygen in the chamber and inside of 

the samples that needs time to be completely removed from the system. That means the 

important data is at what transmission the data plateaus at (Figure 59), which can then be 

multiplied by thickness to determine a comparable rate. 

 

Figure 58. Oxygen transmission results without thickness calculations. 
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Figure 59. Steady-state averages for oxygen transmission rate from 65 to 85 hours. 

After accounting for sample thickness, the trend appears to be that CNF decreased 

the oxygen permeation rate and GO increased permeation (Figure 60). This was 

unexpected as the behavior expected was that CNF and GO would both decrease 

permeation through the binding of hydroxyl groups, reducing the water content, and 

increasing the tortuous path. These results could be explained by a lack of control in 

conditioning as samples were tested in the order of PVA, CNF, 1% GO, 5% GO, then 

10% GO. The desiccant used was fairly old and may not have worked properly. If that is 

the case, it would make sense that the oxygen permeation would increase the way the 

results indicate. Another way this test could have given bad results is if the conditioning 

step itself was not long enough or the humidity within the furnace was particularly high. 

From the water mass loss test, it was observed that the samples with higher loadings of 

GO held onto water for longer than the control. Unfortunately, triplicate results were not 

obtainable for these tests due to a lack of time, which could also be a source of error. 

Future work will need to be done in this area to ensure the quality of the data obtained. 
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Figure 60. Oxygen permeation rates for conditioned samples accounting for sample 

thickness. 

3.7. Microwave Testing 

 Figure 61 displays the increase in water temperature throughout the 15-second 

test in the microwave. By 15 seconds, 10% GO boiled over, while the control PVA, CNF, 

and 1% GO were only at 80°C. 5% GO also showed a significant increase in temperature 

over the other samples, finishing at 90°C. These results clearly indicate the microwave 

absorption in higher loading GO samples through higher water temperatures. While 

graphene is a good absorber of microwaves, typically graphene oxide is not due to 

functional groups. Following the observations of the other tests, it is indicated here that 

the graphene oxide has been partially reduced, increasing microwave absorption. 

Additional non-conditioned samples should be analyzed in future work to ensure this is 

the cause of these results. 
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Figure 61. Sample temperatures using the microwave at full power for 15 seconds. 

 For the lower power test, Table 4 demonstrates that the only samples that boiled 

over and lost water were 5 and 10% GO over the entire 10-minute period. The 1% GO 

sample appeared to start boiling around a minute after 5% GO, but not violent enough to 

go over the sides of the vial or lose mass substantial enough to measure. The uncoated 

paper, PVA, and CNF samples were not observed as boiling throughout the entire test. 

These results again indicated the microwave absorption of rGO, this time with more 

extreme results. 

Table 4. Water loss from boiling over 10 minutes at 10% microwave power. 

Sample Composition Water Loss (g) 

PVA 0.0 

CNF 0.0 

1% GO 0.0 

5% GO 3.2 

10% GO 5.5 

 These observations were expected as graphene oxide is a modified version of 

graphene, which is highly thermally conductive, has high surface area, and dissipates 

electromagnetic energy extremely well [69]. Graphene oxide would be expected to 
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perform worse in terms of conductivity and energy dissipation. This is because oxidation 

level is inversely proportional to thermal conductivity due to the negative impact of 

hydroxyl and carbonyl groups on phonon-defect scattering (Figure 62) [59]. Because of 

this, graphene can have over thirty times the thermal conductivity of graphene oxide. 

Through the partial reduction of graphene oxide, the thermal conductivity should have 

increased as the fewer oxygen containing functional groups have less of a negative 

impact on thermal conductivity. 

 

Figure 62. Thermal conductivity versus oxidation level of graphene oxide at various lengths 

[59]. 

3.8. Bacterial Inhibition 

 For the bacterial testing, no observable areas of inhibition were found for any of 

the samples tested (Figure 63). This is likely the case as despite GO and rGO having 

antibacterial properties, this test relies on diffusion of antibacterial agents out from the 

solid samples and onto the plate [70], [71]. It’s likely that there simply was not enough 

moisture between the samples and the agar to facilitate enough diffusion to provide 

visible antibacterial zones. Further work should be performed to investigate the true 

antibacterial properties of the produced films. 
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Figure 63. Final E. Coli (a) and S. aureus (b) petri dishes. 

 

4. Conclusion 

Food packaging has an industry-wide waste problem relating to packaging 

materials outliving their intended purpose by hundreds of years. With that being the case, 

plastic is by far the most commercially viable material in most cases due to its ease of 

manufacture, cost, and associated mechanical and barrier properties. This project focused 

on the synthesis of PVA/CNF/GO nanocomposites and the associated changes in color, 

barrier, mechanical, thermal, microwave, and antibacterial properties. The main 

observations present were an overall increase in barrier properties through the increase in 

hydrophobicity, reduction in water absorption, and decrease in oxygen permeability. 

Additionally, the reduction of graphene oxide was observed in both the conditioning and 

evaluation stages through visual confirmation, color, gloss, FTIR, and microwave 

analysis. Results for rheometry suggested that the shear thinning behavior expected with 

polymers was only slightly present due to the high water content of the liquid samples, 

and a significant shear-thinning behavior was observed with the 10% GO loading. 
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Absorbance testing using visible light indicated the reduction of graphene oxide due to 

conditioning through the widening of absorption bands. Color and gloss results indicated 

this change in reduction of graphene oxide through darkening of samples and increase in 

gloss. Contact angle testing displayed a reduction in hydrophilicity of PVA. Thermal 

gravimetric analysis observed an overall increase in degradation temperatures for both 

side-chain and backbone degradation. For differential scanning calorimetry testing, it was 

observed that glass transition and recrystallization temperatures increased while melting 

temperature and crystallinity decreased with the addition of higher loadings of GO. 

Mechanical properties were not observed as increasing with the addition of nanomaterials 

for cast samples, which may be a result of experimental conditions, however coated paper 

samples saw an approximate 50% increase in stiffness and 30% increase in ultimate 

tensile strength with high loading of GO when compared to the control PVA. Water 

vapor permeability was observed as decreasing with increasing loading of GO. For Cobb 

testing, water absorption displayed an increase with the introduction of CNF and GO for 

unconditioned samples, but the conditioned samples saw an increase. Oil Cobb results 

also displayed an overall decrease in absorption with the increased loading of GO. Water 

absorption testing displayed a clear decrease in absorption with higher loading of GO, 

almost up to a twofold reduction. Oxygen permeation results saw a large amount of error 

but displayed a reduction in permeability with the addition of CNF and GO. For 

microwave testing, it was observed that the GO had partially reduced from the 

conditioning process due to the microwave absorption properties of reduced GO. Finally, 

bacterial testing results were inconclusive as diffusion of GO was not possible with the 

methodology employed. Future work in mechanical, antibacterial, and electrical 
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properties of these compositions of nanocomposite would benefit the future of food 

packaging as a whole. 

5. Future Work 

 The most important work that should be continued is degradation testing. 

Knowing how and when a specific composition of nanocomposite will degrade would be 

extremely useful in any deployment of PVA as a food packaging material. As PVA 

typically degrades through hydrolysis and bacterial means, environmental and biological 

degradation testing would be the most relevant. Some examples of this include 

accelerated weathering, dirt degradation, marine degradation, and bacterial and mycelial 

testing. 

 Another concept for future experimentation is exploring other forms of 

conditioning for the same sample compositions. Examples could include longer 

conditioning times at a lower temperature or using desiccation. This would allow for 

direct comparisons between samples containing graphene oxide and reduced graphene 

oxide or even comparisons between different levels of oxidation in the GO. 

 Next, an interesting idea for future work would be the incorporation of 

antibacterial and antifungal agents into the compositions of the nanocomposites. The 

liquid samples needed to be kept in a refrigerator as there was a threat of mold and 

microbial growth if samples were kept for too long at room temperature. To keep with the 

concept of degradable and renewable components, renewable additives such as citric acid 

or phytochemicals such as garlic juice (chemicals of plant origin) could be directly 

compared to common industry additives currently employed [72]–[74]. 
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 Next, food-safe nanomaterials such as chitin, chitosan, nanoclays, fullerenes, 

carbon nanodots, etc. and different matrix materials such as polylactic acid (PLA) could 

be observed in conjunction with cellulose nanofibers and graphene oxide for different 

interactions and property modifications. It may also be a good idea to switch from the 

somewhat irregular easel paper to a more uniform uncoated paper substrate. Additionally, 

FTIR or another chemical characterization method should be used to determine any 

additives in the paper. 

 To improve and support some of the conclusions made in this project, additional 

work following may include UV-vis testing with quartz slides and drawdown bars as that 

would ensure an even thickness between samples. Additionally, a control test performed 

with official water vapor vapometers would be good to ensure the results using the Ball 

jars are repeatable. In this vein, a longer Cobb test would be excellent for the uncoated 

paper samples specifically to ensure that the initial hydrophobic behavior is not long-

lasting. 

 Finally, additional tests regarding electrical properties such as using a four-point 

probe would be good for the characterization of the nanocomposites. This could be useful 

for these types of nanocomposites to determine oxidization level of the graphene oxide or 

for application of CNF and GO in other fields aside from food packaging. 
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