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ABSTRACT 

DEVELOPMENT OF MULTILAYER PLA/GRAPHENE NANOCOMPOSITES WITH HIGH OXYGEN 
BARRIER PROPERTIES 

By 

Xinyi Wang 

Poly(lactic acid) (PLA) films were coated with chitosan and chitosan-graphene (chitGRH) layers. 

To prepare the coating layers, first, graphite was added directly into chitosan acid solution. After 

30 min of ultrasonication, graphene layers in graphite were dispersed evenly in the solution due 

to the similar surface energies between chitosan and graphene. Chitosan acid solution was also 

ultrasonicated for 30 min. Before coating, PLA films were treated with oxygen plasma at 300 Watt 

for 10 min on both sides to enable evenly coating of chitosan solution distribution on PLA’s 

surface. Then, a roll coating machine was used to apply 3 or 10 layers of chitosan or chitGRH 

solution on each side of the PLA films. Thicknesses of the coating layers were determined by a 

scanning electron microscope. Thermal gravimetric analysis and differential scanning calorimetry 

studies showed that the coating layers did not affect PLA’s bulk properties (i.e., glass transition 

and melting temperatures, and crystallinity). Oxygen permeability (OP) tests were conducted at 

23˚C and 0, 30, 60, and 90% relative humidity (RH). Oxygen plasma treatment did not affect the 

OP of the coated PLA films. The addition of both chitosan and chitGRH layers reduced the OP of 

PLA films by three order of magnitude at 0% RH. The effectiveness of chitosan on reducing the 

OP of the multilayer structure depended on the test RH due to chitosan hydrophilicity. ChitGRH 

was more effective to reduce OP at 60% RH. The development of PLA- chitGRH multilayer films 

open the possibility of producing compostable high oxygen barrier multilayer films. 
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1. INTRODUCTION 

1.1 Background and Motivation 

Plastics are wildly being used everywhere in people’s lives since they are lightweight, cheap, 

versatile, and mass producible [1]. Rochman et al. estimated that the amount of plastic produced 

by 2050 will be 33 billion tonnes [2]. In 2015 in the U.S., among the total of 34.5 millions of tons 

plastic generated in municipal solid waste (MSW), only 9.1% was recycled [3]. These facts, as well 

as the immense use of petrobased plastics such as polyolefins, poly(ethylene terephthalate), and 

nylon, urged researchers to study their effects on the environment [2] and search for substitutes 

of these plastics.  

Carbon is the main building block of all plastics. After disposal, they are producers of CO2 

emissions. So, reducing CO2 emissions due to the use and disposal of fossil plastics is crucial to 

slow down climate change. Biobased plastics have gaining attention from researchers due to their 

low carbon footprint value since the amount of CO2 that biobased plastics emitted during their 

end of life (e.g., decomposition or incineration) is equal to the amount of carbon that they 

absorbed during the growing of the biobased resources [1].  

Among the many biobased and biodegradable plastics, poly(lactic acid) (PLA) has been 

extensively studied so far [4]. Some of the advantages that PLA provides are: 1) PLA is derived 

from renewable sources including corn and sugar canes [5]; 2) PLA can be mass produced [4]; 3) 

PLA has comparable mechanical properties, heat sealing properties, as well as CO2 and O2 barrier 

properties as PS [6]. PLA has been extensively studied in the area of food packaging materials 
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[7,8], sustainable barrier applications [9,10], and medicine [11,12]. The U.S. Food and Drug 

Administration has already approved PLA to be used as food packaging material [13].  

Oxygen barrier property is important for food packaging materials and applications since 

food spoilage can readily happen due to the reaction between oxygen and food [14]. Reactions 

between lipids and oxygen can drastically influence the flavor of food products, shorten their 

shelf life, and produced aldehydes and derivatives that are toxic to human bodies [14,15]. Oxygen 

permeability (OP) is the main parameter used to describe the permeation of oxygen molecules 

through packaging materials from one side to another side. OP of a material depends on several 

factors including the amount of oxygen molecules permeated per unit time, area that permeation 

occurred, thickness of the membrane, oxygen partial pressure at two sides of the material [4], 

composition of the membrane [16], morphological structure of the membrane, and oxygen 

barrier testing conditions [17]. An OP that is smaller than 5 x 10-20 kg m m-2 s-1 Pa-1 for films with 

a thickness of 20 µm at 23˚C and 1 atm is considered high oxygen barrier for packaging materials 

[18]. OP of pure PLA films at 5-58˚C are aggregated around 0.5 ± 0.7 x 10-17 kg m m-2 s-1 Pa-1 [4–

6,8,19–23]. Thus, researchers have worked on improving PLA’s oxygen barrier property. Among 

all the methods, coating technique stands out due to the precision on thickness control [24], and 

the protection that coating layers provide to the substrate films.  

Graphene has attracted a lot attention in the last decade due to its extraordinary 

properties, including Young’s modulus (1,100 GPa), fracture strength (125 GPa), and electrical 

conductivity (1,000 S cm-1) [25]. Graphene and graphene-containing materials are strong oxygen 

barrier material due to: 1) graphene flakes can add tortuosity for oxygen molecules to diffuse 

during permeation; and 2) the lattice constant of graphene (0.245 nm) [26] is smaller than the 
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kinetic diameter of the oxygen molecules (0.346 nm) [27]. However, the high specific surface area 

(2,630 m2 g-1) of graphene [25] causes it to aggregate when added to hydrophobic materials. 

Chitosan has been shown to enhance the dispersion of graphene in materials and solvents [28,29]. 

Graphene can be well dispersed in chitosan acid aqueous solution after ultrasonication [28]. The 

dispersed chitosan graphene can be introduced into PLA and improve its oxygen permeability 

since OPs of pure chitosan films (10-25˚C, 0-75% RH) range from 0.7 x 10-20 to 56 x 10-20 kg m m-

2 s-1 Pa-1 [30–35]. Chitosan is an abundant natural resource from shells of crustaceans [36]. 

PLA is a good candidate of food packaging materials; however, it has lower OP. Chitosan 

and graphene can reduce oxygen molecules permeation. The use of PLA and graphene dispersed 

in chitosan can open the doors to the exploration of new materials, allowing researchers to fill 

the knowledge gap of the oxygen permeation mechanism of chitosan-graphene coated on PLA. 

1.2 Overall Goal and Objectives 

The overall goal of this thesis is to understand how chitosan-graphene coating affects oxygen 

barrier properties of PLA films over a wide range of relative humidity. The specific objectives are: 

1) To develop an effective way to apply chitosan-graphene coating on PLA films. 

2) To create multilayer chitosan-graphene coating layers on PLA films. 

3) To understand the effect of adding the coating layers on the thermal properties of PLA 

films. 

4) To understand the effect of the coating layers and compositions on the oxygen 

permeability of PLA and PLA coated films at different temperatures and relative humidity. 
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2. LITERATURE REVIEW 

This literature review starts with the characterization of oxygen barrier properties for food 

packaging applications, following by an introduction of mass transfer, production, properties, and 

applications of PLA, chitosan, and graphene. Multilayer coating technique is explained. Finally, 

the current and relevant research about chitosan and graphene coating is discussed.  

 

2.1 Oxygen Permeability 

2.1.1 Food Packaging 

Packaging serves multiple functions, such as protection, preservation, transportation, 

presentation, and communication. The integrity of food packaging is essential since it protects 

the product inside from ambient conditions and helps to deliver high quality products to the 

consumers. Food deteriorates when it lost its quality and safety [1]. The reaction between oxygen 

and food compounds can easily diminish food quality [1–3]. For example, lipid oxidation is one 

of the main reasons of food deterioration affecting flavor and shortening the shelf life as well as 

generating deleterious aldehydes and derivatives [1,4]. Thus, it is important to decrease the 

oxygen permeability (OP) of food packaging materials under various environment to preserve 

and to extend the quality of oxygen sensitive food products. 

2.1.2 Principle of Permeation 

Permeation is the process when a component (the permeant) is transported through a solid 

medium from a high permeant concentration fluid phase to a low permeant concentration fluid 

phase [5]. Permeability is identified as the main parameter describing permeation. In general, a 
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large value of permeability means that the solid material has small resistance to the 

transportation of permeants, and vice versa. In this thesis, the solid material refers to a polymer 

or polymer-based membrane. According to Ghosal and Freeman [6], permeation of a permeant 

molecule through a polymer membrane consists of three main steps: ad/absorption, diffusion, 

and desorption. Permeation can be expressed as: 

 𝑃 = 𝐷 × 𝑆 (2-1) 

where P is the permeability, D is the diffusion coefficient, and S is the solubility coefficient, and 

when the diffusion process can be described as the Fick’s first law and the sorption process 

follows Henry’s law. Functionally, P quantifies permeation at steady state, D describes how fast 

permeant molecules are moving in a membrane, and S represents how much permeant 

molecules are sorbed on the surface and bulk of the membrane. 

Permeation can also be expressed as: 

 𝐹 =
𝑄

𝑡 × 𝐴 (2-2) 

where F is the flux of permeant, Q is the amount of permeant, t is the permeation time, and A is 

the area that permeation occurred. 

Fick’s 1st Law is based on the hypothesis that “the rate of transfer of a diffusing substance 

through unit area of a section is proportional to the concentration gradient measured normal to 

the section” [7], as expressed by the following equation: 

 𝐹 = −𝐷
𝑑𝑐
𝑑𝑥 (2-3) 
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where c is the concentration of the permeant, and x is the space or distance measured normal to 

the section.  

At steady state of permeation, the concentration gradient remains constant at all 

positions throughout the film. Figure 2-1 shows the permeation through a membrane at steady 

state, where: 

 
𝑐 − 𝑐.
𝑐/ − 𝑐.

=
𝑥
𝐿 (2-4) 

which represents the linear concentration profile of permeant through a membrane. c represents 

permeant concentration, c1 is the concentration at high concentration side, and c2 is the 

concentration at low concentration side. 

 

Figure 2-1. Steady state of permeation through a membrane. 

If equation 2-4 is replaced in equation 2-3, the following expression can be obtained: 

 𝐹 = 𝐷
𝑐. − 𝑐/
𝐿  (2-5) 

The Henry’s Law can be applied when the permeant pressure is low (<<1 atm) and no 

chemically interaction between the permeant and polymer membrane occurs. Equation 2-6 

represents this relationship as:  
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 𝑐 = 𝑆𝑝 (2-6) 

where p is the permeant partial pressure at the interphase. Rearranging equations 2-2, 2-5, and 

2-6, the permeation can be expressed as: 

 𝑃 =
𝑄 × 𝐿

𝑡 × 𝐴 × (𝑝. − 𝑝/)
 (2-7) 

where p1 and p2 are permeant partial pressure at two sides of the material (p1 > p2), Q is the 

amount of permeant, L is distance that permeation happens, t is the permeation time, and A is 

the area that permeation occurred. 

2.1.3 Factors affecting permeation 

According to equation 2-7, OP depends on the amount of oxygen permeated, thickness of the 

membrane, permeation time, area that permeation occurred, and oxygen partial pressure at 

both sides of the membrane. Other than these, OP is also dependent on the composition of the 

membrane, e.g., tortuosity [8]. For example, a 0.031 mm high density polyethylene membrane 

has a high OP of 1.5 x 10-14 kg m m-2 s-1 Pa-1 at 25˚C, 75% RH due to the low resistance to the 

passage of oxygen [2]. Also, relative humidity can affect OP considerably for water-sensitive 

polymers such as ethylene-vinyl alcohol [9]. OPs of several polymer films were found to increase 

significantly at 25˚C with an increase of the relative humidity from 75 to 98%. For example, 

EVA/polyvinylidene chloride (PVDC)/EVA had a 6% increase, nylon/ionomer/polyethylene 

increased for 136%, and PVDC/EVA had an increase of 100% [2]. The commonly agreed 

explanation of this phenomenon is that water molecules act as “plasticizer” making paths for 

oxygen molecules to easily move through the membranes [9]. According to the Arrhenius 

relationship (as shown in equation 2-8), polymers OP is affected by temperature  
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 𝑃 = 𝑃4exp	(−
𝐸:
𝑅𝑇) 

(2-8) 

where P0 is the pre-exponential factors for P, Ep is the activation energy of permeation, R is the 

universal gas constant, and T is the temperature. Netramai et al. compared the activation energy 

of poly (ethylene terephthalate) - PET - and poly (lactic acid) films and found that a higher 

activation energy for PLA indicating more temperature dependence during mass transfer. OP of 

PLA film (Ep = 129 ± 2 kJ mol -1) increased 165% from 23˚C to 40˚C, while OP of PET (Ep = 51 ± 4 kJ 

mol -1) only increased 21% [10].  

 

2.2 Poly(lactic acid) 

2.2.1 Introduction 

PLA is derived from lactic acid (2-hydroxy propionic acid) [11,12], as shown in Figure 2-2. PLA is a 

biobased polymer since it is produced from renewable plant resources, such as corn and sugar 

cane [5,11] and it is biodegradable and compostable in industrial facilities due to the presence of 

a hydrolysable ester bond in the constitutional unit. Among all renewable packaging materials, 

PLA has the highest potential to be adapted for commercial productions [13]. PLA has been 

widely studied in medicine [14,15], food packaging materials [16,17], and sustainable barrier 

applications [18,19]. PLA  has already been approved for using as packaging materials by the U.S. 

Food and Drug Administration [20]. 
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Figure 2-2. Synthesis of high molecular weight (MW) PLA, adapted from [11]. 

2.2.2 Oxygen Barrier 

As mentioned in Section 2.1.3, the OP is affected by the nature of the PLA as well as external 

factors. Commercial PLA are fabricated from L-lactide and D,L-lactide [11,12], while the final 

percentage of D-lactic acid is always lower than 12% [5]. Sonchaeng et al. suggested a three-

phase model in semicrystalline PLA including (1) a crystalline fraction (CF); (2) a mobile 

amorphous fraction (MAF); and (3) a rigid amorphous fraction (RAF) [5]. The relation between 

the tentative crystalline structures of PLA and amount of D-lactide below the glass transition 

temperature (Tg) is shown in Table 2-1. A decrease in melting temperature and glass transition 

temperature was observed with an increasing amount of D-lactide [5]. Additionally, increasing 

amount of D-lactide disrupted the regular L-lactide structure translating into a decrease in 

crystallinity. Since crystalline domains in PLA will hinder oxygen molecules to diffuse [21], 
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increasing the amount of D-lactide will increase the OP value. Thus, knowing the composition of 

PLA helps understand the oxygen transfer mechanism.  

Table 2-1. Tentative PLA crystalline structures below Tg, adapted from [5]. 

Amount of D-lactide Structure Possible crystallinity model 

8-12% MAF One phase 

2-8% MAF, RAF, and CF Three-phase 

<1% MAF, RAF, and CF Three-phase 

 

Table 2-2 shows the OP of PLA and some other commonly used packaging materials under 

different temperatures and RH conditions. OP value of PLA varies from 1.21 x 10-18 to 5.35 x 10-

18 kg m m-2 s-1 Pa-1 when testing temperature is around 23 to 25˚C. However, there is no trend 

showing any correlation between % RH and OP value. This was also explained by Sonchaeng et 

al. that OP of PLA is not affected by a short-term exposure to moisture [5].  

Table 2-2. Oxygen permeability of PLA and other common packaging materials under various 

temperatures and RH conditions. 

Temperature RH 
Polymer 

P x 10-20 

Ref. 
 % kg m m-2 s-1 Pa-1 

5 0 PLA (98% L-lactide) 350 [12] 

23-25 

0 

PLA 233 [22] 

PLA 199 [5] 

PLA 535 ± 79 [23] 

PLA 484 ± 52 [24] 

20 PLA 270 [25] 

50 
PLA 255 [25] 

PLA 258 [26] 
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Table 2-2 (cont’d) 

 
70 

PLA (4030-D resin) 121 ± 7 [27] 

PLA (4040-D resin) 139 ± 14 [27] 

80 PLA 238 ± 7 [17] 

30 

70 

PLA (4030-D resin) 169 ± 9 

[27] 

PLA (4040-D resin) 159 ± 13 

35 
PLA (4030-D resin) 246 ± 9 

PLA (4040-D resin) 197 ± 14 

40 
PLA (4030-D resin) 288 ± 11 

PLA (4040-D resin) 231 ± 15 

45 
PLA (4030-D resin) 354 ± 14 

PLA (4040-D resin) 293 ± 22 

23-25 

0 

Poly (ethylene terephthalate) (PET) 29 

[28] 
Poly (vinylidene chloride) (PVDC) 0.5 

Polypropylene (PP) 647 

Nylon 6,6 18 

50 

Poly (vinyl alcohol) 0.3 

[29] Ethylene vinyl alcohol 0.5 

High-density polyethylene 651 

80 

PET 29 

[28] 
PVDC 0.5 

PP 647 

Nylon 6,6 88 

 

Auras et al. studied the oxygen barrier properties of PLA films made from two resins at 70% RH 

under different temperatures (25, 30, 35, 40, 45˚C). The results are shown in Table 2-2 and 
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plotted in Figure 2-3. As described by the Arrhenius equation (equation 2-8), increasing 

temperature leads to an increase in OP value.  

 

Figure 2-3. Arrhenius plot of OP at 70% RH, adapted from [27]. 

2.2.3 Surface Modification 

Due to the increasing potential of PLA in packaging applications, surface hydrophilicity is required 

for certain applications such as printing and adhesion [30]. From Figure 2-2, high molecular 

weight PLA consists of ester and methyl groups. Methyl group is non-polar since the bond dipoles 

in carbon-hydrogen bonds are all cancelled out [31], while the ester group is polar which can 

participate in hydrogen bonds with water [32]. Thus, even though PLA is susceptible to hydrolysis 

[5], its intrinsical surface hydrophobicity needs to be decreased for surface functionalization and 

novel packaging and material applications [30]. 
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Among the different kinds of physical or chemical surface modification methods, plasma 

treatment is environmentally friendly as well as only treating the most surface of a substrate 

without affecting the bulk characteristics of a polymer [30,33]. Surface activation and surface 

abrasion are two major plasma acting mechanisms. Surface activation means that the species 

created during plasma are replaced or recombined with the substrate polymer and then form 

new functional groups. Surface abrasion caused by surface micro-abrasion are produced on the 

polymer surface when oxygen plasma is used [30]. Chaiwong et al. found an increasing 

hydrophobicity of PLA film after an Ar plasma treatment at 25 W and 100 mTorr. The water 

contact angle increased from 60.4˚ to 101.3˚ after the treatment, which was due to the attached 

polar groups decreasing the surface energy of PLA, and thus increased water contact angle [34]. 

Hollahan et al. claimed that oxygen or helium plasma treatment can improve adhesion and 

wettability of various polymers, such as polyethylene and Teflon [33]. Wan et al. observed a 

decreasing water contact angle from 78˚ to 45˚ after 2-min oxygen plasma treatment at an 

electrical power of 13.56 Hz on poly(lactide-co-glycolide) films [35]. Pankaj et al. studied OTRs of 

PLA film before and after dielectric barrier discharge (70 and 80 kV, 0.5, 1.5, 2.5, and 3.5 min) 

while no significant difference was found for all voltage and time [36]. 

2.2.4 PLA Coated Films 

Many studies reported improved gas barrier properties of PLA film with coatings 

[16,22,25,26,37–39]. Coating techniques enable researchers to precisely control film structure 

and thickness [39] and provide a good protection to the substrate. Figure 2-4 shows recent 

studies on effects of coating on PLA film OP values. Test conditions fall into the range of 23-25˚C 

and 0-50% RH. The number of coating layers varies between 1 to 70, depending on the different 
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coating materials. The efficiency of coating on the PLA substrate film on oxygen barrier property 

improvement is clearly shown by the reduction of OP. 

 

 

Figure 2-4. Effects of coating on PLA film on OP value. References: a [16], b [22], c [25], d [39], e 

[26], f [38]. The numbers on bottom of the bar are P x 10-20 kg m m-2 s-1 Pa-1 of pure PLA film 

used in corresponding experiments except in reference a (P of PLA-PLA film). Number in PLA 
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multilayer coating names are numbers of coating been applied in corresponding experiments. 

Abbreviations: GO = graphene oxide, rGO = reduced graphene oxide, MMT = montmorillonite, 

polyGalA = pectin (polygalacturonic acid), NFC d = cationic cellulose nanofiber, PEI = 

polyethyleneimine, NFC e = polyethyleneimine, CMC = carboxymethyl cellulose, ALG = sodium 

alginate, N/A = not available. 

 

2.3 Graphene 

2.3.1 Introduction 

Graphene is a single layer of sp2-hybridized carbon atoms packed into a honeycomb network. 

Figure 2-5 shows the basic structural element of graphene. Single layer graphene forms into 0D 

fullerenes by wrapping, 1D nanotubes by rolling, and 3D graphite by stacking [40]. The carbon-

carbon bond length is 0.142 nm [41], thus the lattice is calculated as 0.245 nm by: 

 Lattice	constant = √3 × 0.142	𝑛𝑚 = 0.245	𝑛𝑚 (2-9) 
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Figure 2-5. Illustration of graphene structure, adapted from [40]. 

 

Graphene has a high Young’s modulus of approximately 1,100 GPa, a fracture strength of 125 

GPa, a theoretical specific surface area of 2,630 m2 g-1, and an electrical conductivity of 1,000 S 

cm-1 [42]. 

2.3.2 Production 

Many methods have been developed to synthesize graphene, including chemical vapor 

deposition [43,44], mechanical exfoliation of graphite [45], micromechanical cleavage [46], liquid 

phase exfoliation[47], oxidation from graphene oxide [48], etc. Among them, the reduction of 

graphene oxide from graphite is the easiest and most common way to exfoliate graphite in a lab-

scale [49]. However, due to the disadvantage of being low-yielding and expensive with the usage 

Lattice constant: 0.245 nm Carbon-carbon bond length: 0.142 nm 
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of strong acid and alkaline, some researchers explored new ways to exfoliate graphene from 

graphite with less defects and environmental issues [50,51]. Lotya et al. obtained graphene flakes 

of <5 layers, among which ~3% of flakes consisted of monolayers, at an efficiency of 40% by 

ultrasonicating graphite in sodium dodecylbenzene sulfonate water solution for 30 min. 

Graphene flakes stayed stable without sediment for approximately 6 weeks [50]. Unalan et al. 

ultrasonicated graphite with chitosan solution for 30 min and achieved a yield of graphene of 5.5 

mg mL-1, during which ~8.5 wt% of chitosan was adsorbed on the graphene surface. This is due 

to the fact that the surface free energy of chitosan, after ultrasonication (~47 mJ m-2), is very 

close to that of graphene (46.7 mJ m-2). This indicates that single graphene layers are likely to 

aggregate with chitosan components [51]. 

2.3.3 Oxygen Barrier Improvement 

Multiple studies showed that laminar nanomaterials can improve gas barrier properties when 

being coated on or incorporated into polymer [42,52–57]. For graphene, such a layer structure 

can make the path for gas molecules more tortuous [17]. An oxygen molecule has a kinetic 

diameter of 0.346 nm [58], which is larger than the lattice constant of graphene (0.245 nm) 

discussed in Section 2.3.1. This indicates that a perfect graphene layer should be able to 

significantly improve oxygen barrier property once it is incorporated in a polymer or in a polymer 

coating layer in the perpendicular direction of the oxygen flow. However, since graphene tends 

to aggregate due to its high specific surface area, effective dispersion and orientation of graphene 

is crucial to achieve high oxygen barrier [55].  

Evenly dispersing a small amount of nano-scale inorganic phase in a polymer matrix can 

significantly improve gas barrier properties of the substrate [17,59]. Another common method is 
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to form a uniform coating with an inorganic phase to maximize the blocking effect, and thus 

improve barrier properties of the polymer [54]. Figure 2-6 shows the changes in polymer OP with 

addition of graphene [17,54,57,60,61]. Test temperature varied from 23 to 35˚C and relative 

humidity ranged from 0% to 80%. The increase in OP with addition of graphene varied from -44.2% 

to 492% when it was added into the polymer matrix, while -99.9% to -82.7% when graphene was 

incorporated into the coating layer(s). Here a negative % change means a decrease in OP, 

indicating an improvement in oxygen barrier, and vice versa. It shows that applying coating with 

graphene tends to decrease OP more than incorporating graphene into matrix. These data 

supported Pierleoni et al.’s statement that more aggregation of graphene sheets takes place and 

thus the filler aspect ratio decreases significantly in the polymer phase, leading to an inefficient 

usage of graphene [54]. 
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Figure 2-6. Effects of graphene on OP value. References: a [60], b [17], c [54], d [57], e [61].The 

numbers on top of the bar are P x 10-20 kg m m-2 s-1 Pa-1 of polymer film without graphene used 

in corresponding experiments. Abbreviations: GRH = graphene, OLLA = lactic acid oligomers, 

PET = polyethylene terephthalate, PP = polypropylene, PVC = poly (vinyl chloride), EP = epoxy, 

SAT = salinized aniline trimer. Positive change means increasing OP and negative change means 

reduction of OP. 
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2.4 Chitosan 

2.4.1 Introduction 

Chitosan is an abundant and naturally-occuring polysaccharide derived from deacetylation of 

chitin, which is extracted from shells of crustaceans such as crab and shrimp [62–65]. It has 

received raising attention as packaging materials due to its biocompatibility, biodegradability[65], 

water solubility [66], and film-forming ability [67]. As aforementioned, chitosan has good 

biocompatibility and biodegradability, which make it a potential food packaging material for 

products such as fruits, vegetable and meat [81]. 

2.4.2 Production 

Chitin is obtained by conducting acid treatment and alkaline treatment to crustaceans. Then 

partial deacetylation is done on chitin to get chitosan [68]. Brief illustration of extraction of chitin 

and production of chitosan is shown in Figure 2-7. 
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Figure 2-7. Extraction of chitin and fabrication of chitosan, adapted from [68]. 
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2.4.3 Properties 

Chitosan is widely being used as an antimicrobial agent due to its high chelating capacity for metal 

ions such as Cu2+, Ni2+, Co2+, Fe2+, etc. [69]. Such chelation can take place in both acid [70] and 

neutral conditions [71]. 

As shown in Figure 2-7, the presence of functional groups including hydroxyl and amino 

groups in chitosan allows for structural modifications [72]. The free amino groups provide a 

positive charge to chitosan and make it soluble in acidic solutions [68]. Chitosan can easily be 

coated on negatively charged surfaces [64], such as on polymer membranes after oxygen plasma 

treatment. 
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Table 2-3. Oxygen and water barrier properties of chitosan films.  

Test parameter 
DD Mw Temperature RH 

Test value Ref. 
% kg mol-1 ˚C % 

OP x 10-20 

kg m m-2 s-1 Pa-1 

90 274 25 75 39 [73] 

>75 Low 23 0 32 [74] 

>75 na 23 75 56 [74] 

>75 190-310 23 0 1.9 ± 0.2 [75] 

>75 190-310 23 50 2.0 ± 0.2 [75] 

na 239 23 50 32,940 ± 2,635 [76] 

91 na 23 0 2 ± 2 [77] 

 
22 na 10 58 0.7 [78] 

22 na 20 54 2 [78] 

WVP x 10-14 

kg m m-2 s-1 Pa-1 

90 274 25 30 33 [73] 

na 239 38 50 58 [76] 

>75 Low 38 90 8 [79] 

>75 High 38 90 9 [79] 

91 na 23 60 (4 ± 0.3) x 108 [77] 

22 na 5 100-58 (2 ± 0.5) x 1013 [78] 

22 na 20 100-54 (2 ± 0.2) x 1013 [78] 

85 165 25 30-100 40 ± 3 [80] 

85 165 25 30-85 30 ± 2 [80] 

85 165 25 30-75 20 ± 1 [80] 

Abbreviation: DD = Deacetylation degree, Mw = average molecular weight, WVP = water vapor 

permeability.
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Table 2-3 listed some recent studies on water vapor and oxygen barrier properties of chitosan 

films. There are several unexpected large permeability values, which might be due to errors in 

test methods or sample defects. Other data varies from 0.7 to 56 x 10-20 kg m m-2 s-1 Pa-1 for OP 

and 8 to 58 x 10-14 kg m m-2 s-1 Pa-1 for WVP. Results of some studies on mechanical properties 

and water contact angle are also shown in Table 2-4. The variation in data shows that 

deacetylation degree and average molecular weight influence chitosan’s inherent properties. 

Deacetylation degree determines the amount of free amino group and average molecular 

weight represents the average length of chitosan chains.
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Table 2-4. Physical properties of chitosan film.  

DD Mw 
Mechanical properties Water contact 

angle Ref. Test RH EM x 109 Elongation TS x 107 

% kg mol-1 % Pa % Pa ˚ 

90 274 33 3 ± 0.6 7 ± 4 8 ± 3 85 [73] 

90 274 75 0.1 0.05 54 ± 12 2 ±0.2 na [73] 

>75 Low na na 20 2 na [74] 

75 190-310 na 3 8 10 na [75] 

na 239 50 3.1 na 7 na [76] 

>75 Low na na 5 ± 0.5 6 ± 3 105 [79] 

>75 High na na 5 ± 0.4 5 ± 3 105 [79] 

75-85 50-190 na na na na 86 [82] 

91 na na na 246 ± 0.6 0.2 ± 0.01 na [77] 

22 na na 2 ± 0.05 20 ± 5 4 ± 0.6 na [78] 

na na 50 (5 ± 0.8) x 10-3 65 ± 17 4 ± 1 na [80] 

Abbreviations: EM = Young’s modulus, TS = tensile strength. 

2.4.4 Chitosan/Graphene Composite 

Researchers are focusing on developing chitosan/graphene derivative composites [74,83–90]. 

Applications for chitosan/graphene composites are electrode sensor [91], chemicals removal 

[92,93], biosensing [94,95], and water purification [96]. In recent years, it has been reported that 

graphene or few layers of  graphene (<5 layers) can stably exist in chitosan acid aqueous solution 

after ultrasonication as mentioned in Section 2.3.2 [51]. However, there is a lack of studies and 

understanding on considering chitosan/graphene as coatings on packaging materials and its gas 

barrier property mechanisms.  
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3. MATERIALS AND METHODS 

3.1 Materials 

Poly(lactic acid) resin (PLA 4032D with a D-lactide content of 3.8-4.2%) was supplied by 

NatureWorks LLC (Minnetonka, MN, U.S.). Co-extruded plain PLA films with a thickness of 20 μm 

were kindly donated by BI-AX International Inc. (Winham, ON, Canada). Chitosan (448869), 

graphite (496588, powder, particle size < 150 μm), and desiccant (Drietite TM, 238988-454G, 8 

mesh) were purchased from Sigma Aldrich (St. Louis, MO, U.S.). Acetic acid (analytically pure) 

with a flash point of 39°C was obtained from Avantor Performance Materials, LLC. (Radnor, PA, 

U.S.). Aluminum foil from Reynolds Wrap (Louisville, KY, U.S.) was purchased from a local grocery 

store. Lab deionized water (DI water) was used throughout the project. 

	

3.2 Methods 

3.2.1 Home-Made PLA Films Production 

The PLA resin was first dried at 50°C in vacuum oven under a pressure of 25 in Hg for 12 h, and 

then extruded in a Microextruder model RCP-0625 (Randcastle Extrusion Systems, Inc.) (Cedar 

Grove, NJ, U.S.). The screw diameter was 1.5875 cm, with a 24/1 L/D ratio extruder and a volume 

of 34 cc. The temperature profile of the extruder was 335-380-390-385-385-385-385 °F (168-193-

199-196-196-196 -196 °C) from zone 1, zone 2, zone 3, transfer tube, adapter, feed block, and 

die, respectively. Films were extruded with a screw rotation speed of 20 rpm. The thickness of 

the home-made PLA film (HPLA) was measured using a digital micrometer (Testing Machines Inc.) 

(Ronkonkoma, NY, U.S.). 	
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3.2.2 Preparation of Chitosan Water Solution 

Chitosan (2 wt%) and acetic acid (1 wt%) was added in DI water and stirred by a magnetic stirrer 

(MS-H-Pro+, Scilogex) (Rocky Hill, CT, U.S.) at a speed of 300 rpm under room temperature for 12 

h until the chitosan water solution was clear. Then, the chitosan water solution was 

ultrasonicated for 30 min using an ultrasonicator (VCX750, Sonics & Materials, Inc.) (Newtown, 

CT, U.S.) equipped with a tip that had a diameter of 13 mm. The ultrasonicated chitosan water 

solution was centrifuged for 1 h at 1500 rpm with a centrifuge (5804R, Eppendorf) (Hauppauge, 

NY, U.S.). The obtained supernatant was chitosan water solution (chit) being used later. 

3.2.3 Production of Chitosan-Graphene Water Solution 

Chitosan water solution was first prepared as reported per Section 3.2.2. Graphite (10 mg mL-1) 

was added into chitosan water solution and stirred for 5 min at a speed of 300 rpm min-1. The 

mixture was then ultrasonicated by 30 min and further centrifuged for 1 h under 1500 rpm. 

Supernatant from the centrifugation step was the chitosan-graphene water solution (chitGRH) 

further used. Additional information about the method can be retrieved from Unalan et al. [1] 

3.2.4 Plasma Treatment 

To introduce negative charges on the surfaces of the polymer films, a plasma reactor (PS 0500, 

Plasma Science Inc.) (TN, U.S.) was used to treat the substrate films with an oxygen flow of 50% 

and a plasma power of 300 Watt for 10 min on both sides. PLA film with both sides treated (PLA-

2p) was used as control. 
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3.2.5 Preparation of HPLA-Coating-HPLA-HP Film 

 

Figure 2.8. Preparation of HPLA-Coating-HPLA film. 

HPLA film were first been plasma treated on one side with a 50% oxygen flow under 300 

Watt for 10 min. Then, chit or chitGRH were coated on HPLA film using multilayer coating 

technique by a multicoater (K303 multicoater, RK Printcoat Instruments) (Royston, Hertfordshire, 

U.K.) with bar #0 (wet film deposit: 4 µm). Coating speed was 1 m min-1. There was a 30-min 

interval between the two consecutive coating layers to let the coating solution dry at room 

temperature in a hood inside a desiccator with desiccant on the side. After the coating was dry, 

another plasma treated HPLA film was attached to HPLA-Coating film. Plasma treated side was 

attached to the coating layer. Then, the multilayer film set was hot pressed (QL438-C, PHI, City 

of Industry, CA, US) at 80°C under 15 ton of pressure for 3 min. The fabrication process was 

illustrated in Figure 2.8. 
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3.2.6 Preparation of LLDPE-Coating-LLDPE-HP Film 

Chit or chitGRH were coated on LLDPE film by the multicoater with bar #0. Coating speed was 1 

m min-1. There was a 30-min interval between two coating layers to let the coating solution dry 

at room temperature in a hood inside a desiccator with desiccant on the side. After the coating 

was dry, another LLDPE film was being attached to the LLPDE-Coating film. Then, the multilayer 

film was being compressed at 100°C and 10 ton for 3 min. The fabrication process is illustrated in 

Figure 2.9. 

Seven types of films were produced: (1) LLDPE-LLDPE-HP; (2) LLDPE films with 1-layer chit coating 

(LLDPE-1chit-LLDPE-HP); (3) LLDPE films with 2-layer chit coating (LLDPE-2chit-LLDPE-HP); (4) 

LLDPE films with 5-layer chit coating (LLDPE-5chit-LLDPE-HP); (5) LLDPE films with 1-layer chitGRH 

coating (LLDPE-1chitGRH-LLDPE-HP); (6) LLDPE films with 2-layer chitGRH coating (LLDPE-

2chitGRH-LLDPE-HP); (7) and LLDPE films with 5-layer chitGRH coating (LLDPE-5chitGRH-LLDPE-

HP). 
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Figure 2.9. Preparation of LLDPE-Coating-LLDPE film. 

3.2.7 Preparation of PLA-Coating Film 

PLA films were first been plasma treated on one side with a 50% oxygen flow under 300 Watt for 

10 min. Then chit or chitGRH were coated on PLA film by the multicoater with bar #0. Coating 

speed was 1 m min-1. There was a 30-min interval between two coating layers to let the coating 

solution dry at room temperature in a hood inside a desiccator with desiccant on the side. Coating 

process is illustrated in Figure 2.10. 

Four types of samples were prepared: (1) PLA film with 5-layer chit coating (PLA-5chit); 

(2) PLA film with 20-layer chit coating (PLA-20chit); (3) PLA film with 5-layer chitGRH coating (PLA-

5chitGRH); (4) and PLA film with 20-layer chitGRH coating (PLA-20chitGRH). 
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Figure 2.10. Preparation of PLA-Coating film. 

3.2.8 Preparation of Coating-PLA-Coating Film 

PLA films were first been plasma treated with a 50% oxygen flow under 300 Watt for 10 min. 

Then chit or chitGRH solution were coated by the multicoater with bar #0. Coating speed was 1 

m min-1. PLA films were alternately coated on each side. There was a 30-min interval between 

two coating layers to let the coating solution dry at room temperature in a hood inside a 

desiccator with desiccant on the side. Coating process is illustrated in Figure 2.11. 

Totally, four samples were prepared: (1) 6-layer chit coated PLA film (3chit-PLA-3chit); (2) 

6-layer chitGRH coated PLA film (3chitGRH-PLA-3chitGRH); (3) 20-layer chit coated PLA film 

(10chit-PLA-10chit); (4) and 20-layer chitGRH coated PLA film (10chitGRH-PLA-10chitGRH). 
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Figure 2.11. Preparation of Coating-PLA-Coating film. 

3.2.9 Preparation of Coating Film 

Aluminum foil was plasma treated with a 50% oxygen flow under 300 Watt for 10 min. Then 

chitosan or chitGRH solution were coated by the multicoater with bar #0 and a coating speed of 

1 m min-1. There was a 30-min interval between two coating layers to let the coating solution dry 

at room temperature in a hood inside a desiccator with desiccant on the side. The coated films 

were removed carefully from the aluminum foil after they were dried. Coating process is 

illustrated in Figure 2.12. In this step, only 6-layer chit film (6chit) was prepared. 
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Figure 2.12. Preparation of coating film. 

3.2.10 Film Thicknesses 

A digital micrometer (49-70-01-0001, Test Machine Inc.) (Ronkonkoma, NY, U.S.) was used to 

measure the thickness of the films. Resolution of the measured thickness was 0.01 mm. 

3.2.11 Characterization of the multilayer structures 

A scanning electron microscope (SEM) (JEOL 7500F, JEOL Ltd.) (Tokyo, Japan) was used to 

examine the cross-section of coated PLA films to check the multilayer structure and coating 

thickness. Coated film samples were first mounted on an aluminum stubs using epoxy glue 

(System Three Resins, Inc.) (Aubur, WA), and then frozen with liquid nitrogen and cut with a clean 

double edge razor blade. To prevent being charged by electron beam, film samples were then 

coated with Iridium for 60 s in a Q150T turbo pumped sputter coater (Quorum Technologies, 
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Laughton, East Sussex, U.K.) purged with argon gas. Energy dispersive X-ray spectroscopy (EDS) 

was conducted to distinguish the interface between PLA film and coating layers. 

3.2.12 Thermal Properties 

Thermal degradation properties, including thermogravimetric analysis (TGA) and derivative 

thermogravimetry (DTG), were determined using a Q50 equipment (TA Instruments) (New Castle, 

DE, U.S.). PLA, chitosan, graphite, PLA-5chit, PLA-20chit, PLA-5chitGRH, and PLA-20chitGRH were 

tested. Onset temperature (To), maximum temperature (Tmax), and end decomposition 

temperature (Te) were obtained from DTG, and % weight loss (%wtL) during each decomposition 

stage as determined by TGA. Temperature ramped up to 600˚C at a speed of 10˚C min-1. Data 

sampling frequency was 1 Hz. A Q100 differential scanning calorimeter (DSC) (New Castle, DE, 

U.S.) was used to determine the glass transition temperature (Tg), melting temperature (Tm), 

crystallization enthalpy (∆Hc), and melting enthalpy (∆Hm). Test temperature was set to ramp up 

from 10˚C to 210˚C, then decreased back to 10˚C, followed by increasing to 210˚C again. 

Temperature was changed at a rate of 10˚C min-1. Data sampling interval was 5 Hz. Crystallinity 

of PLA was calculated from enthalpies. 

3.2.13 Oxygen Permeability 

An oxygen permeability tester (Model 2/21 MOCON OX-TRAN, Mocon, Minneapolis, MN, U.S.) 

was used to test oxygen permeability (OP) of HPLA-Coating-HPLA films, LLDPE-Coating-LLDPE 

films, and PLA-Coating films based on ASTM F1927-14 [2]. Testing range was 0.05 to 200 cc m-2 

day-1 with a testing area of 50 cm2. A permeation area of 3.14 cm2 was used. Oxygen 

concentration was 100%, with a barometric pressure of 0.98 bar. Test temperature was manually 
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set between 21°C to 23°C. Continuous test mode was used with a 2-h conditioning. Sampling rate 

was 30 min. 

An 8001 Oxygen Permeation Analyzer (Systech Instruments Ltd and Illinois Instruments, 

Inc.) (Johnsburg, IL, U.S.) was also used to measure oxygen permeability with temperature set as 

23°C based on ASTM F1927-14 [2]. Testing range was 0.008 to 432,000 cc m-2 day-1 with a testing 

area of 50 cm2. Both bypass time and sampling rate were 10 min. A permeation area of 3.14 cm2 

was used.  

An oxygen permeability tester (Model 2/22 MOCON OX-TRAN, mocon) (Minneapolis, MN, 

U.S.) was used to test OP of coating-PLA-coating films, PLA-coating-PLA films, and coating films 

based on ASTM F1927-14 [2]. Testing range was 0.05 to 200 cc m-2 day-1 with a testing area of 50 

cm2. Auto Test mode was used, so the test will finish automatically when transmission rate was 

stable. Tests were run at 23°C without conditioning. Sampling rate was 15 min. Area that 

permeation occurred for coating-PLA-coating films and PLA-coating-PLA films was 3.14 cm2. Since 

the coating film was very thin and it was difficult to get a single piece of sample, the area for 

coating film was 0.18 cm2. For each test, 2 or 6 replicates were tested for each sample. 

3.2.14 Statistical Analysis 

One-way ANOVA with Tukey’s comparison were analyzed using Minitab Express™ from Minitab, 

LLC (State College, PA, U.S.). 
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4. RESULTS AND DISCUSSION 

4.1 Preliminary Study 

Study on type of PLA substrate film and sample preparation method being used are included in 

this section. HPLA-coating-HPLA-HP was studied first, followed by LLDPE-coating-LLDPE-HP film. 

By comparing oxygen permeability and OP data distribution, commercial PLA film were tested in 

the following studies. 

4.1.1 HPLA-Coating-HPLA-HP Film 

PLA films produced in our laboratory were plasma treated (HPLA) coated with chitosan and 

sandwich with another HPLA film. Table 4-1 shows the oxygen permeability of HPLA-coating-

HPLA-HP films, with OP value distribution plotted in Figure 4-1. Figure 4-2 shows a picture of 

the HPLA films.  
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Figure 4-1. OP distribution of HPLA-coating-HPLA-HP films at 23˚C, 0% RH. Same color name 

corresponds to same color data. One data represents one measurement. 

For this preliminary test, chitosan or chitGRH coating did not improve oxygen barrier property of 

HPLA film at 23˚C, 0% RH. The standard deviations of OP values were very large, which can also 

be seen from the data points and errors distribution in Figure 4-1, indicating the inconsistency of 

the samples or tests. This also explained why the OP of HPLA-2chitGRH-HPLA-HP was not 

significantly different from the OP of HPLA-HPLA-HP. The inconsistency might due to the cracks 

produced on the HPLA film and its unflattens in Figure 4-2. Cracks enabled oxygen to move 

through the PLA matrix without obstructing O2 permeation, which triggered the inaccuracy of the 

tests. On the other hand, equation 2-7 is based on the assumption that the transmission rate of 

permeant per unit area is measured normal to the test film as mentioned in Section 2.1.2, the 
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unflattens of the PLA sample film could also make the results imprecise. Figure 4-2 shows a 

pictorial view of the samples.  

 

Table 4-1. OP value of HPLA-coating-HPLA-HP films at 23˚C, 0% RH.  

Type of film 
Thickness x 10-6  * P x 10-20 * 

m kg m m-2 s-1 Pa-1 

HPLA-HPLA-HP 25 1254 A 

HPLA-1chit-HPLA-HP 24 ± 2 54 ± 96 A 

HPLA-2chit-HPLA-HP 25 ± 0.5 943 ± 1108 A 

HPLA-1chitGRH-HPLA-HP 24 ± 2 792 ± 456 A 

HPLA-2chitGRH-HPLA-HP 24 ± 1 17 ± 16 A 

* Thickness and OP value are shown as average ± standard deviation except for HPLA-HPLA-HP, 

which had two replicates.  

A P values sharing the same capital letter had no significant difference. 

 

  

Figure 4-2. (a) HPLA film sample used for HPLA-coating-HPLA-HP, (b) HPLA film with colored 

chit coating. 

(a) (b) 
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4.1.2 LLDPE-Coating-LLDPE-HP Film 

Since the coating of HPLA samples did not produce films with improved oxygen barrier, 

commercial LLDPE films were used to determine if improvement of oxygen barrier can be done 

with chitosan coatings. Commercial LLDPE films instead of HPLA films were used as substrates. 

Figure 4-3 shows LLDPE films before and after chit or chitGRH coating. Transparency decreased 

in the LLDPE-5chitGRH due to addition of graphene. No cracks or unflattens were observed in the 

films. 

 

Figure 4-3. Single layer LLDPE films with or without coating. 

Table 4-2 shows the oxygen barrier property of the films at 23˚C and 0% RH. Large 

variation of thickness for LLDPE-2chit-LLDPE-HP might be due to wrinkles caused by compression 

molding. The OP values showed that chit or chitGRH coating can significantly improve oxygen 

barrier property of LLDPE films although there were unexpected large variations in OP, which 

could be caused by heat and pressure from compression molding applied during LLDPE-coating-
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LLDPE production; Also, the presence of data outliers circled in red in Figure 4-4 could be due to 

experimental errors. 

 

Table 4-2. OP value of LLDPE-coating-LLDPE-HP films at 23˚C, 0% RH. 

Type of film 
Thickness x 10-6 * P x 10-20 * 

m kg m m-2 s-1 Pa-1 

LLDPE-LLDPE-HP 107 4670 A 

LLDPE-1chit-LLDPE-HP 101 ± 2 428 ± 423 B 

LLDPE-2chit-LLDPE-HP 122 ± 27 812 ± 792 B 

LLDPE-5chit-LLDPE-HP 113 ± 1 262 ± 202 B 

LLDPE-1chitGRH-LLDPE-HP 119 ± 2 754 ± 197 B 

LLDPE-2chitGRH-LLDPE-HP 101 ± 2 276 ± 185 B 

LLDPE-5chitGRH-LLDPE-HP 106 ± 2 188 ± 164 B 

* Thickness and OP value are shown as average ± standard deviation except for LLDPE-LLDPE-HP, 

which had two replicates.  

A P values sharing the same capital letter had no significant difference. 
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Figure 4-4. OP distribution of LLDPE-coating-LLDPE-HP films at 23˚C, 0% RH. Same color name 

corresponds to same color data. 

All the chitosan coated LLDPE commercial films showed lower OP values than regular 

LLDPE films with less variations than home-made PLA films. Since hot pressing was not used in 

the sample preparation since there were multiple parameters that could not easily be controlled 

easily during the process.  
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4.2 PLA-Coating Film 

4.2.1 Morphology 

Figure 4-5 shows the SEM images of the cross-sections of PLA-Coating films. Thickness was 

measured using the SEM software. From Figure 4-5 (a) and (b), PLA film and 20chit coating layers 

have thickness of around 19 and 16 µm, respectively. Figure 4-5 (c) showed clear interface lines 

between the chitosan coating layers, indicating that the previous dried chitosan coating layers 

were not attached or dissolved into the newly applied solution. However, a total measured 

thickness of 20 layers coating (16 µm) was one order of magnitude larger than the estimated 

from theoretical thickness calculations (0.4 µm for 5 layers coating and 1.6 µm for 20 layers 

coating). This anomaly could be due to: 1) the unflattens of the coating machine surface and the 

film surface; 2) the coating rod was not placed parallel to the coating machine surface; 3) the 

coating bar was not been cleaned enough; 4) the curling of the coated film generated by applying 

coating only on one side of the substrate, which was due to the fact that the surface of liquid 

tends to shrink due to surface tension [1]. Figure 4-5 (c) inset shows that there were some cracks 

found on the chitosan coated layers. The closer to surface of the coated film, the more cracks 

were present, which could be attributed to the flattening of the dried coated films for further 

layer application.  

Figure 4-6 shows the EDX line scan results of the PLA-20chit films. More N and O were 

observed in the chit coating section due to the chemical structures of PLA and chitosan. There 

was some N signal detected in the PLA films. This might be due to: (1) noise, since at the right 

end of the line, no element should have been detected there, while still some N was observed; 
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(2) during the coating process, PLA substrate reacted with chit solution, which enabled amidogen 

groups in chitosan moving to PLA; (3) the knife cutting from coating part to PLA part during the 

SEM sample preparation “dragged” some chitosan to PLA section. The highest amount of C was 

found at the interface, and O was found to concentrate more on both surfaces’ chit coating part, 

which was due to oxygen plasma treatment. 

  

   

Figure 4-5. Cross-sections of (a) PLA film, (b) PLA-20chit film, (c) 20chit coating part on PLA 

film, and (d) curvature of PLA-20chit film. PLA and coating part were labeled. The unlabeled 

part in (d) is the bottom surface of PLA film. 

(a) (b) 

(c) (d) 

PLA 

20chit 

20chit 
20chit 

PLA 
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Figure 4-6. EDX line scan of N, O, and C distribution of PLA-20chit. (a) N distribution, (b) O 

distribution, (c) C distribution, and (d) SEM image of PLA-20chit. 

 

Chit coating PLA film 

(a) 

(b) 

(c) 

(d) 
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4.2.2 Thermal Properties 

4.2.2.1 TGA 

Figure 4-7 shows the thermal stability results of PLA, chitosan, graphite, chitGRH, and 

coated PLA films, corresponding data was summarized in Table 4-3 and Table 4-4. 

 

Figure 4-7. TGA thermograms of tested samples. 

Tests were done on PLA, chitosan, graphite, and chitGRH first to determine the 

decomposition temperatures (To, Tmax, and Te), the % weight loss (%wtL), and % residue at one or 

multiple degradation stage(s). The main degradation of PLA happened at 259-388˚C, with peak 

at 360˚C, and weight loss of 98 % after derivative weight was close to 0 % ˚C-1. Auras et al.’s also 
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showed that the thermal degradation of PLA starts at 300˚C and finishes at around 400˚C [2]. This 

difference was due to composition of PLA, since crystallinity of PLA affects its thermal stability 

[2]. Graphite merely degraded from 0 to 600˚C (99.5% residues). Hatui et al. prepared stable 

graphene by first dispersed graphite in orthodichloro benzene solvent, and then evaporated the 

solvent at 185˚C after a 4-h sonication. The group reported a 5% weight loss at 682˚C for the 

obtained graphene [3]. Chitosan had a major degradation (%wtL was 51%) begins at 190˚C and 

lasted until 600˚C (derivative weight became stable above zero at 410˚C), with a degradation 

peak at 289˚C. The minor degradation from 50 to 126˚C can be attributed to the loss of 

intermolecular H-bonded water [4,5] and moisture absorbed by chitosan powder. Soni et al. 

observed a thermal degradation of chitosan that initiated at 215˚C and finished at 350˚C [5]. The 

difference in degradation temperature was due to the difference on the size of the chitosan 

chains. The smaller the size of a single chitosan chain, the larger the amount of free end chains 

so that the lower the observed degradation temperature [6].  

Causes for different decomposition stages in chitGRH was based on the degradation 

ranges of chitosan and graphite. Statistical analysis was run to check if the decomposition 

temperatures in particular stages of chitosan were same as those in chitGRH. Four groups of 

comparison were run, with only Te2 of chitosan and Te3 of chitGRH showed significantly same. 

Figure 4-7 shows the change in weight vs. temperature, indicating that the weight of chitGRH 

and chitosan both gradually decreased from around 260 to 600˚C. Figure 4-7 inset shows the 

derivative of weight vs. temperature plot, showing a peak around 260˚C. The derivative weight 

kept decreasing until about 350˚C. With the addition of GRH in chitosan, To increase from 190 to 

209˚C, while Tmax decreased from 289 to 274˚C. It has been reported by multiple researchers that 
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graphene can improve thermal stability of polymer substrate [7–10] due to the strong nanofiller 

network that well dispersed graphene provided can suppress matrix chains mobility, and thus 

retard degradation [7,8]. The layered structure of graphene flakes can also hinder the evolution 

of decomposed gases, which further slowdown the degradation [10,11]. However, Ambrosio-

Martín et al. reported a decrease in Tmax with the addition of functionalized graphene sheet into 

PLA matrix [12]. Akhina et al. did not observe a change in To between PVC and PVC with reduced 

graphene oxide [11]. On the other hand, Lee et al. claimed that a high degradation of graphene 

could be mainly caused by its defective carbon [13]. Thus, in this study, the dispersion of 

graphene in chitosan matrix build a network and thus hinder the initiation of degradation. 

However, after the degradation started and more segmental movement of chitosan chains 

started to occur, the existence of defective carbon and the high heat conductivity of graphene 

[12] speeded up the degradation. 

In chitGRH, the decomposition from 50 to 119˚C may be due to the intermolecular H-

bond in water and in acetic acid [4,5]. The decomposition began at 209˚C and ended at 423˚C 

with a peak at 274˚C corresponded to chitosan. There was another decomposition stage starting 

at 122˚C and finished at 209˚C with a peak at 167˚C. Similar finding was also reported by Soni et 

al., and attributed to the existence of acetic acid in the production of chit [6]. The weight 

percentages of chitosan and GRH in chitGRH was 94 wt% and 6 wt% respectively, obtained from 

the percentage of chitosan residue, graphite, and chitGRH at 600˚C.  

The decomposition stages, %wtL, and % residue of each component was also obtained 

for PLA-5chit, PLA-20chit, PLA-5chitGRH, and PLA-20chitGRH to determine the wt% of PLA in 

coated films. Data are summarized in Table 4-4.  
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Table 4-3. TGA results of PLA, chitosan, and graphite.  

Parameters * PLA Chitosan Graphite ChitGRH 

1st decomposition 

To1, ˚C 259 ± 5 50 ± 0 N/A 50 ± 0 

Tmax1, ˚C 360 ± 6 N/A N/A N/A 

Te1, ˚C 388 ± 5 126 ± 1 A N/A 119 ± 2 a 

%wtL 98 ± 2 6 ± 1 N/A 7 ± 2 

2nd decomposition 

To2, ˚C N/A 190 ± 1 B N/A 122 ± 3 

Tmax2, ˚C N/A 289 ± 6 C N/A 167 ± 1 

Te2, ˚C N/A 410 ± 8 D N/A 209 ± 4 

%wtL N/A 51 ± 2 N/A 10 ± 1 

3rd decomposition 

To3, ˚C N/A N/A N/A 209 ± 4 b 

Tmax3, ˚C N/A N/A N/A 274 ± 2 c 

Te3, ˚C N/A N/A N/A 423 ± 11 D 

%wtL N/A N/A N/A 44 ± 4 

Residue, % 0.5 ± 2 28 ± 2 99.5 32 ± 4 

Note: Te of chitosan and chitGRH were determined when derivative weight became stable. 

Degradation was still happening until 600˚C. 

* T, %wtL, and %residue is shown as average ± standard deviation except graphite, which had 

two replicates. 

A Data sharing same letter among A and a, or B and b, or C and c, or D and d were not significantly 

difference. 

N/A: Not available; the TGA or DTG curves did not show an obvious decomposition stage or a 

derivative weight peak. 
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Table 4-4. TGA results of coated PLA films.  

Parameters * PLA-5chit PLA-20chit PLA-5chitGRH PLA-20chitGRH 

1st decomposition 

To, ˚C 50 50 50 50 

Tmax, ˚C N/A N/A N/A N/A 

Te, ˚C 126 A 125 A 125 A 125 A 

%wtL 1 2 2 3 

2nd decomposition 

To, ˚C 126 A 125 A 125 A 125 A 

Tmax, ˚C N/A 285 A N/A 285 A 

Te, ˚C 292 A 294 A 296 A 294 A 

%wtL 1 5 2 6 

3rd decomposition 

To, ˚C 292 A 294 A 296 A 294 A 

Tmax, ˚C 366 A 361 B 367 A 359 B 

Te, ˚C 395 A 394 A 393 A 392 A 

%wtL 93 84 96 71 

Residue, % 5 7 -1 16 

* T, %wtL, and % residue is shown as average value of two replicates. 

A Data sharing the same capital letter in the same row had no significant difference. 

N/A indicates there was no derivative weight peak for the corresponding decomposition stage. 

 

Weight percentage of PLA in each type of coated film was calculated using %wtL of each 

component, % residue of PLA, and % residue of chitGRH. Obtained wt% of PLA in PLA-5chit, PLA-

20chit, PLA-5chitGRH, and PLA-20chitGRH are 91, 82, 94, and 70% respectively. 
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4.2.2.2 DSC 

Figure 4-8 shows the DSC results of the second heating cycle of PLA and coated PLA films. Glass 

transition temperature Tg, crystallization temperature Tc, melting temperature Tm, cold 

crystallization enthalpy ∆Hc, melting enthalpy ∆Hm, and degree of crystallinity Xc of PLA and 

coated PLA films are summarized in Table 4-5. Degree of crystallinity was calculated as expressed 

[14]: 

 𝑋P =
Δ𝐻P + Δ𝐻T
Δ𝐻UV × 𝑓

 (4.10) 

where ∆Hft is the melting enthalpy for 100% crystalline PLA taken as 93 J g-1 [15], f is the wt% of 

PLA in sample films. 

 

Figure 4-8. DSC plots of the second heating cycle of PLA and coated PLA films. 
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Tg’s of PLA and coated PLA films were around 60˚C, while 2 Tm’s were observed for each 

sample, with a small peak at around 161˚C and a large peak at around 170˚C. The temperatures 

were within the ranges reported by Auras et al., that Tg of PLA ranged from 50 to 80˚C, and Tm 

within 130 to 180˚C [2]. Crystallinity of PLA can be effected by the composition (i.e., D- and LD-

lactide) [2]. Sonchaeng et al. reported a three-phase model for semicrystalline PLA. Rigid 

amorphous fraction (RAF), mobile amorphous fraction (MAF) and crystalline fraction (CF). RAF 

has a higher density than MAF, and also the existence of the RAF in the amorphous phase can 

slow down the relaxation of PLA [16]. The double melting peaks could be attributed to the 

presence of RAF or the unperfect crystallization of the alpha phase of PLA.  

 

Table 4-5. DSC parameters of PLA and coated PLA films. 

Parameters PLA PLA-5chit PLA-20chit PLA-5chitGRH PLA-20chitGRH 

Tg, ˚C * 61 A C 62 ± 0.1 A B 61 ± 0.5 C 62 ± 0.3 B 60 ± 0.2 C 

Tc, ˚C 111 A 112 ± 0.2 A 111 ± 0.2 A 112 ± 0.1 A 110 ± 0.2 A 

∆Hc, J g-1 27 A 25 ± 0.1 A B 22 ± 1 B 25 ± 0.3 A B 18 ± 2 C 

Tm1, ˚C 161 A, B 162 ± 0.5 A 161 ± 0.4 B 162 ± 0.5 A 160 ± 0.1 B 

Tm2, ˚C 169 A, C 170 ± 0.3 A B 169 ± 0.2 A C 170 ± 0.4 B 169 ± 0.2 C 

∆Hm, J g-1 34 A 32 ± 1 A 27 ± 0.3 B 32 ± 0.1 A 23 ± 3 C 

Xc, % 66 A 67 ± 1 A 65 ± 1 A 64 ± 0.3 A 63 ± 7 A 

Note: Data are shown as average ± standard deviation except PLA, which had two replicates. 

A Data sharing the same capital letter in the same row had no significant difference. 

 

The presence of chit or chitGRH coating did not significantly influence the crystallinity and 

Tc of PLA substrate. The presence of graphene did not change glass transition properties of PLA-
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5chit, while decreased ∆Hc and ∆Hm of PLA-20chit. Without graphene, increasing coating layers 

from PLA-5chit to PLA-20chit decreased Tg, both Tm-s, and ∆Hm. With graphene, PLA-20chitGRH 

has all the thermal transition values lower than PLA-5chitGRH, except Tc and Xc. However, the 

changess in Tg and Tm were minor change within 2˚C. Thus, it was concluded that the coating 

solutions did not deteriorate the PLA substrate during the coating process.  

4.2.2.3 Oxygen Barrier Properties 

OP of PLA, PLA-5chit, and PLA-20chit were tested to check the efficiency of coating solutions on 

one side of PLA. Table 4-6 summarizes the results. Thickness of the obtained PLA-5chit (24 µm) 

and PLA-20chit (38 µm) films were much higher than theoretical thickness mentioned in section 

4.2.1. PLA’s OP was higher for 50% RH. By comparing OP value, an increase was found in all 

samples with an increase in relative humidity. This was partially contradictory with the conclusion 

from Sonchaeng et al. that OP of PLA had no relation with % RH [16]. Also, addition of chitosan 

coating did not reduce the OP for all the samples. The issues in film thickness and OP variations 

were due to cracks in films resulted from film curvature mentioned in Section 4.2.1. 
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Table 4-6. Thickness and OP value of PLA and chit coated PLA films at 23˚C, 0% or 50% RH. 

Type of film 
Thickness x 10-6 * P x 10-20 * 

m kg m m-2 s-1 Pa-1 

PLA-0% RH 20 ± 0 269 ± 24 A 

PLA-5chit-0% RH 24 ± 2 28 ± 35 B 

PLA-20chit-0% RH 37 ± 2 46 ± 40 B 

PLA-50% RH 21 ± 0.5 310 ± 31 a 

PLA-5chit-50% RH 24 ± 1 185 ± 115 a b 

PLA-20chit-50% RH 39 ± 1 101 ± 107 b 

* Data are shown as average ± standard deviation except PLA, which had two replicates. 

A P value sharing the same capital letter had no significant difference. 

a P value sharing the same lowercase letter do not have significant difference.
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Figure 4-9. OP distribution of PLA and chit coated PLA films at 23˚C, 0% or 50% RH. Same color 

name corresponds to the same color data. 

 

0

50

100

150

200

250

300

350

400
P

x1
0-2

0 , 
kg

 m
 m

-2
 s-1

Pa
-1

PL
A-

0%
RH

PL
A-

5c
hi

t-
0%

 R
H

PL
A-

20
ch

it-
0%

 R
H

PL
A-

50
%

 R
H

PL
A-

5c
hi

t-
50

%
 R

H

PL
A-

20
ch

it-
50

%
RH



 

72 

4.3 Coating-PLA-Coating Film 

4.3.1 Thermal Properties 

DSC and TGA were not repeated for coating-PLA-coating films since only the coating positions 

changed from PLA-coating films.  

4.3.2 Oxygen Barrier Properties 

To avoid the curvature resulted from only doing coating on one side of the PLA substrate, 

chitosan was coated both sides of the films. Table 4-7 shows the OP of PLA, PLA-2p, and 6chit, 

and PLA with different coating at 23˚C and various % RH. Without condition, a total of 6-layer and 

20-layer chitGRH coating decreased oxygen permeability of PLA by 98.5% and 99.7% at 0% RH 

respectively. 
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Table 4-7. OP values of coating-PLA-coating films, control films, and chit coating films at 23˚C. 

Type of film 

Thickness 

x 10-6 * 
P x 10-20 * 

m 
kg m m-2 s-1 Pa-1 

0% 30% 60% 90% 

Without condition ** 

PLA 20 ± 0 269 ± 24 A 289 ± 4 A 282 ± 12 A 284 ± 6 A 

PLA-2p 20 ± 0.4 289 ± 16 A 286 ± 16 A 293 ± 27 A 280 ± 8 A 

3chit-PLA-3chit 20 ± 0.5 16 ± 5 B 18 ± 0.5 B 141 ± 10 B 261 ± 8 A B 

10chit-PLA-10chit 25 ± 0.5 0.7 ± 0.7 B 3 ± 0.3 B 37 ± 5 C 221 ± 12 B 

3chitGRH-PLA-3chitGRH 21 ± 0.8 4 ± 0.9 B 7 ± 0.1 B 72 ± 18 C D 235 ± 30 B 

10chitGRH-PLA-10chitGRH 27 ± 1.8 0.9 ± 0.1 B 2 B 24 ± 2 D 163 ± 33 C 

With condition ** 

3chit-PLA-3chit 21 ± 1 0.5 na 36 ± 7 211 

6chit 8 ± 2.5 14 ± 7 6 ± 3 24 107 ± 13 

* Data are shown as average ± standard deviation, otherwise the data is reported as an average 

from two replicates without standard deviation. 

** Without condition means sample films were kept in sealed PE bags at 23˚C. With condition 

means sample films were kept in sealed PE bags with desiccant at 23˚C before testing. 

A Data sharing the same capital letter in a column in “without condition” had no significant 

difference. 
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4.3.2.1 Effect of Plasma Treatment 

Table 4-7 indicates that 10 min plasma treatment on both side of PLA film will not change its OP 

value at 0%, 30%, 60%, and 90% RH, confirming that plasma treatment only react with the 

topmost layer of the PLA film without changing the bulk structure [18,19]. 

4.3.2.2 Effect of Relative Humidity 

   

Figure 4-10. Effect of relative humidity to OP value at 23˚C and various RH. (a) PLA, (b) PLA-2p.  

A Data in the same plot sharing the same capital letter had no significant difference. 

Figures 4-10 and 4-11 showed the effect of RH on OP value at 23˚C for different samples. Relative 
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be accuracy problem on the old 8001 machine, which was also the reason that oxygen 

permeability analyzer was changed for coating-PLA-coating samples. When RH increased from 0% 

to 30%, all coated films exhibited no significant change in OP. When RH increase to 60%, 

10chitGRH-PLA-10chitGRH still showed no significant increase in OP due to the presence of GRH 

while OP of all other coated films drastically raised. When RH further increased from 60% to 90%, 

OP value of all coated films increased significantly. The reasons that OP augmented with 

increasing RH can be a smaller plasticization effect by water molecules [21,22] but a majority 

interaction effect of water with the presence of the polysaccharide chitosan [23] as shown in 

Figure 4-11 (a)-(b). The increase in OP values was only noticeable at 60% and 90% RH with 

addition of chitosan, indicating the plasticizing effect of water is less effective. The polar amino 

groups (-NH2) interact with water molecules and trigger the chitosan layer plasticization and 

further enable the swelling of the coating layers. This increases the free volume in chitosan and 

reduces the intermolecular interactions, which makes it easier for the oxygen molecules to 

diffuse through the matrix [21]. However, this effect is not significant when RH was below 30% 

RH. Similar results were reported by Giannakas et al., but for chitosan film OP from 0% to 50% 

RH [24]. Then, OP showed an exponential increase from 30% to 90% RH.  The increase of OP from 

30% to 90% RH in Figure 4-11 coincides the Yan et al.’s study that OP value of pristine chitosan 

film was twice at 75% RH than at 0% RH[25]. Aulin et al. reported a drastically increase in OTR 

value of microfibrillated cellulose films from 70% to 80% RH while very small increase from 0 to 

70% RH [26]. Cellulose has similar chemical structure than chitosan [27,28], but the -NH2 present 

in chitosan is replaced by the -OH [29]. So, this result correlates to chitosan. Figure 4-11 (c) and 

(d) also shows that the presence of graphene affected the OP values. 
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Figure 4-11. Effect of relative humidity to OP value at 23˚C and various RH. (a) 3chit-PLA-3chit, 

(b) 10chit-PLA-10chit, (c) 3chitGRH-PLA-3chitGRH, (d) 10chitGRH-PLA-10chitGRH. A Data in the 

same plot sharing the same capital letter had no significant difference. 
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not decrease the OP of PLA while additional layers could improve the films’ oxygen barrier 

property.  

Figure 4-12 shows how the number of coating layers affected the OP value. For PLA film 

with chitosan coating at 0, 30, 60, and 90% RH, 20 layers coating provides 75, 61, 49, and 10%, 

lower OP than 6 layers coating. For PLA film with chitGRH coating at 30, 60, and 90% RH, 20 layers 

coating leads to 33, 35, and 26% lower OP, and 29% higher OP at 0% RH than 6 layers coating. 

The improvement of the oxygen barrier can be attributed to an increasing coating layer thickness 

which creates a longer path for oxygen molecules to go through. Similar findings were reported 

by several researchers [21,30]. Aulin et al. found a 82% decrease in OTR from 20 bilayers to 50 

bilayers of PEI/NFC coating on PLA [30]. Rocca et al. reported a non-linear relation between 

wheat gluten coating thickness with OP value of coated PLA film. OP decreased more than 94% 

with the coating thickness increased from 0 to 20 µm. When the coating thickness was between 

20 µm to 60 µm, OP did not further decrease [21]. 10chitGRH-PLA-10chitGRH had a higher OP 

than 3chitGRH-PLA-3chitGRH at 0% RH, which could be attributed to: 1) the limitation of the 

testing machine that a very small amount of permeant been detected could cause the signal 

received by the machine being small, as well as the signal to noise ratio, and thus lead to the 

inaccuracy of the test; and 2) the fact that sample films were not kept in dried condition before 

testing, so 10chitGRH-PLA-10chitGRH could absorb more water molecules due to the 

hydrophilicity of chitosan. 
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Figure 4-12. Effect of numbers of coating layers to OP value at 23˚C and various RH. A Data 

sharing the same capital letter with the same relative humidity in one plot were had no 

significant difference. 

Figure 4-13 shows the effect of the presence of graphene. Six layers chitGRH coating 

provided stronger oxygen barrier to PLA films compare to chitosan coating at 0, 30, and 60% RH. 

No difference was found at 90% RH. For twenty layers coated films, the presence of GRH did not 

change the OP at 0 or 30% RH but improved the OP at 60 and 90% RH. The shape of graphene 

flakes can help create a more tortuous path for the oxygen molecules [12] as discussed in Section 

2.3.3. However, with a high RH (i.e., abundant water molecules) and a thin coating, it is possible 

that there was enough plasticization and swelling in the film that the hydrophobicity of GRH 

became negligible (e.g., 6 layers coated film).  
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Figure 4-13. Effect of graphene in coating layers to OP value at 23˚C and various RH. A Data 

sharing the same capital letter with the same relative humidity in one plot had no significant 

difference. 

4.3.2.4 Effect of Storage Conditions 

Influence of storage condition on OP value on 3chit-PLA-3chit at 23˚C at 0%, 60%, and 90% was 

evaluated as shown in Figure 4-14. An increase in OP was found with an increase in RH with 

conditioning, and OP of samples with condition were lower than OP of samples without condition 

at all three-relative humidity. This is due to the plasticization effect of water molecule by 

moisture in ambient condition to the film. Without being stored in dry condition, films were 

tested mostly within two weeks. This implied that conditioning of the films is a critical factor to 

take into consideration when testing these films and potential future development for 

commercialization. 
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Figure 4-14. Effect of storage condition on OP of 3chit-PLA-3chit at 23˚C. A Data sharing the 

same capital letter with the same relative humidity had no significant difference. a Data in “with 

condition” or “without condition” series sharing the same lowercase letter were not 

significantly difference. 

4.3.2.5 Multilayer Structure Permeability Model 

Thickness and OP value of 6chit (with condition) and PLA (without condition) was used to 

calculate the theoretical OP of 3chit-PLA-3chit using equation 4.11. 

 𝑂𝑃V =
∑ 𝑙[\

∑ 𝑙[
𝑂𝑃[\

 (4.11) 

where OPi and li are OP and thickness of each layer component and OPt is the OP of the whole 

multilayer structure. This equation was based on the assumption that there is no chemically 
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layers. The calculated OPt values were compared with OP of 3chit-PLA-3chit obtained from the 

experiments. A root mean square (RMS) parameter was used to check difference as shown in 

equation 4.12. 

 𝑅𝑀𝑆 = ^∑[
𝑂𝑃 − 𝑂𝑃V

𝑂𝑃 ]/

𝑁  (4.12) 

where N is sample size, OP is experimental data, OPt is calculated data. Figure 4-15 shows the 

variation between calculated and experimental OP values with the RMS values. Negative % 

variation means experimental value was smaller than calculated value, and vice versa. Smaller 

RMS means better fit between calculated and experimental data. OP from experimental was 

lower than from model at 0%, then experimental data became larger. At 0% RH, experimental 

value was 43% lower than calculated value. At 30% RH, 37% difference was found. Experimental 

OP was higher than calculated OP for 129 and 65% respectively. The relatively small difference 

at 0% and 30% while large difference at 60 and 90% RH was attributed to the fact that 6chit 

sample was stored in dry condition, and PLA-6chit was not. Thus, the calculated OP value should 

be closer to the OP value of PLA-6chit if the sample was stored in dry condition. 
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Figure 4-15. Comparison of calculated and experimental OP values of 3chit-PLA-3chit at 23˚C 

and various % RH.  
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APPENDIX 
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OXYGEN PERMEATION TEST 

A. HPLA-Coating-HPLA-HP 

Type of film  

  

  
Thickness 

µm 

Oxygen Transmission Rate 

cc m-2 day-1 
  
P 

cc mil m-2 day-1 

0% RH  50%RH   0% RH 50% RH 

HPLA-HPLA-HP   25 ±  2981 1879   2934 1850 

HPLA-HPLA-HP   25 ±  3789 2809   3729 2765 

HPLA-1chit-HPLA-HP   22 ± 673 -   662 - 

HPLA-1chit-HPLA-HP   22 ± 93 344   80 298 

HPLA-1chit-HPLA-HP   25 ± 21 259   21 255 

HPLA-1chit-HPLA-HP   25 ± 22 405   22 399 

HPLA-2chit-HPLA-HP   25 ± 842 1613   829 1587 

HPLA-2chit-HPLA-HP   25 ± 31 291   31 286 

HPLA-1chitGRH-HPLA-HP   25 ± 393 786   387 773 

HPLA-1chitGRH-HPLA-HP   26 ±  98 374    100 383 

HPLA-2chitGRH-HPLA-HP   25 ± 93 504   91 496 

HPLA-2chitGRH-HPLA-HP   23 ± 26 418   23 379 

HPLA-2chitGRH-HPLA-HP   24 ± 32 224   30 212 
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Type of film  

Thickness 

µm 

  

WVTR 

g m-2 day-1 
  

P 

(g mil m-2 day-1) 

90% RH 38 °C   90% RH 38 °C 

HPLA-HPLA-HP  21 ±  337  279 

HPLA-HPLA-HP  21 ±  368  304 

HPLA-1chitGRH-HPLA-HP  22 ± 266  230 

HPLA-1chitGRH-HPLA-HP  24 ± 243  229 

HPLA-2chitGRH-HPLA-HP  25 ± 246  239 

HPLA-2chitGRH-HPLA-HP  26 ± 239  244 

HPLA-2chitGRH-HPLA-HP  23 ± 283  256 

HPLA-2chitGRH-HPLA-HP  24 ± 261  247 

HPLA-1chit-HPLA-HP  25 ± 265  261 

HPLA-1chit-HPLA-HP  25 ± 199  196 

HPLA-2chit-HPLA-HP  25 ± 293  288 

HPLA-2chit-HPLA-HP  25 ± 202  199 
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B. LLDPE-Coating-LLDPE-HP 

Name Thickness 
Transmission rate @ 100% 

(cc/m2-day) 

LLDPE-LLDPE-HP 
108 um 2728.759 

105 um 3103.368 

LLDPE-1chit-LLDPE-HP 

97 um 250.9579 

98 um 260.8589 

101 um 

948.7170 

191.8760 

215.7679 

102 um 
200.9995 

29.03462 

LLDPE-1chitGRH-LLDPE-HP 

120 um 
339.5794 

528.5709 

117 um 
504.5454 

317.4806 

LLDPE-2chit-LLDPE-HP 
147 um 605.4421 

130 um 966.3173 

LLDPE-2chitGRH-LLDPE-HP 

103 um 
64.34452 

273.7083 

99 um 
307.0634 

64.25926 

LLDPE-5chit-LLDPE-HP 

114 um 
11.63984 

216.8162 

112 um 
224.2276 

34.04571 

LLDPE-5chitGRH-LLDPE-HP 108 um 
148.3359 

237.1440 
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105 um 

174.4170 

 11.43383 

 11.03662 
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C. PLA-Coating (Sample Data) 

1. PLA-5chit 

  
=========  SECTION NAME: HEADER INFORMATION =========   

  

System Title of Report: MOCON OX-TRAN® 2/21 - Single Test Report for Module 
Number 1, Cells  and B  

User Supplied Header 
Information: 

 

Exported on: 7/22/2017 6:38:59 AM 
  

=========  SECTION NAME: MODULE 1 INFORMATION =========   
  

Serial Number: MH_01807 
Setup Name: (4 BUR)Default 

Temp Setpoint/Actual: Auto: 23.0 / 23.1 °C. 
Barometric Pressure: Passed In: 0.98 bar 

Relative Humidity: Permeant - Man: 25.0%, Carrier - Man: 25.0% 
Permeant Concentration: 100 % 

Ambient Temp: Manual: 22.5 °C. 
  

=========  SECTION NAME: OPERATOR COMMENTS =========   
  
  

=========  SECTION NAME: UNUSUAL LOG ENTRIES =========   
  
  

=========  SECTION NAME: CELL B INFORMATION =========   
  

Test Number: 2 
Material ID: 5P4chitM2CBPT 

Using Method: Default 
Sample Type: Film: 3.14 cm², 22 µm 

Test Mode: Continuous 
Control Params: Infinite 

ExamMinutes: 30 
Individual Zero: No Ind. Zero 

Conditioning: 1 Hour  
Cycles Complete: 10 

Current Status: Test Done 
Started Testing: 7/21/2017 9:25:19 PM 

Elapsed Time: 8:30 
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=========  SECTION NAME: TEST RESULTS FOR CELL B =========   
  
 IN SELECTED UNITS 

Transmission @ 100 % 1170.876  cc / [ m² - day ] 
Transmission @ 100% 1170.876  cc / [ m² - day ] 

Permeation: 1014.144  cc - mil / [ m² - day ] 
  

=========  SECTION NAME: DATA POINTS FROM CELL B =========   
  

Time Rate / Event 
0:00 Condition 
1:00 Test 
2:00 1122.121 
3:30 1160.330 
4:00 1163.763 
4:30 1165.449 
5:30 1162.304 
6:00 1160.704 
6:30 1161.319 
7:30 1175.702 
8:00 1165.719 
8:30 1170.876 
9:13 Complete 

2. PLA-20chit 

Illinois Instruments Inc - 8000 results file 

START = 11 Jul 2017 11:21:00 PM 

MASK 

Sample Time (Mins) 1 

Temperatures (deg C) 23.0 23.0 

Bypass Time 10 

Purge Level 160 

Sampling rate 1 
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Stop Band 1 

Wet N2 + 02  1  

Purge  1  

Timed  0  

Auto Stop  0  

RH(O2) values 24.4 24.4 

RH(N2) values 25.5 25.7 

OTR Data (cc/m2/day) 1A 1B 

20P6chitM2CBPT41 20P6chitM2CBPT41 

A160 

B160 

A82.4 

B192 

A11953 

B8287 

A21184 

B12001 

A24254 
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B13601 

A24845 

B14087 

A25098 

D. Coating-PLA-Coating (Sample Data) 

1. 3chitGRH-PLA-3chitGRH 
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2. PLA-2p 

MOCON OX-TRAN® 2/22 - Single Test Report
Instrument Serial #: 0317FN0197,  Instrument Name: Device Name,  Instrument #: <no value>

TEST INFO
Cell ID: Test ID: Sample ID: Material ID: User ID: Method:
Cell B 370 6p4chitmgrh12·4b <no value> xinyi Anibal

TEST DETAILS
Temperature: 23.0/22.9 ºC Test Time: 20.42 hours Turbo Cool: Off Compensate: On
Test Gas RH: 60.0/60.0 %RH Exam Minutes: 15 minutes Test Mode: Auto Concentration: 100.00 %
Carrier Gas RH: 60.0/60.0 %RH ReZero Exam: 20 minutes Rezero: On Convergence Hours: N/A
Sample Area: 3.14 cm² Conditioning: N/A ReZero Frequency: 2 Conditioning Time: N/A
Thickness: 0.02200 mm Individual Zero: Off High Purge: On High Purge Time: 10 minutes
Barometer: 729 mmHg Number of Cycles: N/A Start Date: 11:58 AM, 2/24/2018

TEST RESULTS IN SELECTED UNITS IN STANDARD UNITS
Transmission @100.0% 296.22 cc/(m² · day) 296.22 cc/(m² · day)
Permeation @100.0% 6.5168400 cc · mm/(m² · day) 256.5684 cc · mil/(m² · day)
Rezero: 0.00147 cc/day

OPERATOR COMMENTS:

Transmission Rate Data Graph

Time units = hours

TR
 u

ni
ts

 =
 c

c/
(m

² ·
 d

ay
)

326.10

293.49

260.88

228.27

195.66

163.05

130.44

97.83

65.22

32.61

0.00
0.00 2.04 4.08 6.13 8.17 10.21 12.25 14.29 16.33 18.38 20.42

Auto Test Parameters:
Date/Time Test Parameters
2/24/2018, 12:52 PM Exam Time=20 min, ReZero Freq=2, ReZero Exam=20 min
2/24/2018, 1:47 PM Exam Time=15 min, ReZero Freq=2, ReZero Exam=20 min

Printed on: 2/26/2018 at 2:08 PM Page  1 of 1
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MOCON OX-TRAN® 2/22 - Single Test Report
Instrument Serial #: 0317FN0197,  Instrument Name: Device Name,  Instrument #: <no value>

TEST INFO
Cell ID: Test ID: Sample ID: Material ID: User ID: Method:
Cell B 362 pla2sideb <no value> xinyi Anibal

TEST DETAILS
Temperature: 23.0/23.0 ºC Test Time: 5.74 hours Turbo Cool: Off Compensate: On
Test Gas RH: 60.0/60.1 %RH Exam Minutes: 15 minutes Test Mode: Auto Concentration: 100.00 %
Carrier Gas RH: 60.0/60.0 %RH ReZero Exam: 20 minutes Rezero: On Convergence Hours: N/A
Sample Area: 3.14 cm² Conditioning: N/A ReZero Frequency: 0 Conditioning Time: N/A
Thickness: 0.02000 mm Individual Zero: Off High Purge: On High Purge Time: 10 minutes
Barometer: 735 mmHg Number of Cycles: N/A Start Date: 12:26 PM, 2/19/2018

TEST RESULTS IN SELECTED UNITS IN STANDARD UNITS
Transmission @100.0% 896.61 cc/(m² · day) 896.61 cc/(m² · day)
Permeation @100.0% 17.932200 cc · mm/(m² · day) 705.9921 cc · mil/(m² · day)
Rezero: 0.00111 cc/day

OPERATOR COMMENTS:

Transmission Rate Data Graph

Time units = hours

TR
 u

ni
ts

 =
 c

c/
(m

² ·
 d

ay
)

1001.70

901.53

801.36

701.19

601.02

500.85

400.68

300.51

200.34

100.17

0.00
0.00 0.57 1.15 1.72 2.29 2.87 3.44 4.01 4.59 5.16 5.73

Auto Test Parameters:
Date/Time Test Parameters
2/19/2018, 1:20 PM Exam Time=20 min, ReZero Freq=2, ReZero Exam=20 min
2/19/2018, 1:55 PM Exam Time=15 min, ReZero Freq=0, ReZero Exam=20 min

Printed on: 2/20/2018 at 2:23 PM Page  1 of 1
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3. 10chit-PLA-10chit 

 

 

MOCON OX-TRAN® 2/22 - Single Test Report
Instrument Serial #: 0317FN0197,  Instrument Name: Device Name,  Instrument #: <no value>

TEST INFO
Cell ID: Test ID: Sample ID: Material ID: User ID: Method:
Cell A 483 20p4chitm5·12a <no value> xinyi <no value>

TEST DETAILS
Temperature: 23.0/22.9 ºC Test Time: 47.38 hours Turbo Cool: Off Compensate: On
Test Gas RH: 90.0/89.9 %RH Exam Minutes: 30 minutes Test Mode: Continuous Concentration: 100.00 %
Carrier Gas RH: 90.0/90.0 %RH ReZero Exam: 30 minutes Rezero: On Convergence Hours: N/A
Sample Area: 3.14 cm² Conditioning: Off ReZero Frequency: 3 Conditioning Time: N/A
Thickness: 0.02500 mm Individual Zero: Off High Purge: On High Purge Time: 10 minutes
Barometer: 742 mmHg Number of Cycles: N/A Start Date: 1:28 PM, 5/16/2018

TEST RESULTS IN SELECTED UNITS IN STANDARD UNITS
Transmission @100.0% 604.38 cc/(m² · day) 604.38 cc/(m² · day)
Permeation @100.0% 15.109500 cc · mm/(m² · day) 594.8622 cc · mil/(m² · day)
Rezero: 0.00201 cc/day

OPERATOR COMMENTS:

Transmission Rate Data Graph

Time units = hours

TR
 u

ni
ts

 =
 c

c/
(m

² ·
 d

ay
)

665.10

598.59

532.08

465.57

399.06

332.55

266.04

199.53

133.02

66.51

0.00
0.00 4.63 9.25 13.88 18.50 23.13 27.75 32.38 37.00 41.63 46.25

Printed on: 5/18/2018 at 12:51 PM Page  1 of 1
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5. CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions 

In the preliminary study, oxygen permeability (OP) values of the in-house produced PLA films and 

PLA films coated with chitosan and chitosan-graphene were measured. Due to the variability of 

the OP results, these films were not used for further testing. Instead, LLDPE films were selected 

as a substrate to optimize the method of coating and as a proof of concept for the production of 

high oxygen barrier films. From OP tests on LLDPE and LLDPE coated films, we decided not to 

include hot pressing in sample preparation and to use commercial film as a substrate to minimize 

OP data variations. Then commercial PLA films were coated on both sides instead of on one side 

and tested for the OP. The OP results were compared with the theoretical oxygen barrier of 

multilayer films. Each section of the testing process is concluded below.  

HPLA-coating-HPLA-HP films were prepared during the preliminary study and tested for 

OP at 23˚C, 0% RH. The OP results showed unexpected high standard deviations. For example, an 

OP of 1254 kg m m-2 s-1 Pa-1 for HPLA-HPLA-HP, and 943 ± 1108 kg m m-2 s-1 Pa-1 for HPLA-2chit-

HPLA-HP, which could be attributed to the unevenness of the film thickness as well as the 

presence of cracks in the films due to processing conditions of the in-house laboratory extruder.  

Commercial LLDPE films were used to conduct the proof of concept of the coating study. No 

cracks were found in LLDPE-coating-LLDPE-HP films. The coated LLDPE films provided good 

transparency compared to the uncoated LLDPE films. OP was measured at 23˚C and 0% RH and 

the results still showed high standard deviations and several data outliers due to the variability 

of the hot pressing. LLDPE-LLDPE-HP had an OP of 4670 kg m m-2 s-1 Pa-1 and LLDPE-2chit-LLDPE-
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HP had one for 812 ± 792 kg m m-2 s-1 Pa-1. Hence, to better study the oxygen barrier mechanism 

of coated PLA films, commercial PLA films were used as a substrate for further studies, and hot 

pressing was not used for sample preparation. 

PLA with 5 and 20 coating layers (PLA-5chit and PLA-20chit, respectively) were produced 

using a coating machine. SEM images of both films showed clearly distinguished interfaces 

between different coating layers, indicating the existence of individual deposited coating layer 

instead of a bulk one. Thicknesses of pure PLA film and the 20-layer coating part in PLA-20chit 

were 19 µm and 16 µm, respectively. The thickness of the 20-layer coating part was 10 times 

larger than the theoretical coating thickness (1.6 µm for 20-layer coating) [1]. This was due to the 

curvature of the coating film, which was confirmed by the SEM image. Since the coating solutions 

were applied one by one on one side of the PLA film, this procedure enabled the surface of the 

coated solution as well as the coated side of PLA to shrink due to surface tension [2], creating 

cracks on the coating layers when the films were flattened after drying. 

Thermal stability and transition stages were tested on PLA, chitosan, graphite, chiGRH, 

PLA-5chit, PLA-20chit, PLA-5chitGRH, and PLA-20chitGRH using TGA and DSC. Degradation of 

pure PLA started at 259˚C and ended at 388˚C, with a peak derivative weight at 360˚C. Graphite 

only had 5% weight loss within the testing range (0-600˚C). Chitosan had a major decomposition 

from 190˚C and lasted to 600˚C, with a peak at 289˚C and started to have a stable weight change 

speed at 410˚C. Then, decomposition stages of coated PLA films were characterized and analyzed. 

Weight percentage of PLA in PLA-5chit, PLA-20chit, PLA-5chitGRH, and PLA-20chitGRH were 

calculated as 91%, 82%, 94%, and 70%, respectively, using TGA results (% weight loss of each film 

and coating component, % residue of PLA, and % residue of chitGRH). Comparison of the 
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transition stages and the degrees of crystallinity showed that the coating layers did not affect the 

crystallinity of the PLA substrate, which means that the bulk structure of the PLA films remained 

unaltered. 

OP tests were done on PLA, PLA-5chit and PLA-20chit at 23˚C, 0% and 50% RH. Under both 

RH conditions, OP values of OP values of PLA-20chit and PLA-5chit were not significantly different. 

Large standard deviations of OP values were only found in films with coating layers. These were 

because of the existence of the cracks in coating layers as confirmed by SEM images. 

Coating-PLA-coating films (3 or 10 layers of chitosan or chitGRH coating on each side of 

PLA film) were then produced to prevent curvature and cracks. OP tests were conducted at 23˚C 

and various RH from 0% to 90%. Small standard deviations of OP values illustrated the success in 

choosing to do coating on both sides of the substrate film instead on one side. The OP data 

showed that: 1) chitosan is more hydrophilic than PLA; 2) RH only affected OP of the coated PLA 

films when they were tested at RH at 60% and 90% RH; 3) the more the coating layers, the better 

the oxygen barrier; 4) graphene is more effective in 20-layer coating than in 6 layers coating at 

60% and 90% RH, and less effective at 0% and 30% RH; and 5) storage conditions are important 

factors that affected the permeation mechanism.  

A high oxygen barrier packaging material need an OP that lower than 5 x 10-20 kg m m-2 s-1 

Pa-1 with a thickness of 20 µm at 23˚C and 1 atm [3]. From this study, 10chit-PLA-10chit and 

10chitGRH-PLA-10chitGRH without conditioning at 0% and 30% RH, 3chitGRH-PLA-3chitGRH at 0% 

RH without conditioning, and 3chit-PLA-3chit at 0% RH with conditioning can be considered high 
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oxygen barrier films, with potentials to future development of high oxygen barrier compostable 

polymeric films.  

 
5.2 Recommendations 

This study investigated the effects of chitosan and chitGRH coating on oxygen barrier properties 

of PLA film at 23˚C and 0, 30, 60, and 90% RH. We suggest including more tests between 30% and 

90% RH for better understanding effect of moisture on oxygen permeation. Also, it is important 

to understand the changes in properties of the coated films under different temperatures for 

commercial use. To better understand the oxygen permeation mechanism, OP measurements on 

PLA-coating-PLA films and PLA films with bulk single layer coating are needed. Since moisture 

content is one of the factors that affects most OP, we suggest all future samples being stored at 

dry conditions before testing. 

RH did not show any significant effects on the OP values of all coated PLA films at 23˚C, 0 

and 30% RH, and no effect on 10chitGRH-PLA-10chitGRH at 0, 30, and 60% RH. OPs of 3chit-PLA-

3chit, 3chitGRH-PLA-3chitGRH, and 10chit-PLA-10chit only increased significantly from 30% to 60% 

RH, and OP of 10chitGRH-PLA-10chitGRH started a significant increase from 60% to 90%. The 

clear transition of oxygen permeation behavior called for a future study between 30% to 60% RH 

for 3chit-PLA-3chit, 10chit-PLA-10chit, and 3chitGRH-PLA-3chitGRH, and between 60% to 90% RH 

for 10chitGRH-PLA-10chitGRH, and to understand the mechanism of OP variation as RH changes. 

In this study, we tested the OP at 23˚C between 0 and 90 %RH; however, commercial use 

of the films will require a high oxygen barrier at various temperatures depending on product 
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types and transportation methods. Therefore, future testing at 4˚C (e.g., in a refrigerator) and 

45˚C (e.g., on a tarmac or in a truck with sun exposure) is needed. 

For the effect of water plasticization, the interaction between water and chitosan and the 

effect on OP should be elucidated since this factor is more important than water plasticization 

affected OP. Thus, future work should also include PLA-coating-PLA films to check how PLA films 

can protect the chitosan and chitGRH layer inside.  

We did not study the effect of multilayer coating method on oxygen permeation. Hence, 

it is important to understand if a multilayer coating and a single layer coating with same thickness 

will show a different OP value. 

Most of the samples in this study were not kept in dry conditions before the OP tests. 

With the fact that storage conditions have an effect on OP values as shown in section 4.3.2.4, we 

suggest that all the film samples should be kept at dry conditions before testing. 
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