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A B S T R A C T

Transparent gas barrier materials have extensive applications in packaging, pharmaceutical preservation, and 
electronics. Herein, we designed transparent films with a symmetric sandwich structure using layer-by-layer 
assembly of biaxially oriented polypropylene (BOPP) and acrylic resin (AR) followed by a cellulose nano
particle (CNP) layer. The BOPP as a substrate created a barrier to hinder the transmission of water molecules to 
the adhesive AR layer and gas barrier functional CNP layer. The aspect ratio of the CNPs was shown to affect the 
film microstructure, resulting in different values for the oxygen transmission rate (OTR). The well-organized CNP 
layer exhibited lower OTR when compared with the network layer. The thickness, density, and porosity of the 
CNP layer exhibited correlations with OTR. The water molecules were able to flow in through an additional 
pathway, thus increasing the water vapor transmission rate (WVTR). Moreover, these sandwiched cellulose 
composite films showed excellent light transmittance and tensile strength.   

1. Introduction

Non-renewable and non-degradable petroleum-based materials like
polyethylene (PE), polypropylene (PP), polyethylene terephthalate 
(PET), and polyvinyl chloride (PVC) have been widely used for flexible 
food packaging or electronic devices since the last century. With 
increasing attention in global resource shortage and sustainable devel
opment, the interest in expanding the utilization of bio-based and 
biodegradable materials has driven researchers to focus on using bio
polymers, such as polyhydroxybutyrate (PHB), polylactic acid (PLA), 
and polysaccharides (starch, chitin, and cellulose) (Siracusa et al., 2008; 
Vasile, 2018; Wang et al., 2017). Based on their inferior performance to 
petroleum-based counterparts in traditional packaging materials and 
electronic devices, adding additives to the composites, coating a thin 
layer on their surface, or forming a multilayered structure to improve 
various properties are effective and important strategies. Reactive oxy
gen and water cause food spoilage and electrical cutting-out in elec
tronic devices, thus lowering oxygen transmission rate (OTR) and water 

vapor transmission rate (WVTR) are key solutions for packaging mate
rials (Dou et al., 2015). 

Recent progress has shown that cellulose, especially the cellulose 
nanoparticles (CNPs), are able to serve as oxygen barrier materials 
(Table 1). CNPs have high crystallinity, high length to diameter aspect 
ratio, and a considerable amount of hydroxyl groups on the surface. 
These characteristics enable CNPs to form a dense microstructure, pre
senting high potential as a gas barrier. Coating a thin layer of TEMPO 
(2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidized CNPs on films of PLA, 
PP, oriented polyamide (OPA), and oriented PP (OPP) have led to 
composite films with outstanding oxygen barrier properties and ultra- 
high transparency (Fotie et al., 2020; Fukuzumi et al., 2009). 
Dispersing CNPs in polymers decreased the oxygen permeability (Fang 
et al., 2019; Jung et al., 2020). Reinforcing the cellulose matrix with 
high aspect ratio materials of TiO2, attapulgite, boron nitride, or 
montmorillonite resulted in excellent gas barrier properties (Nguyen 
et al., 2018; Roilo et al., 2018; Wang et al., 2018; Wu et al., 2012). 
Bacterial cellulose/acrylic resin composites, prepared by impregnating 
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the bacterial cellulose thin film in acrylic resin, formed a layered in- 
plane network structure with excellent flexibility and transparency, of
fering a material for potential innovation in the electronics device in
dustry (Nogi & Yano, 2008). Multilayered alkyd resin/ 
carboxymethylated cellulose nanofibril (CNF) films, multilayered 

cellulose nanocrystal/polyvinyl alcohol films, and multilayered cationic 
CNF/anionic vermiculite clay films using layer-by-layer deposition also 
display efficient oxygen barrier properties (Aulin & Ström, 2013; 
Ogunsona & Mekonnen, 2020; Qin et al., 2018). 

Based on the “tortuous theory”, the cellulose acts as a physical bar
rier structure to hinder the movement of oxygen gas molecules. Oxygen 
molecules exhibit kinetic diameters on the same order of magnitude as 
the diameters of the partially disconnected pores in the cellulose 
network, which does not allow transport through the film (Fukuzumi 
et al., 2011). This tortuous pathway varies in free volume shape, size, 
and quantity, and determines the molecular diffusion and permeation 
features. The free volume is generated by surface incompatibility be
tween two components or is limited to the structures, and it cannot be 
eliminated even with elaborate design (Ammala et al., 2008; Dou et al., 
2015; Kim et al., 2017). Therefore, it is still a challenge to develop novel 
high gas barrier materials. 

This work aims to develop a new method to fabricate multilayer films 
of CNP and acrylic resin (AR) to be applied in flexible packaging ma
terials. Five layers are designed in our study, consisting of BOPP-AR- 
CNP-AR-BOPP. The acrylic resin layers act as the tie layer between the 
BOPP and CNP, facilitating CNP to be uniformly coated on the surface of 
BOPP. This sandwich structure is believed to be an effective way to 
preserve gas and water vapor barrier properties of the components. The 
resulting sandwiched films were measured to determine their micro
scopic structure, surface energy, light transmittance, tensile strength, 
OTR, and WVTR. 

2. Materials and methods

2.1. Raw materials

Cellulose nanocrystals (CNCs, slurry, ~11.8% solids) were made by 
the Forest Products Laboratory (Madison, WI) and purchased from the 
University of Maine Product Development Center. TEMPO-oxidized 
cellulose nanoparticles (T-CNPs) were prepared and characterized in 
our previous work (Du et al., 2018). The T-CNPs included TEMPO- 
oxidized microcrystalline cellulose (T-MCC), TEMPO-oxidized cellu
lose nanofibers (T-CNFs), and TEMPO-oxidized CNC (T-CNCs). The 
CNCs and T-CNPs are collectively referred to as CNPs. The characteris
tics of the T-CNPs and CNC are listed in Table 2. Acrylic resin (AR, 
Joncryl 678) was provided by BASF Co., Germany. Joncryl 678 is a 
styrene-acrylic acid copolymer with a molecular weight of 8600, an acid 
number of 215, and a density of 1.16 g/cm3 at 20 ◦C. The ammonia 
hydroxide (28%) was purchased from Sigma-Aldrich Inc., USA. The 
corona-treated biaxially oriented polypropylene (BOPP, LPT-type) with 
a thickness of 57 ± 0.2 μm and density of 0.91 g/cm3 was provided by 
Treofan Co., Raunheim, Germany. 

2.2. Preparation of acrylic resin 

The acrylic resin powder (2.6 g) was suspended in a solution (7.4 g) 
of 28 wt% ammonia (0.63 g) and deionized water (6.77 g) with soni
cation at room temperature until dissolved. The dissolved acrylic resin 
was labeled as AR. 

2.3. Preparation of sandwiched films 

A K control coater (RK K101, UK) was used to prepare the films with 
a sandwich structure, as shown in Fig. 1a. Coating thicknesses were 
calibrated with different wire rods in advance. A BOPP film of 25 cm ×
20 cm acted as the substrate, and a vacuum adsorbed it onto the coating 
table. A 6-μm thick AR coating, i.e. adhesive layer, was applied to the 
surface of the BOPP film by a wire rod moving at a coating speed of 1.0 
m/min. To obtain the continuous core layer, the T-MCC T-CNF sus
pensions (2 wt%, 100 μm coating thickness) and T-CNC, CNC suspen
sions (5 wt%, 40 μm coating thickness) were applied with a coating 

Table 1 
Thickness and oxygen transmission rate (OTR) of CNP-coated polymer films and 
commercially available polymer films.  

Materials Thickness 
(μm) 

OTR 
(cm3/ 
(m2⋅day)) 

Test 
conditions 

Reference 

SCNF/FP/PET film 90–91 0.98 room 
temp., 0% 
RH 

Kim et al., 
2020 

FP/SCNF/FP/PET 
film 

90–92 0.15 room 
temp., 0% 
RH 

Kim et al., 
2020 

BOPP/PU/CNCs/ 
PU/BOPP 

174–178 5.7–6.1 23 ◦C, 
80%RH 

Wang, Chen, 
Wang, 
Gardner, & 
Tajvidi, 2020 

BOPP/PU/CNFs/ 
PU/BOPP 

196–199 10.5–24.3 23 ◦C, 
80%RH 

Wang et al., 
2020 

BOPP/PU/PU/BOPP 160 238.6 23 ◦C, 
80%RH 

Wang et al., 
2020 

(GNPs/CNCs)n- 
coated PE-coated 
cardboard (layer- 
by layer assembly, 
4–11 bilayer) 

57.6–149.9 
(GNPs/ 
CNCs)n layer 

608–2077 23 ◦C, 
50%RH 

Chemin, 
Heux, 
Guérin, 
Crowther- 
Alwyn, & 
Jean, 2019 

NC coated BOPP/ 
LDPE film 

77.13 ±
3.35 

24.02 23 ◦C, 
75%RH 

Lu, Guo, Xu, 
& Wu, 2018 

BOPP/LDPE film 73.8 ± 1.71 67.03 23 ◦C, 
75%RH 

Lu et al., 
2018 

Bio-HDPE/CNF/bio- 
LDPE film 

78 0.6 ± 0.1 23 ◦C, 0% 
RH 

Vartiainen 
et al., 2015  

78 8 ± 3 23 ◦C, 
50%RH 

Vartiainen 
et al., 2015  

78 490 ± 20 23 ◦C, 
80%RH 

Vartiainen 
et al., 2015 

HDPE/LDPE film 
(multilayer) 

76 2140 ± 40 23 ◦C, 0% 
RH 

Vartiainen 
et al., 2015 

High density 
polyethylene, 
HDPE 

80–100 2300–3300 25 ◦C, 0% 
RH 

Ghosh et al., 
2020 

Polyethylene, PE 25 1543.09 ±
43.88 

23 ◦C, 0% 
RH 

Norrrahim, 
Ariffin, 
Hassan, 
Ibrahim, & 
Nishida, 
2013 

Poly(3- 
hydroxybutyrate- 
co-3- 
hydroxyvalerate), 
PHBV 

25 218.4 ±
2.08 

23 ◦C, 0% 
RH 

Norrrahim 
et al., 2013 

Polylactic acid, PLA 40.3 ± 0.47 541 ± 8.20 23 ◦C, 55 
± 1%RH 

Sonar et al., 
2020 

PLA-PBAT blend 
(modified) 

127 ± 1.25 330 ± 1.63 23 ◦C, 55 
± 1%RH 

Sonar et al., 
2020 

PET/PE 70.0 ± 1.26 80.9 ±
2.15 

23 ◦C, 55 
± 1%RH 

Sonar et al., 
2020 

Polyvinyl chloride, 
PVC 

50 896.45 25 ◦C, 
70%RH 

Mangaraj, 
Goswami, & 
Panda, 2014 

Poly(vinyl alcohol- 
co-ethylene), 
EVOH 

44 65.1 23 ◦C, 
65%RH 

Miao et al., 
2019 

Note:SCNF: succinylated cellulose nanofibers. FP: a type of fluorinated acrylic 
polymer, (NOVEC™ 1700); PET: polyethylene terephthalate; BOPP: biaxially 
oriented polypropylene; PU: translucent polyurethane; CNCs: cellulose nano
crystals; GNPs: gibbsite nanoplatelets; NC: nanocellulose; CNFs: cellulose 
nanofibers; LDPE: low-density polyethylene; PBAT: polybutylene adipate 
terephthalate. 
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speed of 0.6 m/min after the AR layer was totally dried. Finally, the 
subsequent AR coating was completed following the method above and 
then the other BOPP substrate was applied. These five-layered films 
were marked as BOPP-AR-x-AR-BOPP, where the x refer to T-CNF, T- 
MCC, T-CNC, or CNC. The sandwiched film without CNPs, i.e. the film of 
BOPP-AR-AR-BOPP, was fabricated for comparison. The sandwiched 
films were stored at 23 ± 2 ◦C for testing. 

2.4. Characterization 

2.4.1. Transmittance 
Regular light transmittances were measured at wavelengths from 

200 nm to 800 nm with a Lambda 25 UV/VIS Spectrometer (Perkin 
Elmer, USA). The spectrum of air was set as a reference for the sand
wiched films. The light transmittance value was determined at a 
wavelength of 600 nm. 

2.4.2. Surface roughness 
Atomic force microscopy (AFM) (Bruker Multimode 8, USA) with 

triangular-shaped cantilevers (spring constant, 0.06 Nm− 1) was used to 
characterize surface morphology. The AFM image of the surface of each 
layer was obtained after the coating was dried. Surface roughness as 
reflected by arithmetic mean deviation of the profile (Ra) was calculated 
from AFM images with NanoScope Analysis software. 

2.4.3. Morphology and structure 
The cross-sectional images of the resulting films were observed by 

scanning electron microscopy (SEM) (FEI SEM Quanta 200F, USA) at a 5 
kV accelerating voltage. The film surfaces were fixed in parallel fixed on 
carbon adhesive disks and the naturally fractured films were vertically 
fixed. They were sputter-coated with platinum at a thickness of 2.8 nm. 
The thickness of the adhesive layer and core layer could be reflected by 
the tearing section in the SEM images. The accurate thickness of each 
layer was calculated by ImageJ image analysis software. 

2.4.4. Surface energy 
The contact angle (θ) was measured using a Dynamic Surface Anal

ysis system (VCA Optima, AST Products INC., USA) equipped with a 
video camera and software for image analysis. A drop of probe liquid 
(distilled water, formamide, diiodomethane) was deposited on the 
sample surface, and an image of the drop was obtained to measure the 
contact angle. The surface energy was calculated by the geometric mean 
Eq. (1) based on the static contact angle measurements with the probe 
liquids. 

γsl = γs + γl − 2
( ̅̅̅̅̅̅̅̅̅

γd
s γd

l

√

+

̅̅̅̅̅̅̅̅

γp
s γp

l

√ )

(1)  

where γ refers to the surface energy, γd refers to the dispersive compo
nent and γp is the polar component, γ = γd + γp. The subscripts s and l 
designate liquid and solid respectively. γsl is the solid/liquid interfacial 
energy, γs is the solid surface energy, γl is the liquid surface energy. The 
relationship between γsl, γs and γl is described by Young's Eq. (2): 

cosθ = (γs − γsl)γl (2) 

A combination of Eqs. (1) and (2) gives the following relationship: 

(1+ cosθl)γl = 2
( ̅̅̅̅̅̅̅̅̅

γd
l γd

s

√

+

̅̅̅̅̅̅̅̅̅

γd
l γp

s

√ )

(3)  

where the known surface free energy dispersive (γd) and polar (γp) 
components of the three probe liquids from literature and three 
measured contacted angles were substituted to give Eq. (3). The polar 
and dispersive components of the solid surface energy were approxi
mated by solving three equations with the least-squares method. 
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2.4.5. Tensile strength and elongation at break 
The tensile strength and elongation at break of BOPP and sand

wiched films were measured using an Instron 4466 (Instron Co., USA) 
following the ASTM D882-12 standard with an initial grip separation of 
50 mm and separation rate of 500 mm/min. The films were stored at 23 
± 3 ◦C and 50% RH for two weeks before testing. 

2.4.6. Oxygen transmittance rate (OTR) and water vapor transmittance 
rate (WVTR) 

The OTR of BOPP and sandwiched film samples (10 cm × 10 cm) 
were measured by Mocon OX-Tran 2/21 (Mocon Inc., USA) according to 
the ASTM D3985 standard with a condition of 23 ◦C and 0% RH. One 
side of the film was exposed to flowing nitrogen gas, and the other side 
was exposed to flowing oxygen gas. The amount of permeated oxygen 
for a specific period was measured by a detector when the transmission 
reached the steady-state. It took 12 to 16 h to complete one test. Water 
vapor transmittance rate was measured by Mocon Permatran-w3/33 
(Mocon Inc., USA) equipped with an infrared sensor to detect water 
vapor transmittance, following ASTM F1249. The OTR and WVTR were 
calculated based on the following equations: 

OTR = (dV/dt)/A (4)  

WVTR = (dm/dt)/A (5)  

where dV/dt or dm/dt is the volume or mass of permeated oxygen or 
water vapor across the area (A) per unit time. 

2.4.7. Density and porosity 
The thick AR layer caused cracking. Therefore, a thin AR layer was 

prepared by controlling the amount of AR application. The coating 
weight of AR layer and CNP layer were determined by weighting the film 
before and after coating (weighting the pure BOPP, AR-coated BOPP, 
CNP-coated AR/BOPP). The thickness of each layer was determined on 
the SEM images of the cross-section of the film with the ImageJ image 
analysis software. The density was calculated by dividing the weight by 
the calculated volume. Porosity was calculated by the following equa
tion: 

P = (ρ0 − ρ)× 100%/ρ0 (6)  

whereas P is porosity, ρ0 is the cellulose density (assumed to be 1.55 g/ 
cm3), and ρ is the density of the CNP layer. 

Fig. 1. (a) The laminating process and the film the symmetric sandwich structure; (b) the oxygen or vapor transmission mechanism across the sandwiched film; (c) 
the light transmittance of the sandwiched films in a wavelength range from 200 to 800 nm; (d) the three-dimensional morphologies of the surface of the BOPP, AR, 
and CNP layers; the surface energy (e) and the contact angles (f) of CNP layers. 
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3. Results and discussion 

3.1. Transmittance 

The BOPP and sandwiched films appeared to be transparent with a 
transmittance at 600 nm in a range from 89.1% to 89.4%. Upon adding 
the CNP layer, the sandwiched structure barely influence the resultant 
light transmittance (Fig. 1c). Sun et al. (2015) reported that the T-CNP 
films showed transmittance values greater than 90% at 600 nm, and the 
transmittance at 900 nm for T-CNP films reached up to 98.4%. BOPP and 
CNPs are composed of well-organized crystals. When a beam of light hits 
the interface between two different materials, such as air to BOPP, or 
BOPP to CNPs, the light deviates from the original track due to scat
tering. The reflection and diffuse reflection block a portion of light at the 
film surface, leading to reduced transmittance, and the remaining light 
is refracted, allowing continued access to the crystals. Thus, the trans
mittance is related to the surface roughness at the interface between 
layers, the pathway length of light in crystals, the crystallinity of BOPP 
or CNPs, and the number of layers. The sandwiched films with several 
interfaces disrupting the light transmission still displayed high trans
mittance, indicating the films had a smooth interface, high crystallinity, 
and a small amount of scattering. This high transmittance is beneficial 
for packaging and electronics applications. 

3.2. Surface roughness 

Fig. 1d shows the micro-profiles of the film surfaces. The BOPP film 
was corona-treated by the supplier and was ravine-like with surface 
roughness, RaBOPP of 5 nm. Generally, an uneven surface has more me
chanical connecting sites and larger aspect ratio to provide anchor 
points for the coating, improving the adhesion between the coating and 
substrate. However, too high Ra could reduce the wettability of the 
surface and result in adhesion defects (Rowe, 1978). The AR layer 
covered on the corona-treated BOPP presents a smooth surface with 
RaAR at 0.24 nm without significant concavity and convexity. It indicates 
the AR flowed well and was uniformly dispersed, and the surface 
roughness of the BOPP substrate was appropriate. The Ra of T-CNF, T- 
MCC, T-CNC, CNC layers were 2.83 nm, 2.81 nm, 4.95 nm, and 2.22 nm, 
respectively. The differences in aspect ratio and particle size of the CNPs 
accounted for slight differences in Ra and different surface morphol
ogies. The T-CNFs formed a uniform and irregular particle distribution, 
resulting in a network structure. The T-CNCs and CNCs eventually 
became oriented structures, while the T-MCCs had a mixture of the 
network and oriented structure (Du et al., 2020). The RaT-CNC was much 
higher than others. It might be ascribed to the small particle size of T- 
CNC and the low viscosity of T-CNC suspension (Table 1). During the 
film formation, water gradually evaporated, and the concentration of T- 
CNC suspension increased. The extremely small T-CNC individuals with 
a relatively low aspect ratio easily moved and were organized by self- 
assembly locally. The assembled T-CNCs resulted in the inhomoge
neous distribution in the aqueous phase. The local aggregation gradually 
generated an uneven surface with ongoing evaporation. Meanwhile, the 
low viscosity means less internal friction. Under the shear force gener
ated by wire rod movement, the dispersed T-CNCs moved along the force 
direction without strong disruption, resulting in the formation of the 
overall uneven surface. 

3.3. Surface energy 

According to the geometric mean method, the surface energy of each 
layer was calculated based on contact angle analysis (Fig. 1e,f). The 
BOPP had a rather low surface energy (38.4 mJ/m2), making it difficult 
to achieve surface wetting, inking, and gluing. It resulted from a well- 
organized structure, high crystallinity, abundant methyl groups on the 
BOPP surface, stretching orientation, and the ability to automatically 
decrease the energy to maintain stability. When the AR was coated on 

the BOPP as an adhesive layer, the surface energy reached up to 50.9 
mJ/m2. Although the surface roughness of the AR was lower than that of 
the BOPP, the AR had a low molecular weight, a considerable amount of 
carboxyl groups, and strong surface shrinkage generated by self- 
crosslinking, and these enhanced the surface energy and functionally 
improved the adhesion between BOPP and CNPs. 

The surface energies of the T-CNF, T-MCC, T-CNC, and CNC layers 
were 59.6, 54.3, 59.1, and 57.5 mJ/m2, respectively. They presented 
higher surface energy than BOPP and AR, due to a combined effect of the 
hydrophilic groups, aspect ratio, crystallinity of the cellulose, the 
porosity and surface roughness of the resultant films. The CNPs in this 
study had a large number of hydroxyl groups (-OH) and carboxyl groups 
(-COOH), showing a greater affinity for water molecules and forming 
hydrogen bonds. The T-CNFs had the largest aspect ratio and relatively 
low crystallinity, thus improving the wettability and surface energy. 
Compared with T-CNFs, the T-MCCs had equivalent carboxyl groups and 
surface roughness, but their higher crystallinity resulted in lower surface 
energy. The high roughness of the T-CNC layer led to a higher surface 
energy than the CNC layer. 

3.4. Tensile strength and elongation at break 

Adding the CNP layer significantly increased the tensile strength of 
the sandwiched films (Fig. 2a). The films with the T-CNF, T-MCC, T- 
CNC, and CNC layers showed tensile strengths of 203.7 MPa, 196.0 MPa, 
190.8 MPa, and 160.5 MPa, respectively. Wakabayashi et al. (2020) 
reported that fibrillation contributes to the mechanical properties and 
the increased aspect ratio increases the contact area when forming the 
film between individual nanofibers. Therefore, the increased inter
weaving ability enhanced the tensile strength of the T-CNP thin layers, 
especially the T-CNF layer. Moreover, the tensile strength was affected 
by the degree of polymerization, surface oxidation, and adhesion be
tween fibers, even the aldehyde groups on cellulose could increase the 
mechanical properties (Saito & Isogai, 2006). The elongation at break of 
the sandwiched film slightly reduced compared to the pure BOPP and 
the sandwiched film without CNP layer (Fig. 2b). It resulted from the 
considerable amount of hydrogen bonds between cellulose constraining 
slipping between molecules. However, the limited reduction barely 
influenced on its application in packaging. 

3.5. OTR 

The OTR of the sandwiched films are shown in Fig. 2c except for the 
BOPP, owing to its OTR exceeding the instrument testing range under 
23 ◦C and 0% RH. It was found that the OTR considerably decreased by 
adding the CNP layer. The OTR of films with the T-CNF, T-MCC, T-CNC, 
and CNC layers were 11.83, 18.68, 2.36, and 5.59 cc/(100in2⋅day), 
respectively. The particle size, porosity after film formation, and film 
density had a combined influence on the OTR (Fukuzumi et al., 2011; 
Fukuzumi et al., 2013). When the same amount of CNPs was sandwiched 
in the films, a different thickness was formed due to the different 
nanoparticle morphologies. The parallel arrangement or well- 
organization of cellulose nanoparticles generally resulted in a denser 
structure, impacting the OTR. This will be discussed in detail in the 
mechanism section. 

3.6. WVTR 

The films without a CNP layer had a WVTR of 0.1880 g/ 
(100in2⋅day). The sandwiched films with a CNP layer displayed high 
WVTR values, as shown in Fig. 2d. This is ascribed to the hydrophilicity 
of the CNPs. The chemical groups on the CNP surfaces were able to 
absorb and transport water molecules, accelerating water molecule 
movement in the films. The films had five layers, and each layer had 
different microstructures. As a result, water molecules exhibited a slow- 
quick-slow movement, leading to increased WVTR. Meanwhile, the OTR 

L. Du et al.                                                                                                                                                                                                                                       



Carbohydrate Polymers 268 (2021) 118206

6

of the CNP films decreased after water absorption (Vartiainen et al., 
2015). The BOPP showed excellent WVTR, 0.1492 g/(100in2⋅day). It 
was designed to be the surface layers of the sandwiched film, protecting 
the coral CNP layer from direct water absorption. This is an advantage of 
the sandwich film structure. However, from a CNP layer perspective, the 
WVTR of the sandwiched films were not significantly different with T- 
MCC, T-CNF, CNC, and T-CNC at 0.3174, 0.3232, 0.3251, and 0.3252 g/ 
(100in2⋅day), respectively. This indicated that the WVTR was largely 
decided by the BOPP layers, which masked the effect of the aspect ratio 
and carboxyl groups on the WVTR. 

3.7. Barrier mechanism of the sandwiched films 

The five-layered structure of the film is observed in Fig. 3a–f. The 
fractured AR cross-sections are rough and irregular. It is assumed that 
AR macromolecules might be assembled into thin lamellae that are 
naturally fractured along the weak molecular bonding strength between 
lamellae, creating this fracture texture. Different from the AR layer, the 
cross-section of the fractured CNP layer was smooth and dense. During 
the drying of the coated CNP suspension, individual nanoparticles 
adjusted their orientation cooperatively and drew closer with water 
evaporation and eventually formed hydrogen bonds. Moreover, the 
aspect ratio of CNPs influenced the microstructures of the cellulose 
layer, displaying a network or parallel structure or a combination of 
both. These different microstructures showed different tortuous path
ways affecting the resultant gas barrier properties. 

Gas or vapor molecules experience three processes in each layer 
before they can completely permeate through the film, i.e. dissolution, 
diffusion, and desorption as shown in Fig. 1b. According to Fick's law, 
the diffusion coefficient, dissolution coefficient, and other factors 
determine the molecular permeability of the sandwiched films. Intrin
sically, permeation rates depend on the microstructure, density, 
porosity, and other properties of the films. CNPs have been investigated 
as the barrier matrix or barrier reinforcement in composites to change or 

extend the permeation pathway, resulting in increased barrier proper
ties (Fukuzumi et al., 2009; Wang et al., 2018). It is generally believed 
that gas or vapor molecules bypass CNPs due to their high crystallinity. 
In this study, the laminating structure replaced the traditional mixture 
structure. The multilayer structure increases the complexity of the 
permeation, subjecting the molecules to multiple dissolution, diffusions, 
and desorptions in different layers. As a continuous layer, CNPs prevent 
oxygen permeation by using their high crystallinity and self-assembling 
property (Fukuzumi et al., 2009). BOPP at the surface layer protect the 
core layer from being directly exposed to the water vapor. 

Fig. 3g shows the schematic models of the microstructures of the CNP 
layers. Most of the T-CNFs were randomly oriented as a network struc
ture in-plane, exhibiting large gaps between particles in plane. 
Compared to the T-CNFs, T-MCCs had a larger diameter and relatively 
lower aspect ratio, generating large steric hindrance and gaps between 
particles larger than those in the T-CNFs. The T-CNCs and CNCs had 
spindle-like shapes and were oriented in one direction via hydrogen 
bonding, reducing the distance between each other to less than the ki
netic diameter of oxygen (0.346 nm) (Jasińska et al., 2003). On the other 
hand, the formed gaps generated versatile pores for molecular perme
ation. The pore sizes and porosity determine the molecular permeation 
channels and permeation rates. Thus, it can be said that CNP 
morphology affected the resulting film microstructure. These different 
microstructures account for the differences in oxygen and water vapor 
transmission rates. 

For the sandwiched films, the OTR showed a positive linear rela
tionship with film thickness (Fig. 2e). The thickness variation was due to 
the CNP layers for which the same coating weight was applied for 
different types of CNPs. When the water evaporated, different CNP types 
created different internal structures. When the CNP layer was thicker 
and it was also porous and lower in density. Based on these observation, 
it was found that the OTR showed a positive correlation with CNP 
thickness and a negative correlation with the density and porosity of the 
CNP layer (Table 3, Fig. 2e, f). Under the same coating weight, the CNP 

Fig. 2. The properties of the sandwiched films (a) tensile strength; (b) elongation at break; (c) OTR; (d) WVTR; (e) the correlation of OTR against thickness of the 
sandwiched films or CNP layers at the same coating weight; (f) the correlation of OTR against porosity and density of the CNP layer at the same coating weight; the x- 
axis was the thickness or density/porosity of the core layer of the 5-layered films. 
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thickness reflected the density and porosity of the film. The thinner 
thickness produced a denser microstructure, forming few and small 
pores and thus improving the oxygen barrier properties. The results 
indicate that well-organized CNP layers (T-CNC, CNC layer) show a low 
porosity, presenting higher oxygen barrier properties. 

The chemical groups on the CNP surfaces are another important 
factor affecting the barrier properties of the film. The hydroxyl and 
carboxyl groups on the CNC and T-CNP were hydrophilic groups with 
strong polarity, which led to the high WVTR. Water molecules not only 
permeated the film via pores, similar to the oxygen molecules but also 
moved as the primary or secondary absorbed water along the crystal 
surface (Fig. 3g). The secondary absorbed water molecules showed 
several layers that increased the distance between crystals, further 
facilitating water transport. The water vapor pressure and concentration 
differences across the film promoted the water molecules moving from 
high water concentration to low water concentration. The water ab
sorption increased the amount of dissolved water in the film, resulting in 
increased WVTR. Although the T-MCC layer had relatively large mi
cropores, the T-MCCs had large crystal size and high crystallinity. T- 

CNFs presented large aspect ratios with relatively low crystallinity, and 
the non-crystalline regions provided more water transport pathways. 
The T-CNCs and CNCs under the same volume possessed higher surface 
area. As a result, the sandwiched film with T-MCC had the lowest WVTR. 

4. Conclusions 

In this work, transparent five-layered cellulose composite films were 
successfully fabricated by laminating the BOPP, AR, and CNPs with a 
sandwich structure. The TEMPO-oxidized CNPs with different aspect 
ratios were prepared. The resultant sandwiched films maintained high 
light transmittance and relatively high elongation at break, their tensile 
strengths were enhanced with increased aspect ratios of the CNPs. The 
CNP layers had various surface roughness and high surface energies due 
to their film formation structures and hydrophilicity from cellulose. 
Different aspect ratio of CNPs resulted in network or parallel micro
structure or a combination of both. The well-organized CNPs layer had 
low porosity, tortuous pathway, and thus the lower OTR. The OTR 
showed a significant dependence on the thicknes, density, and porosity 
of the CNP layers. However, these hydrophilic CNP layers resulted in 
higher WVTR as compared with the polymer. The BOPP at the out layer 
played an isolating role in protecting the CNP layer, leading to a com
posite film with balanced gas and water vapor barrier properties and 
mechanical strength. 
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