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Cellulose-based materials are good alternatives to petroleum-based 
materials in the packaging industry, considering their sufficient mechanical 
properties and sustainability; however, the barrier performances of 
cellulosic packaging materials against water and water vapor are generally 
poor due to the hydrophilic nature of cellulose. In this study, a soybean oil-
based polymer was synthesized on the surface of several cellulosic 
materials through an acrylated-epoxidized soybean oil (AESO) reactive 
coating. The best conversion of the reaction was observed when a suitable 
reaction temperature, curing time, initiator dosing, and monomer content 
were selected. Five different types of cellulosic packaging materials were 
used as substrates for the reactive coating, and their barrier performances 
were investigated. The improvement in water barrier properties was 
indicated by the change in water droplet contact angle (CA). The water 
vapor permeability (WVP) of the substrates was reduced significantly after 
coating. The water vapor barrier properties of the coating were highly 
dependent on the tested substrate. A comparison of CA and WVP showed 
that the change in water vapor barrier did not correspond to surface 
hydrophobicity. 
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INTRODUCTION 
 

Cellulose-based materials such as paper and paperboard form the largest segment 

of the packaging material market and are becoming more attractive than plastics in primary 

packaging due to their sustainability and biodegradability. Unlike many plastic packaging 

materials, cellulose-based materials are not adequate water and water vapor barriers 

because they contain high amounts of hydroxyl groups, which affiliate with water 

molecules (Spence et al. 2011). The water transport into paper can be expected to occur by 

means of diffusion and/or flow, with following mechanisms: penetration in the capillaries 

of the sheet, surface diffusion along the capillary walls, and diffusion through the fibers 

(Wu et al. 2009). Water vapor’s permeation into porous paper is generally based on a 

number of transport mechanisms: vapor-phase diffusion in the inter-fiber pore space, 

Knudsen diffusion in the pores of diameters less than 100 Å, surface diffusion over the 

fiber surfaces, bulk-solid diffusion within the fibers, and capillary transport (Gupta and 

Chatterjee 2003). Modification of cellulose-based materials using hydrophobic or less 

hydrophilic materials is preferable to provide a barrier against water and water vapor. 
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Internal sizing is a conventional approach for improving the water resistance of 

paper in the papermaking industry, but it is insufficient in meeting the requirements for 

water/water vapor resistance in packaging applications. Other methods for hydrophobic 

modification of cellulose surfaces by chemical, physical and nano-technological methods 

has tremendously increased over the last years, but they often cannot be simply transferred 

to paper substrates due to some potential cellulose damages under treatments (Samyn 

2013). Surface coating is more effective in enhancing both water resistance and water 

vapor barrier for paper and paperboard; however, most of the coating materials are non-

biodegradable (polyethylene, polybutylene terephthalate, aluminum foil laminate, etc.) and 

thus create recycling problems (Andersson 2008). In recent years, green barrier materials 

have attracted a substantial interest by both laboratorial researchers and industrial 

applications (Zhang et al. 2014). Films formed by natural proteins and/or lipids such as 

whey protein, beeswax, and carnauba wax possess excellent barrier resistant properties to 

water and water vapor (Anker et al. 2002; Lesar and Humar 2011). In one study, a bilayer 

coating composed of beeswax and fatty acid on paperboard significantly reduced the water 

vapor transmission rate (WVTR) by 92 to 95% (Jaejoon et al. 2010). 

Acrylated-epoxidized soybean oil (AESO) is a commercial derivate of triglyceride 

oil, which is one of the most important sources of biopolymers.  One study showed that 

polymers produced by the co-polymerization of AESO with other chemical species such 

as vinyl monomers could be widely used as a surface coating and adhesive agent (Karger-

Kocsis and Grishchuk 2011). Soybean oil-based polymers are also expected to have a good 

moisture barrier capacity due to their good film-forming and hydrophobic properties. A 

previous study found that AESO reactive coating on nanofibrillated cellulose film was 

efficient in reducing water vapor transmission rates (Lu et al. 2014). However, the reactive 

coating may behave differently when applied on porous substrates such as fiber-based 

paper, and its barrier performance has been far less addressed.  

The aim of the present study was to fabricate an AESO reactive coating on porous 

fiber-based paper and non-porous cellulose film. The water and water vapor barrier 

performance on different cellulosic substrates were examined, and their dependence on 

base paper characteristics was examined.  

  

 

EXPERIMENTAL  
 

Materials 
Five types of cellulosic packaging materials of different porous structures were 

selected: filter paper (Whatman #2, 106 g/m2), copy paper (78 g/m2), supercalendered 

paper (SC paper, 53 g/m2), nanofibrillated cellulose film (NFC, 13g/m2), and cellophane 

film (32 g/m2). The copy paper (Xerox A4, Surin, Thailand) and cellophane film (Jufeng 

Plastic Co., Yiwu, China) were commercially available and used as received. The SC paper 

was received from Irving Co., Fredericton, NB, Canada. The NFC film was prepared by 

casting a 0.6 wt.% NFC aqueous suspension in petri dishes and drying in ambient 

conditions. AESO, 3-aminopropyltriethoxysilane (APTS), benzoyl peroxide (BPO), 

DMSO-d6, and anhydrous acetone were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). 
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Surface Reactive Coating 
The coating agent used for treating the samples was prepared by mixing various 

amounts of AESO, BPO, APTS, and acetone. The AESO and APTS were used as 

monomers, BPO was used as an initiator to initiate free radical polymerization, and 

anhydrous acetone was used as a diluent. The overall volume of the coating agent was kept 

constant at 25 g/m2 for each substrate before coating. The coating agent was coated on the 

substrate using an A K303 multicoater (RK Print-Coat Instruments Ltd., Royston, UK). 

Immediately after coating, the coated samples were placed in an oven for curing at a 

specific temperature for a specific time (Table 1). 

The conversion of AESO to polymer was calculated by the following equation, 
 

Conversion (%) = W1 /W0× 100      (1) 
 

where W0 is the combined weight of the monomer (AESO+APTS) and the initiator (BPO) 

before the reaction and W1 is the weight of the residue (AESO-based polymer) after the 

reaction and acetone extraction. Acetone extraction removes unreacted monomers from the 

polymer matrix. The reaction of AESO with APTS was characterized by 1H-NMR, which 

was recorded using a multinuclear magnetic resonance spectrometer (Varian Unity 400, 

Oxford, UK) with DMSO-d6 as a solvent. The spectrometer was operated at a frequency 

of 299.948 MHz, and chemical shifts were reported in ppm (δ). 

The morphologies of the samples were investigated through scanning electron 

microscope (JEOL 6400, JEOL Ltd., Japan) and atomic force microscopy (AFM). The 

samples were scanned by a Nanoscope III device (Veeco Instruments Inc., Santa Barbara, 

CA, USA) in “Multimode” mode in air using a commercial silicon tapping probe (NP-S20, 

Veeco Instruments) with a resonance frequency of about 273 kHz. The average roughness 

(Ra) measurement was taken from the AFM image by using the arithmetic average of 

absolute in the scanning area (10 μm×10 μm). 

 

Water Contact Angle 
The surface wettability of the samples was evaluated by water contact angle (CA) 

measurement. All samples were conditioned and tested at 23°Cand 50% relative humidity 

(RH) prior to testing. The static contact angles of water droplets (3 μL) on the films were 

measured using an optical tensiometer (Attension Theta, Espoo, Finland) over a period of 

10 seconds. Ten measurements were recorded for each sample (Yu et al. 2013).  

 

Water Vapor Permeability 
Water vapor permeability(WVP) measurements were performed according to the 

standard ASTM E96 (2000). Each sample was tested three times at two different 

conditions: 23 °C with 50% RH and 38 °C with 90% relative humidity (RH). Gas diffusion 

through uncoated paper and board highly depends on the porosity and thickness of the 

paper sheet (Hellén et al. 2002). The influence of thickness was therefore taken into 

consideration, and then the water vapor permeability (WVP) was calculated using Eq. 2, 

 

WVP = [mass H2O lost/ (time×area)]×[(L×100)/(Psat×ΔRH%)]          (2) 

 

where L is the film thickness measured at three positions on each sample using a 

micrometer (Lorentzen & Wettre, Kista, Sweden), Psat is the water vapor saturation 

pressure at the experimental temperature, and ΔRH% is the relative humidity gradient 
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(Bedane et al. 2012). The saturated water vapor pressures at 23 °C and 38 °C are 2813.1 

N/m2 and 6626.1 N/m2, respectively.  

 

 

RESULTS AND DISCUSSION 
 

Surface Reactive Coating  
AESO has a sufficient number of double bonds, which can be polymerized or 

copolymerized with other monomers. After mixing with APTS, the double bonds in the 

AESO structure reacted with the amino ends in the APTS through a Michael addition 

reaction (Colak and Küsefoğlu 2007), as shown in Fig. 1. The resulting product is a 

multifunctional silane that provides acrylate groups for radical polymerization with AESO, 

a large triglyceride skeleton for rendering the interface hydrophobic, and a triethoxysilane 

group for interaction with the cellulosic surface. The reaction on the cellulosic substrate is 

believed to include two steps: first, the silanized-AESO goes through chain propagation 

with AESO to form a polymer due to the residual double bonds, and second, the reactive 

silanol groups form covalent bonds with the hydroxyl sites of the cellulosic substrate 

through condensation (Marquez et al. 2005). It should be noted, however, that the reactive 

coating conditions such as monomer ratio, initiator dosing, reaction temperature, and time 

determine the conversion of the polymerization and the quality of the corresponding 

product. 

 

 
 
Fig. 1. Illustration of reactive coating reactions on cellulosic substrates 

 

Orthogonal design is an effective and timesaving method for studies involving 

multiple variables to find out the most significant factors impacting the target product. 

Reaction temperature, reaction time, BPO content, and ATPS content were determined as 

the four experimental factors of orthogonal tests, and each factor had three levels. It was 

assumed that no two factors interacted with each other. An orthogonal array table L9(43) 

was used, and the test program is given in Table 1. The average and corresponding 

conversion were calculated, and the best overall performance ratio was selected. 

In order of decreasing effect on conversion, the variables were reaction temperature> 

APTS content> BPO content > reaction time. The temperature required to induce 
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polymerization was 90 °C; a lower temperature was insufficient for the reaction even at a 

high BPO content. APTS was a reactive co-monomer in the coating formulation, and the 

optimal ATPS concentration in the coating formula was 30 wt.%. A 10wt.% content was 

not enough for the Michael addition between APTS and AESO, but a content of 50 wt.% 

may lead to APTS self-condensation. The effects of BPO content and reaction time on the 

reaction conversion had similar trends but little influence on the final conversion. In sum, 

the best conditions included an APTS content of 30 wt.%, BPO content of 0.4 wt.%, 

temperature of 90 °C, and reaction time of 40 min. 

Table 1. Orthogonal Experiment for the AESO Polymerization 

Test # Temperature(ºC) Time(min) BPO (%) APTS (%) Conversion (%) 

1 70 20 0.4 10 4.65 
2 70 30 0.8 30 67.94 
3 70 40 1.2 50 60.36 
4 80 30 0.4 50 71.32 
5 80 40 0.8 10 61.87 
6 80 20 1.2 30 68.05 
7 90 40 0.4 30 78.74 
8 90 20 0.8 50 78.43 
9 90 30 1.2 10 62.49 

K1 44.32 50.38 51.57 43.00  
K2 67.08 67.25 69.41 71.58  
K3 73.22 66.99 63.63 70.04  
D 28.90 16.87 17.84 28.57  

K isan average value for each parameter based on the levels. D is the difference of the 
maximum and minimum k, and the highest Dhas the greatest impact on the experiment.  

 

 

 
 

Fig. 2. 1H-NMR spectrum of the AESO, APTS, and the polymer product 
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The reaction between AESO and APTS was carried out at the optimum conditions, 

and the change in chemical structures was observed in the 1H-NMR spectrum (Fig. 2). The 

characteristic absorption peaks at 0.87(-CH3), 1.20 (-CH2-), 2.3 (-O(C=O)-CH2-), 3.99 and 

4.11 (-CH-(OH)-CH(C=O)-CH2-), and 5.24, 5.84, 6.11, and 6.41 (-O(C=O)-CH=CHaHb) 

were assigned to AESO. The peaks at 0.61 (-CH2-Si-), 1.23 (-Si-O-CH2CH3), 1.605 (-NH-

CH2CH2CH2-Si-), 2.6 (-NH-; -CH2CH2CH2-Si-), and 3.79(-Si-O-CH2CH3) were related to 

APTS. This spectrum lacked the C=C double bonds at 5.84 ppm, 6.11 ppm, and 6.41 ppm, 

implying the chain propagation of AESO. Moreover, a typical peak appeared at 2.87 ppm 

(-O(C=O)-CH2-CH2-NH-), reflecting the successful covalent coupling of AESO and APTS 

through the Michael addition reaction. 

Based on the above results, AESO reactive coating was applied on the five 

substrates under the optimum condition, and then its water and water vapor barrier 

performance were investigated as following.  

 

Water Barrier Properties 
The water diffusion into cellulosic materials can be slowed down by the creation of 

external or internal barrier layers that reduce the interactions with water and protect the 

hydrophilic cellulose surface. In this study, hydrophobic domains were supposed to be 

created on the paper surface through AESO reactive coating. The static wetting and surface 

energy of paper can be determined by the apparent contact angle of a water droplet on the 

(Samyn 2013). The comparison of water contact angles on different substrates before and 

after coating is shown in Fig. 3. Before reactive coating, the contact angles (CA) were 

lower than 95°, indicating the hydrophilic nature of the cellulosic substrates. The CA 

increased for all substrates after the application of reactive coating, and most were larger 

than 95°, showing an increase in surface hydrophobicity. 

 

 
 

Fig. 3. Contact angles of the substrates before and after coating 

 

The penetration of water into the substrates was revealed by the stability of the 

water contact angle over a time of 10 seconds (Fig. 4). Before coating, CA of filter paper 

was 0°, and the rate of CA reduction was very sharp for all samples. In contrast, CA of 

filter paper after coating stayed around 110°, and the reduction of CA over 10 seconds for 

all samples after coating slowed to a crawl. 
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Fig. 4. Change of contact angles with time 

 
The structure of the pore space of the substrates together with local surface energy 

considerations are the chief determinants of water penetration (Senden et al. 2000). The 

potential flow paths of water exist within the fiber network at different length scales: flow 

within the bulk pores and flow along channels formed by fiber overlaps, which is the major 

flow path, flow along crevices formed by indentations and surface roughness of the fibers, 

and flow within the intra-fiber pores (Washburn 1921). According to the Lucas-Washburn 

theory, the time required for water penetration into a capillary of specified length decreases 

with increasing capillary radius, surface tension γ, and viscosity µ of the fluid. After 

reactive coating application, both the capillary length and capillary radius are probably 

reduced because of the covering of “pin holes” on the surface of the substrates; therefore, 

the time required for water penetration into the substrates was reduced as expected. The 

covering of surface pores by the soybean oil-based polymer is revealed by surface images 

of the samples in Fig. 5. These images show that there were no visible pores on all sample 

surfaces after coating, especially for SC paper, NFC film and Cellophane film. Also, there 

was an obvious reduction of average roughness Ra in the three samples, implying that 

soybean oil-based polymer formed a smooth layer on the substrate surface.  

 
 

Fig. 5. AFM images of the substrates surface before and after coating 
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Water Vapor Barrier Properties 
For a solid polymer, the permeation and diffusion of water vapor molecules through 

the material is likely to occur in the following steps. First, water molecules adsorb onto the 

sample surface; after that, water molecules absorb into the sample, rapidly establishing 

equilibrium and further diffuse through the material driven by a concentration gradient; at 

last, water molecules exit the sample by desorbing from the surface. However, for porous 

materials, water molecules may pass through large, non-adsorbing pores (Hu et al. 2001). 

In those processes, several variables will affect the behavior of water vapor molecules, 

such as chemical composition of the material, crystallinity, chain packing, crosslinking, 

additives, orientation (Metz 2003), temperature, relative humidity, and barrier thickness 

(Lavoine et al. 2012). Table 2 shows the differences in water vapor properties (WVP) of 

the five substrates before and after surface reactive coating. From kinetic and 

thermodynamic viewpoints, relative humidity difference is believed to be the driving force 

for mass transfer of water molecules, and temperature dependence on water vapor 

molecules diffusion can be explained in terms of an Arrhenius type relationship (Bedane 

et al. 2012). As a result, a corresponding large WVP value was observed when the same 

sample was tested under high temperature and high relative humidity. 

 

Table 2. WVP of the Substrates Before and After Coating 

 
Sample 

WVP  (10-10g/m.s.Pa) 
23 °C, 50% RH 38 °C, 90% RH 

Before Coating After Coating Before Coating After Coating 

Filter Paper 6.30 5.34 12.26 7.18 
Copy Paper 2.66 2.55 5.03 4.18 
SC Paper 2.06 0.09 2.60 0.44 
NFC Film 0.33 0.06 1.28 0.24 

Cellophane Film 0.19 0.12 1.11 0.57 

 

Before coating, the WVP values for all the substrates were very large, especially 

for porous substrates such as filter paper, copy paper, and SC paper. These porous sheet 

products have bulk pores created by fiber overlap (Fig. 6), and the penetration of water 

vapor is assumed to take place by viscous flow through the pores (Nilsson and Stenström 

1995). In viscous flow, the mechanism of the flow of water molecules depends upon the 

size of the pores in relation to the mean free-path of the gas molecules (George and Thomas 

2001).  

As high packing of the fibers in the paper matrix could increase tortuosity of the 

vapor diffusion pathway (Belbekhouche et al. 2011), a corresponding downward trend of 

WVP was observed in Table 2. In contrast, NFC and cellophane film are compact cellulose 

films without visible pore structures, and the behavior of water vapor transport through the 

non-porous film is presumably dominated by the solution-diffusion model. In this model, 

the water vapor permeation process through the film includes collision with the film 

surface, sorption on the high water vapor concentration side, diffusion through the material, 

and finally desorption of the water vapor on the low concentration side. As a result, the 

WVP values of the NFC and cellophane film were much lower than those of the porous 

paper sheets. 
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Fig. 6. (a) SEM cross-section view of different substrates and (b) schematics of water vapor 
permeation through different substrates 
 

After coating, all samples displayed WVP values that were reduced in different 

ways. The rapid reduction in WVP suggested that the coating might have closed pores 

previously available for diffusion (Hult et al. 2010). Higher pore coverage and greater 

thickness offer greater resistance to the flow of water vapor through the pores of the matrix 

(Sundaramoorthy et al. 2011). The reduction in WVP of the filter paper and copy paper 

after coating were not obvious; the WVP (23 °C, 50% RH) values were decreased by 15% 

and 4%, respectively. This is probably because the bulk pores in the paper matrix such as 

filter paper and copy paper were only partially blocked by the coating and most of them 

were still open (Fig. 6). 

In contrast, the reductions in WVP for SC paper and NFC film after coating were 

very clear, with decreases of WVP (23 °C, 50% RH) by 95% and 83%, respectively. For 

the SC paper, the numerous air voids in the fiber network were filled by the soybean oil-

based polymer, forming a non-porous fiber-polymer composite (Fig. 6). This fiber-polymer 

composite severely disrupted the continuity of the porous pathways present in the matrix 

and increased the tortuosity accordingly (Hu et al. 2001). The permeation of water vapor 

through the coated SC paper was presumably dominated by the solution-diffusion model. 

Each single fiber surface was completely covered by the soybean oil-based polymer, and 

the wettability and permeability of each fiber was also changed. Similarly, for the NFC 

film, a NFC-polymer composite was formed when the coating polymer penetrated into the 

NFC through nano-sized pores on the film surface (Fig. 6). 

Unlike coated SC paper and NFC film, there was no polymer penetration through 

the cellophane film, and the SEM cross-section image in Fig. 6 shows that the polymer 

coating was an individual layer on the cellophane surface. The behavior of water vapor 

transport through the coated cellophane film probably followed the solution-diffusion 

model but in a different way (Fig. 6). The resistance to water vapor transfer of the coated 

cellophane film is the sum of two individual layers (Cooksey 2004), namely the cellophane 
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layer and the soybean oil-based polymer coating. The water vapor transport in the 

cellophane layer followed solution-diffusion model but contributed negligibly to the total 

barrier resistance because the cellophane was hydrophilic and amorphous in structure 

(Shellhammer and Krochta 1997). A cellophane layer has a high affinity with water vapor, 

and its permeability is reduced dramatically when it is in the swollen state just as starch 

film (Bertuzzi et al. 2007; Müller et al. 2009; Tomé et al. 2011). The water vapor 

transportation through the soybean oil-based polymer layer was expected to follow the 

solution-diffusion model. The polymer layer was believed to be a good barrier against 

water vapor due to the lipid groups in the polymer structure retarding water molecule 

adsorption. The barrier efficiency of the single polymer layer was obviously lower than 

that of the fiber-polymer composite because the latter has a more tortuous diffusion path 

(Paul and Robeson 2008) to reduce WVP. As a result, the surface coating on cellophane 

film allowed a smaller reduction of WVP (by approximately 37%, 23 °C, 50% RH) as 

compared to SC paper or NFC film.  

It is also interesting to note that the barrier behavior of the substrates against water 

vapor was completely different from that against liquid water droplets. A comparison of 

contact angles between the uncoated paper and the coated paper showed that surface 

coating dramatically increased the hydrophobicity of the base paper but not with the same 

trend as that of WVP. Compared with the SC paper, copy paper was not good at retarding 

the water vapor transmission, but it displayed the highest contact angle (CA). The high CA 

values might be attributed to the high surface roughness Ra and surface hydrophobicity. 

Unlike the permeation behavior of water droplets, the migration of water vapor through the 

cellulosic substrate was dominated by a reduction in porosity rather than by establishing 

material hydrophobicity.  
 

 

CONCLUSIONS  
 

1. A soybean-oil based polymer was synthesized on the surface of cellulosic packaging 

through AESO reactive coating to provide a barrier against water and water vapor. The 

optimum condition of AESO reactive coating includes an APTS content of 30 wt.%, 

BPO content of 0.4 wt.%, temperature of 90 °C, and reaction time of 40 min. 

2. Both surface wettability and water vapor permeability of the substrates were improved 

significantly after AESO reactive coating. 

3. The structure difference of paper substrates has an influence on both WVP and CA. 

The AESO reactive coating was more effective in reducing WVP for SC paper and 

NFC film than filter paper, copy paper, and cellophane film. The barrier behavior of 

the cellulosic substrates against water vapor was different from that against liquid water 

droplets. 
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