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Poly(3-hydroxybutyrate) (PHB), a biodegradable polymer, has been 
studied as a substitute for petroleum-based polymers used for barrier 
coating to improve the barrier and mechanical properties of paper. In this 
study, ethyl cellulose (EC), a cellulose derivative, was used to prepare a 
polymer blend for enhancing the barrier properties of PHB. The prepared 
PHB/EC blend was then applied as a paper coating material. Additionally, 
the barrier and mechanical properties of the PHB/EC blend-coated paper 
based on the PHB/EC mixing ratio and coating weight were analyzed. The 
results showed that the EC could act as a binder for the PHB/EC blend-
coated paper. Consequently, the PHB/EC blend-coated paper exhibited 
significant improvements in mechanical and barrier properties, including a 
substantial increase of over 100% in internal bond strength, more than 
20% in tensile strength, exceeding 60% enhancement in water resistance, 
and a remarkable increase of over 90% in air permeability. 
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INTRODUCTION 

With the recent growth of e-commerce and delivery markets and the increasing 

number of single-person households, the packaging industry is continuously expanding. 

Consequently, the issue of packaging waste is at the forefront of environmental and 

sustainability discussions. To address this issue, eco-friendly packaging materials with 

excellent recyclability and biodegradability, such as paper, have gained remarkable 

attention compared with petroleum-based packaging materials. Paper, which comprises 

hydrophilic cellulose with a porous structure, has limited applications as a direct food 

packaging material due to its low water barrier properties. To achieve the desired level of 

barrier performance, additional surface treatment is required. Petroleum-based polymers, 

which are non-biodegradable, are commonly used as surface treatment materials to 

enhance the barrier properties of paper. Over the last few decades, the predominant 

approach in surface treating paper has involved the use of polyethylene (PE), ethylene vinyl 

alcohol (EVOH), and poly(ethylene terephthalate) (PET) as coating materials (Andersson 

2008). However, this practice hinders the recyclability and biodegradability of paper, 
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exacerbating environmental issues (Khwaldia et al. 2010). 

Biodegradable polymers have garnered attention as alternative materials to 

conventional non-biodegradable polymers in various industries such as electronics, 

software, and fibers, etc. (Avérous and Pollet 2012). Biodegradable polymers can be 

broadly categorized into agro-polymers derived from biomass and biopolyesters derived 

from organic compounds, natural units, or synthetically derived monomers. Agro-polymers 

encompass polysaccharides such as cellulose, starch, chitosan, pectin, and proteins such as 

casein. On the other hand, biopolyesters include polyhydroxyalkanoates (PHAs) 

synthesized by microorganisms, and polymers such as polylactic acid (PLA) and poly(ε-

caprolactone) (PCL), which are synthesized from starch or petroleum-based sources 

(Avérous and Pollet 2012; Lim et al. 2021). In the packaging field, extensive research has 

been conducted to explore the application of paper coating using biodegradable polymers 

(Rastogi and Samyn 2015, 2016). 

Polyhydroxyalkanoates (PHAs), which are bio-based and biodegradable polymers 

synthesized by microorganisms, exhibit excellent biodegradability even in marine 

environments (Wang et al. 2018). Among PHA polymers, poly(3-hydroxybutyrate) (PHB), 

which possesses mechanical properties comparable to those of typical plastics, such as 

polypropylene, has been widely studied (Harding et al. 2007). PHB also has suitable 

packaging characteristics, such as high barrier properties (Khosravi-Darani 2015). 

Previous research on incorporating PHB as a coating material for paper has demonstrated 

improvements in the barrier properties of paper (Cyras et al. 2007, 2009; Safari and van de 

Ven 2015; Lim et al. 2021). However, challenges in commercialization persist because of 

the high production cost compared with those of conventional polymers. Thus, the 

application of alternative polymers and additives is required (Bugnicourt et al. 2014). 

Vaidya et al. (2019) investigated a reduction in the usage of PHB while securing its 

properties through the application of nanoparticles and polymer monomers. Additionally, 

Chen et al. (2016) conducted research aiming to enhance the physical properties by 

manufacturing blends through the mixture of other biodegradable polymers such as 

polybutylene succinate (PBS), PCL, and PLA.  

Producing polymer blends, which involves the combination of two or more 

polymers, can be a cost-effective approach (Muthuraj et al. 2018). In this regard, attempts 

have been made to incorporate cellulose in the production of PHB-based biodegradable 

polymer blends to improve their mechanical and chemical properties (Zhang et al. 1997; 

Finelli et al. 1998; Chan et al. 2011; Costa et al. 2013; Chen et al. 2016). 

Cellulose, a renewable material, can be modified chemically to produce different 

cellulose derivatives with various properties (Liu et al. 2021). Rastogi and Samyn (2015, 

2016) manufactured a superhydrophobic coating using nanofibrillated cellulose (NFC) as 

a binder for PHB nanoparticles. They also improved the properties of the coating by 

blending PHB with hydrophobically modified microfibrillated cellulose (MFC). 

Additionally, Seoane et al. (2018a,b) enhanced the interfacial bonding and properties 

between PHB and paper by utilizing cellulose nanocrystals (CNC). Among cellulose 

derivatives, research has predominantly focused on exploring the compatibility, 

crystallization behavior, and structural characteristics of polymer blends created by 

combining cellulose acetate butyrate (CAB) and cellulose acetate propionate (CAP) with 

PHB (Suttiwijitpukdee et al. 2011, 2012; Yamaguchi and Arakawa 2007; Jain and Tiwari 

2015). These studies have demonstrated the enhanced mechanical properties and improved 

biodegradation behavior of PHB resulting from its blending with CAB and CAP. 

Meanwhile, ethyl cellulose (EC) possesses hydrophobicity, excellent mechanical 
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properties, film-forming ability, biodegradability, and nontoxicity, thereby making it 

suitable as a coating material (Li et al. 2015; Heinze et al. 2018; Ahmadi et al. 2022). 

Accordingly, studies have been conducted on the synthesis of coating mixtures by 

combining EC and PHB (Zhang et al. 1997; Finelli et al. 1998; Chan et al. 2011; Costa et 

al. 2013; Chen et al. 2016). The cited authors investigated the structure, crystallization 

behavior, mechanical properties, and biomedical applications of PHB/EC blends. 

However, there has been no research evaluating the potential application of PHB/EC blends 

as barrier coating materials for packaging, particularly in the context of paper coatings. In 

this study, a PHB/EC blend was applied as a barrier coating material to enhance the barrier 

properties of paper packaging materials. 

EXPERIMENTAL 

Materials 
Kraft paper was used as a base for PHB/EC blend coating. The physical properties 

of the kraft paper are summarized in Table 1. The OptiTopo surface deviation (OSD) 

roughness was measured using OSD equipment (L&W, Sweden). 

Table 1. Properties of Base Paper 

Basis Weight 
(g/m2) 

Thickness 
(µm) 

Apparent Density 
(g/cm3) 

Roughness 
(OSD, µm) 

78.8 ± 0.9 121.8 ± 4.5 0.647 ± 0.011 2.39 ± 0.05 

With a molecular weight of 550,000 g/mol and a nominal granule size of 5 mm, 

PHB pellets obtained from Goodfellow (Korea) were used for the PHB/EC blend coating 

preparation. Moreover, EC powder with an ethoxyl content range of 48.0% to 49.5% 

obtained from Sigma-Aldrich was used.  

Coating 
The coating materials were prepared by dissolving PHB pellets and EC powder in 

chloroform at 70 °C while stirring for 30 min. The mixing ratio of PHB and EC was 

adjusted based on the conditions shown in Table 2 to produce PHB/EC blends. The 

PHB/EC blend solutions in Table 2 were controlled to a concentration of 10% ± 1% and 

coated on the top side of the base paper. 

Table 2. Blending Ratio of PHB/EC 

Code 
Blending Ratio (w/w) 

PHB EC 

PHB 100 0 

EC25 75 25 

EC50 50 50 

EC75 25 75 

EC100 0 100 

The coating was performed using a 4-sided applicator and an auto bar coater (Gist, 

Korea) at a 20-mm/s speed (Fig. 1). The gap size of the applicator was adjusted to 60 to 

200 μm to control coating weights of 6, 12, and 18 g/m2. 
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Fig. 1. Schematic of preparing PHB/EC-coated paper 

Field-emission scanning electron microscopy (FE-SEM, JSM 7401F, JEOL, Japan) 

was employed to examine the continuity of the coating layer and the extent of fiber and 

pore exposure in the base paper. In addition, the thickness of the coated paper was 

measured using a thickness tester (L&W, Sweden), following ISO 534 (2011). 

The internal bonding strength between the coating layer and base paper was 

evaluated using a Scott-type tester (IDM test, Spain) according to TAPPI method T 569 to 

assess the adhesion ability of the PHB/EC blend on the base paper. 

Water Contact Angle (WCA) 
WCA data was obtained using a drop shape analyzer (DSA 100, Krüss GmbH, 

Germany). The measurement duration was 30 sec with an interval of 1 sec. A droplet of 

each solution (5 μL) was carefully deposited on the coated paper surface; subsequently, the 

shape and contact angle of the droplet were determined. At least five measurements were 

conducted for each condition.   

Barrier Properties 
The air permeability, water absorption, water vapor transmission rate (WVTR), and 

oil resistance of the PHB/EC blend coating were analyzed. Air permeability was assessed 

using an air permeance tester (L&W, Sweden) following ISO 5636-3 (2013). Furthermore, 

water absorption was evaluated following ISO 535 (2014), with the absorption rate (Cobb 

size degree) measured at room temperature for 1,800 s.  

For the analysis of water vapor transmission rate (WVTR), the calcium chloride 

method outlined in KS T 1305 was employed, and measurements were performed at 40 °C 

and 90% relative humidity for more than 24 h. Oil resistance was also evaluated using the 

Kit test as per TAPPI method T 559. 

Mechanical Properties 
Tensile strength and strain rate were analyzed using a tensile tester (L&W, Sweden) 

following ISO 1924-3 to evaluate the mechanical properties of the PHB/EC blend-coated 

papers.  
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RESULTS AND DISCUSSION 

Coating Properties of Polyhydroxybutyrate/Ethyl Cellulose 
Table 3 and Fig. 2 illustrate the surface analysis and thickness measurement results 

of the PHB-coated papers using FE-SEM at a 100× magnification. The coverage of the 

PHB at various coating weights was investigated. At first, the thickness gradually increased 

with coating weight and then increased rapidly when the coating weight reached 18 g/m². 

These findings agree with the results of Cyras et al. (2007, 2009), suggesting that during 

the coating process, the coating initially fills voids between fibers and then forms a 

continuous coating layer that completely covers the fibers. 

Figure 3 shows the FE-SEM images of the PHB/EC-coated papers (coating weight: 

18 g/m2) with different PHB/EC blend mixing ratios. As the EC proportion increases, even 

at the same coating weight, fiber contours on the base paper become more distinct. Owing 

to the enhanced base paper–EC interaction induced by hydrogen bonding, the coating 

polymer deeply penetrated the voids between fibers and formed a coating layer that 

enveloped individual fibers. This is attributed to the affinity of the base paper and PHB/EC 

blend coating layer. 

Table 3. Thickness of the Base Paper and PHB-coated Paper with Different 
Coating Weights 

Coating Weight Thickness (μm) 

Base paper 121.8 ± 4.5 

6 g/m2 121.3 ± 4.4 

12 g/m2 123.3 ± 4.9 

18 g/m2 128.6 ± 4.6 

Fig. 2. SEM images (×100) of the PHB-coated kraft papers with different coat weights 
(a: base paper; b: 6 g/m2; c: 12 g/m2; and d: 18 g/m2) 
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Fig. 3. FE-SEM images (×100) of 18 g/m2 PHB/EC blend-coated kraft paper with different 
polymer blending ratios: (a) PHB, (b) EC25, (c) EC50, (d) EC75, and (e) EC100 

The internal bond strength between the coating layer and base paper is a critical 

factor that influences the performance of coated paper (Seoane et al. 2018).  

As shown in Fig. 4 and Fig. S1, when only PHB was applied to the coating material, 

the internal bond strength was considerably decreased by 41% compared with that of the 

base paper. This is attributable to the low compatibility between PHB and cellulose fibers, 

resulting in the easy delamination of the coating layer from the base paper. The internal 

bond strength increased when the EC was added. The addition of EC enhanced the PHB 

compatibility with the fibers, and the polymer blends strongly interacted with the base 

paper.  

Furthermore, the separation with the base paper was not achieved when the EC 

mixing ratio was increased to more than 75%, which hindered measurement. The results 

demonstrated that EC can improve the physical properties of PHB-coated paper by acting 

as a binder for interaction with the base paper. 

Fig. 4. Internal bond strength of PHB/EC-coated paper (coating weight: 18 g/m2) depending on 
PHB/EC blending ratio 
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Water Contact Angle 
Figures 5 and 6 show the droplet shapes and changes in water contact angles of 

PHB/EC blend-coated papers after 30 s. At 0 s, the contact angle of the bare PHB coating 

was highest (91.7°) (Fig. 6), and it decreased with an increase in the EC blending ratio. 

This is attributable to the changes in the surface contour of the coating materials, indicating 

that PHB exhibits stronger hydrophobicity than EC. As shown in Fig. 3 and Fig. S2, 

PHB/EC blends deeply penetrated paper structure, contributing to the formation of a rough 

surface. This roughness may play a role in enhancing wettability of a liquid on paper 

surface (Modaressi and Garnier 2002; Ko et al. 2020). However, the contact angle of the 

bare PHB coating decreased to 69.8° after 30 s. Figures 5(a) and 6 show a remarkable 

decrease in contact angle for the bare PHB as contact time elapses. Conversely, for the 

PHB/EC coating, the contact angle did not change. These results suggest that the addition 

of EC to PHB led to a decrease in hydrophobicity but exerted a positive effect on the 

formation of condensed coating surfaces without pores. This implies that incorporating EC 

into PHB coatings can effectively prevent the anomalous development of surface pores 

typically observed over time in PHB coatings. 

Fig. 5. Water droplets on PHB/EC blend-coated paper at 30 s (coating weight: 18 g/m2) (a: PHB, 
b: EC25, c: EC50, d: EC75, e: EC100) 

Fig. 6. Changes in water contact angles of PHB/EC-blend coated paper (coating weight: 18 g/m2) 
between 0 and 30 s 

Barrier Properties 
Air permeability 

Figure 7 shows changes in the air permeability of the coated papers according to 

the PHB/EC blend mixing ratio and coating weight. There was no considerable difference 

in porosity with different mixing ratios. However, a noticeable difference was observed at 

a coating weight of 18 g/m2. These results suggest low coverage at 6- and 12-g/m2 coating 

weights. To achieve a uniform coating layer for creating barrier properties, the coating 

weight should be controlled above 18 g/m2. 
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Fig. 7. Changes in the air permeability of PHB/EC blend-coated paper depending on polymer 
blending ratio and coating weight 

Cobb size degree 

Figure 8 shows changes in the Cobb size degree (water sorption) of PHB/EC blend-

coated papers. The water absorbency decreased with an increase in coating weight and EC 

content. This is attributable to the coverage of exposed fibers and pores by the coating 

materials, thereby reducing the contact area with moisture. However, when PHB was 

coated with weights of 6 and 12 g/m2, increased water absorbency was observed for all 

substrates compared with the base paper (Fig. 8(a)). This is attributable to the presence of 

residual moisture between the coating layer and base paper when removing surface 

moisture from the coating layer during water absorbency measurements caused by moisture 

penetration into the porous PHB coating layer (Fig. 2). To achieve a continuous coating in 

the paper structure, a coating weight of 18 g/m2 is deemed suitable.  

Fig. 8. Changes in the Cobb value of PHB/EC blend-coated paper depending on polymer 
blending ratio at (a) various coating weights and (b) 18-g/m2 coating weight 

As shown in Fig. 8(b), when the EC content of the PHB/EC blend exceeded 50%, 

the water absorbency decreased, indicating that an improvement in water resistance was 

proportional to the EC content. This is attributable to the interaction between EC and base 

paper, as shown in Fig. 3, resulting in the blockage of moisture penetration into fibers. In 

the amorphous EC polymer domain, moisture permeation primarily occurs. However, it is 

(a) (b) 
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observed that when the crystalline PHB is mixed at an optimal ratio, a higher water 

resistance is achieved due to a synergistic effect (Cho et al. 2016). Therefore, a 50:50 

PHB/EC blend mixing ratio was determined to achieve the highest water resistance.  

Water vapor transmission rate 

Figure 9 shows changes in the WVTR of coated papers according to the PHB/EC 

blend mixing ratio and coating weight. The WVTR also decreased with an increase in 

coating weight, and EC contributed to the improvement of barrier properties against 

moisture. Here, the results described the highest moisture barrier properties under the EC50 

condition, with ~60% reductions in WVTR compared with that of the base paper. This is 

attributable to EC’s ability to restrict PHB crystallization (Chen et al. 2016), leading to the 

formation of smaller crystalline domains and subsequently reducing the PHB coating 

layer’s porosity (Safari and van de Ven 2015). Generally, in the domain of amorphous 

polymer EC, moisture permeation primarily occurs, indicating superior water resistance 

when PHB is judiciously mixed (Cho et al. 2016). However, considering the inherently 

low coating coverage of kraft paper, it is hypothesized that the observed results may be 

attributed to the distinctive characteristics of kraft paper itself. Upon consideration of 

contact angle data, the optimal condition is deemed to be a 50:50 blend of PHB and EC. 

Fig. 9. Changes in water vapor transmission rate of the PHB/EC blend-coated paper depending 
on polymer blending ratio at (a) various coating weights and (b) 18-g/m2 coating weight 

Kit test 

Figure 10 shows changes in the oil resistance of the coated papers based on the 

PHB/EC blend mixing ratio and coating weight, where a higher Kit number indicates 

greater oil resistance. The oil resistance improved with an increase in coating weight and 

EC content.  

The changes in oil resistance based on the mixing ratio showed that higher EC 

content yielded better oil resistance. This agrees with the contact angle results presented in 

Fig. 5. The strong hydrophobicity of the PHB coating layer facilitates easy oil penetration. 

Conversely, because higher EC content made the coating layer denser, oil could not 

penetrate the coating layer with the increase in blending ratio of EC.  

(a) (b) 
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Fig. 10. Changes in Kit rating of PHB/EC-coated paper depending on polymer blending ratio and 
coating weight 

Mechanical Properties 
Figure 11 shows changes in the tensile strength and strain of the PHB/EC blend-

coated paper depending on the PHB/EC mixing ratio and coating weight. As shown in Fig. 

11(a), the tensile strength improvement due to PHB/EC coating is because of the hydrogen 

bonding between the hydroxyl groups of cellulose and the ester group of PHB that fills the 

fiber voids of kraft paper and the interaction between the hydrophobic molecules that make 

up PHB, EC, and cellulose (Seoane et al. 2018). Thus, the mechanical anchoring effect due 

to the coating layer formed by penetrating the voids might improve the strength of the 

coated paper (Cyras et al. 2007; 2009). 

Fig. 11. Changes in (a) tensile strength and (b) strain of PHB/EC blend-coated paper depending 
on polymer blending ratio and coating weight 

The greater improvement in tensile strength as coating weight increases is due to 

the formation of a thicker and more continuous coating layer, which is consistent with the 

previous thickness measurement results of coated paper. The change in tensile strength 

based on blend composition showed the smallest increase for the bare PHB coating and 

tended to increase with EC content. Chan et al. (2011) and Chen et al. (2016) also 

investigated the enhancement of the mechanical properties of PHB films through blending 

with EC for composite biomaterials. However, they observed the highest strength when the 

EC proportion was 50%.  

(a) (b) 
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As shown in Fig. 11(b), the mixing of PHB and EC did not affect the change in the 

strain of the coated paper. The mixing of PHB and EC did not contribute to the 

improvement of the elongation rate of the base paper because brittle PHB and EC could 

not be elongated. (Bugnicourt et al. 2014; Shi et al. 2020). 

CONCLUSIONS 

1. For the surface properties of poly(3-hydroxybutyrate)/ethyl cellulose (PHB/EC) blend-

coated paper, EC was the critical component that influenced contour formation with

distinct fibers. As EC content increased, the coating materials deeply penetrated the

paper structure owing to the hydrogen bonding effect between the hydroxyl groups of

cellulose. The internal bond strength results demonstrated that EC could act as a binder

for PHB-coated paper.

2. In contact angle measurements, the initial contact angle was highest for the PHB-coated

paper (91.7°). However, it rapidly absorbed water within several seconds because of

surface contours. Conversely, although the initial contact angle of the PHB/EC blend-

coated papers was lower than that of the PHB-coated paper, it remained unchanged

over time because of the condensed surfaces without pores.

3. To achieve high barrier properties, the coating weight should be controlled above 18

g/m2. Regarding the PHB/EC mixing ratio, 50:50 was determined to be optimal based

on the Cobb test and water vapor transmission rate (WVTR). Moreover, the oil

resistance test demonstrated enhanced resistance to oil penetration with an increase in

the mixing ratio of EC.

4. Regarding the mechanical properties, the tensile strength of PHB/EC blend-coated

papers with an EC proportion of 50% or more improved with an increase in coating

weight. However, the PHB/EC mixing ratio and coating weight did not affect the

change in strain rate because of the brittleness of PHB and EC.
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APPENDIX 
 
Supplementary Materials 
 

 

Fig. S1. Photograps of the fractured samples of the PHB/EC blend coated paper (coating weight: 
18 g/m2) after internal bond strength test 

 

 

Fig. S2. Changes in surface roughness of the PHB/EC blend coated kraft paper (coating weight: 
18 g/m2) with different polymer blending ratio 


