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Abstract 

The rise in single-use plastic waste poses a significant environmental threat. 

Biodegradable cellulose paper is a potential eco-friendly alternative but is vulnerable to 

water, oxygen, and air. This study enhanced cellulose paper’s barrier properties by 

coating it with Precipitated calcium carbonate (PCC), nanocellulose, and Alkyl ketene 

dimer (AKD), along with layers of Cellulose nanocrystal (CNC), Cellulose Filament (CF), 

and Carboxymethyl cellulose nanofiber (CM-CNF). These layers were applied using 

filtration and dip coating techniques. 

Characterization showed the coated paper had a contact angle of 169°, a sliding angle of 

5.5°, and significant reductions in water absorptiveness (88.9%) and water vapor 

transmission rate (83.5%). It also exhibited improved air resistance and a 137% increase 

in tensile strength, making it a robust, eco-friendly packaging solution for the food 

industry, resistant to water, vapor, air, acid, and organic solvents.  
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1 Introduction 

Plastic pollution is considered a serious threat to the human being and the environment. 

Since plastic is not biodegradable it will last for many years in the environment and 

contaminate it. On the other hand, the plastic usage in the food industry will transfer to 

the body and result in severe problems like cancer.  

Since plastic has many advantages like a low price, strength, etc., it has a wide range of 

applications. Plastic usage in the food industry is one of the common functions of plastic 

in our lives and it is mainly used as single used plastic (SUP).  

The great barrier properties of the SUP against oil, water, gasses (air, oxygen, and water 

vapor), and high mechanical strength, led to the popularity of the SUP in the food 

packaging application. Cutlery, checkout bags, ring carriers’ plastic, stir sticks and straws 

are the different forms of SUP used in the food and packaging industry (X. Chen et al., 

2024) 

Although SUPs offer certain benefits, it's crucial to manage their consumption. 

Governments have implemented regulations to restrict the use of SUP in food 

applications. Scientists are increasingly focusing on suggesting eco-friendly and 

biodegradable alternatives to SUP, drawing considerable attention to this pursuit. 

Cellulose paper is one of the reliable replacements for SUP which has many advantages. 

Cellulose is the most abundant natural resource on earth, hence cellulose paper would 

be cheap, and its renewability and biodegradability have made it a green food packaging 

material (Basak et al., 2024). 
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Despite cellulose paper’s pros, it has some cons that have a significant influence on its 

functionality. Cellulose paper has a hydrophilic nature and water droplets easily 

penetrate which can damage the packed material with cellulose paper. Also, the 

cellulose paper in the wet condition has an insufficient mechanical strength. Moreover, 

due to the porous structure of the cellulose fibers, the paper has a low barrier of this 

paper to low barrier to air, oxygen, water vapor, and oil penetration which is another 

important defect. Consequently, the cellulose paper should undergo some treatments 

(Basak et al., 2024).  

Surface coating modification is a functional approach to address the mentioned 

drawbacks. In the surface coating, the paper is mainly coated with a coating agent 

whereby the modified paper will turn to a paper with high barrier properties against 

oxygen and water vapor diffusion and oil and water penetration.  

Cellulose and its derivatives like cellulose nanocrystal (CNC), nanofibrillated cellulose 

(NFC), and carboxymethyl cellulose (CMC), are used to coat the paper. Also, 

hemicellulose, lignin, starch, chitosan, and alginate are the bio-based coating agents 

frequently applied in paper coating (Cherian et al., 2022; Mitelut et al., n.d.).  

In other to coat the paper surface with a coating agent, various methods are being 

applied. Bar coating is a simple method that spreads the coating uniformly on the 

substrate. This method can be applied on a large scale. Dip coating is another 

technology which despite its simplicity and its low cost, it is difficult to control the 

coating thickness and this method is not appropriate for substrate that is sensitive to 
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the liquid. The spray coating is a method that is useful for particles and has the 

advantage of scaling up. Foam, doctor blade, and spin coating are the other 

technologies for surface coating which are applied based on the condition of the process 

(Cherian et al., 2022; H. Li, Qi, et al., 2019)  

In this study, the cellulosic filter paper was coated with three layers of Precipitated 

calcium carbonate (PCC), Nanocellulose, and Alkyl ketene dimer (AKD) which Cellulose 

nanocrystal (CNC), Cellulose Filament (CF), and Carboxymethyl cellulose nanofiber (CM-

CNF) are three cellulose derived materials used in this study.  

A comprehensive characterization was done on the paper via SEM, SEM-EDX, XPS, and 

ATR-FTRI. Finally, the mechanical strength and the barrier properties of the coated 

paper against water and air were evaluated.  
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1.1 Motivating problem  

As noted earlier, the significant use of SUP in food packaging poses a substantial 

concern. This critical issue inspired us to concentrate on finding a renewable and 

biodegradable substitute for SUP. 

1.2 Objectives  

Regarding the objectives, the cellulose paper needs to resist water vapor and oxygen 

diffusion adequately. Simultaneously, the surface coating should provide hydrophobic 

qualities to the paper. Additionally, the coating process is anticipated to enhance the 

mechanical strength of the coated paper. Thus, the objectives of this study include 

enhancing the mechanical strength and barrier properties of the modified paper against 

oxygen, water vapor, and water. 

Moreover, the long-term aim of this research is to establish a scalable and feasible 

technology capable of producing environmentally friendly and biodegradable cellulose 

paper products. These products should possess satisfactory mechanical and barrier 

properties to supplant SUP in packaging applications, thereby reducing plastic waste 

emissions.  

1.3 Novelty 

This research introduces a novel approach by utilizing PCC and AKD as coating agents 

alongside cellulose-derived materials to establish hierarchical micro-nano structural 

roughness, a method not previously explored in past studies. 
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1.4 The significance of the study  

This research holds several important significances. Initially, by substituting SUP with an 

eco-friendly and biodegradable alternative, namely the enhanced cellulose paper with 

improved mechanical and barrier properties, there will be a substantial reduction in 

plastic waste pollution, resulting in a cleaner environment. Economically, as the demand 

for cellulose paper rises to replace SUPs, pulp mills will expand production, leading to 

increased employment opportunities. Moreover, this production surge will generate 

additional revenue for the country. Lastly, a crucial significance of this study lies in 

reducing reliance on non-renewable petroleum oil products, which are not indefinitely 

accessible. 

2 Research background  

A comprehensive literature study is an essential part and the first step of a research 

project. Hence, the summary of the recently published paper in the field of paper 

coating was discussed in the following to expand our understanding of this field.   

A wide range of materials have been used as coating agents to address the drawbacks of 

cellulose paper for the purpose of proposing reliable packaging. These materials have 

been classified as bio-based and non-bio-based materials.  

The bio-based composite materials have attracted attention since they have intriguing 

environmental advantages like recyclability, renewability, biodegradability, and lower 

pollutant emissions (H. Chen et al., 2022). 
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Polysaccharides are considered to be the most common coating agents. Polysaccharides 

have many advantages such as being abundant carbohydrates, having a good affinity for 

cellulose paper, being an excellent barrier to gases, and improving the mechanical 

strength of the paper (H. Chen et al., 2019; H. Li, He, et al., 2019). Common bio-based 

coating used for paper coating was classified in Figure 1. 

 

 

Figure 1 Bio-based coating materials classification 

 

Cellulose and Cellulose Derivatives 

Cellulose is an abundant natural resource, sustainable and environmentally friendly. 

Cellulose, generally obtained from plants, has a molecular structure of (C6H10O5)n and is 

a polysaccharide with multiple hydroxyl groups. The solid-state structure of the cellulose 

is represented by the crystalline and amorphous orders range, and differences in 

crystalline content and size lead to variations in the mechanical properties, morphology, 

and thermal stability of the cellulosic product (Vicente et al., 2018; J. Zhang et al., 2021). 
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One of the most common bio-based coating agents is cellulosic materials.  These 

coatings are usually tasteless, odorless, transparent, hydrophilic in nature, resistant to 

oil, and moderate to oxygen diffusion (B. Hassan et al., 2018). Cellulose has a variety of 

derivatives used for paper coating which have been discussed in the following. Figure 2 

illustrates the cellulose sources, structure, and derivatives. Plants are the main sources 

of cellulose. Cellulose nanocrystals (CNC), nanofibrillated cellulose (NFC), cellulose 

microfibril (CMF), and carboxymethyl cellulose (CMC) are considered the significant 

cellulose derivatives applied as a coating agent. 

 

Figure 2. Cellulose derivatives for coating  (Cherian et al., 2022; Danafar, 2020; Kassab et 
al., 2020; Mondal et al., 2015) 

Cellulose nanocrystals (CNCs), extracted from cellulose, are rigid nanoparticles with 

large specific surface area, great mechanical strength, highly crystalline structure, and 

great water dispersibility. Also, CNCs are renewable, biocompatible, biodegradable, and 

low-cost materials which have a good potential for being nanofiller-reinforced 

nanocomposites and paper coating agents (F. Tang et al., 2021; Xiang et al., 2022; Y. Zhu 

et al., 2016).  
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Xiang et al., (Xiang et al., 2022) used the Michael addition/Schiff base reaction to modify 

CNC and applied it as a biodegradable coating agent. For coating preparation, tannic 

acid polymerized on the surface of CNC and then the polytannic acid reacted with 

octadecylamine. Finally, the synthesised coating was sprayed on the substrate paper. 

The modified paper proved to have excellent water repellency with a water contact 

angle of 158°. This superhydrophobicity was the result of the low surface energy of the 

coating layer and the surface roughness. Further, the paper had an acceptable tensile 

(mechanical) strength in wet conditions. 

Cellulosic paper coating with polyaniline/cellulose nanocrystal (PANI/CNC) composite 

was studied by Huang et al., (M. Huang et al., 2021). The coating material was prepared 

by emulsion polymerization. This process increases the tensile index by 14.6% and the 

folding strength by 30.7%. This tensile improvement was attributed to the interaction 

between PANI and CNC. 

CNC has a needle-like shape, while cellulose nanofibril (CNF) has a rope-like shape and a 

higher aspect ratio than CNC (Rahimi Kord Sofla et al., 2016; Wernersson Brodin et al., 

n.d.). 

Jin et al. used nanofibrillated cellulose (NFC) as a coating biobased nanomaterial to 

enhance the barrier properties of paper (Jin et al., 2021). NFC, separated from 

microcrystalline cellulose (MCC), reduced the Cobb value to 24 gr/m2, improved the air 

resistance to 2050 s, and increased the tensile strength from 8.29 kN/m to 8.51 kN/m. It 

was also reported that the addition of 0.30–0.40% NFC resulted in the optimum state 

for the desired properties of coated paper. The viscosity increased with the increase of 
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nanofibrillated cellulose at the same shear rate. This proved the effective role of NFC as 

a thickening agent for coating system. Additionally, Jin et al. showed that the water 

retention value has an inverse relationship with the NFC amount. NFC has a large 

number of hydrophilic groups, mainly hydroxyl and carboxyl groups, that enhance the 

water retention performance to prevent the movement of water in the coating (Jin et 

al., 2021). 

In other research, Yook et al. studied various types of CNFs as coating agents and their 

effects on the barrier properties of wood free base paper (Yook et al., 2020). It was 

observed that the fibril size was important for the barrier properties and smaller sizes of 

fibril enhanced barrier properties. In the condition of 10 gr/m2 coat weight, air 

resistance increased significantly (17 times) due to the dense network and decreased 

pore size of the uniform and thick layer. Likewise, water and grease resistance were 

increased following coating with CNFs. AKD-CNF among the various CNFs with a 55% 

reduction in WVTR which had the best performance. This is primarily due to a long chain 

of hydrophobic alkyl groups in AKD-CNF interrupting the water vapors sorption and 

preventing the water vapor transmission. 

Another cellulose derived material applied for paper coating is cellulose microfibril 

(CMF). CMF has promising barrier properties and robust strength and could be 

produced from grinding and homogenization of various biomass resources (Gamelas & 

Ferraz, 2015; F. Hu et al., 2021). MFC has a micron structure with diameters of less than 

1 μm (micro/nanometers), while CNF has a nanoscale diameter of less than 100 nm 

(Klemm et al., 2011). 



 

10 

Chen et al. recently published a research article and used CMF as a coating agent (H. 

Chen et al., 2022). They coated the base paper with three layers of cellulosic pulps, CMF, 

and nano-silica (n-SiO2). This multilayered coating could significantly increase wet tensile 

strength by 2277% and dry tensile strength by 56%. These results were attributed to 

some justifications; The hydroxyl groups of the CMF interacted with the natural 

cellulose matrix and improved the mechanical properties of the materials. Also, the CMF 

layer had great compatibility with the base layer and led to improvement in tensile 

strength (Dai et al., 2017). It was mentioned that the higher water retention value made 

fibers closely integrated, resulting in increased hydrogen bonding among fibers and 

remarkably increased the wet tensile strength. Likewise, the OTR and air permeability of 

the paper declined after coating and reached 9.687 cm3⋅m-2⋅day-1⋅atm-1 and 0.00317 

μm⋅Pa-1⋅s- 1, respectively. This reduction was a result of the MFC structure with a tightly 

bonded hydrogen-bonded structure. Additionally, the path of the oxygen molecule 

became prolonged since the gaps of the cellulose fibers were occupied by n-SiO2 and 

other coatings, whereby, the OTR value was reduced. WVTR was another evaluated 

parameter in this study and it declined from 1996.60 g⋅m- 2⋅day- 1 to 378.24 g⋅m- 2⋅day- 1. 

Water vapor molecules like the other gas molecules can easily diffuse through the pores 

of the cellulosic paper (Österberg et al., 2013). It was proved that MFC-layer filled the 

pores and blocked the penetration of water molecules. At the same time, hydrophobic 

n-SiO2 formed a dense layer on the surface and improved the barrier property of paper 

against water vapor. 
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Wang et al. evaluated the coating of cellulose-based paper by oxalic acid modified micro 

fibrillated cellulose and infiltration of alkali lignin (W. Wang et al., 2021). It is shown that 

these materials had a synergetic effect on improving mechanical and barrier properties 

by self-bonding between cellulose and lignin. This multilayer coating could reduce the 

water vapor transmission rate (WVTR) by 93% and increased the tensile strength from 

27 MPa to 109 MPa. Also, air permeability was significantly reduced; it was reported to 

be 2192 s/100 mL for the coated paper.  

Regenerated cellulose is a cellulose derived material and based on its desirable 

properties like transparency, flexibility, and its mechanically strength, it can provide gas 

barrier properties and is being used as a biodegradable coating agent (Cazón et al., 

2018). It is also reported that the regenerated cellulose has a low WVP because of its 

high crystallinity and abundant hydrogen bonding in its structure (Saedi et al., 2021). 

The regenerated cellulose is prepared by dissolving cellulose in the solvents and ionic 

liquids, alkali/urea, dimethylacetamide/lithium chloride, are some of the common 

solvents (X. Liu et al., 2020).  

Zhu et al., coated a kraft paper with regenerated cellulose, which was prepared by 

dissolving the cellulose in an ionic liquid (R. Zhu et al., 2018). The first analysis of the 

kraft paper revealed that it had a rough and loose surface. The base paper had a dry 

tensile strength of 63.98 while it was 1.15 MPa in the wet condition. Regarding the 

barrier properties, the oxygen permeability of the paper was 42737.36 cm3⋅m-2⋅day-1.  

After the surface modification with regenerated cellulose, the surface of the paper 

became smooth. The tensile strength in both dry and wet condition significantly 
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improved, so that 101 MPa for dry paper and 14.17 MPa for wet paper indicated the 

coating process significantly increased the mechanical strength of the kraft paper. The 

oxygen permeability of the coated paper declined by a million times and had a value of 

0.01 cm3⋅m-2⋅day-1 for the coated paper with 2 wt% regenerated cellulose proving that 

the paper became resistant against oxygen diffusion. This excellent result for oxygen 

permeability was attributed to the homogeneous film formation on the base paper that 

sealed the pores on the uncoated paper. The generated hydrogen bond between the 

coating material and the paper fibers, resulted in compact packing, lower free volumes, 

and cohesive energy density, which led to lower gas permeability (R. Zhu et al., 2018).   

Other research applied the regenerated cellulose to coat the paper was done by 

Krysztof et al. (Krysztof et al., 2018). In this study, the regenerated cellulose was 

prepared by N-Methylmorpholine N-oxide solution and the coating process was done 

via the bar coating method. As results of coating modification, the hydrophobicity, 

surface smoothness, tensile index, and bursting strength index were significantly 

improved. The surface morphology of the coated paper showed that the porosity of the 

paper was dramatically decreased. This uniform and smooth surface had an influence on 

the mechanical strength. The tear resistance and tensile strength of the paper increased 

to 8.8 mN m2/g and 3.6 N m/g, respectively. Regarding the water resistance of the 

coated paper, since the paper structure has a capillary-porous nature, the uncoated 

paper is hydrophilic, and its contact angle was 0 since water instantly penetrated the 

paper structure. But the coated paper with regenerated cellulose showed a hydrophobic 

property when the contact angle increased to 50 °. It is stated that the regeneration 
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process will affect the properties of cellulose and the regenerated cellulose may exhibit 

a compact structure. On the other hand, after regeneration process, part of the hydroxyl 

groups of cellulose may not be available to interact water on the surface of paper 

(Hubbe et al., 2015; Krysztof et al., 2018). 

 

Figure 3 Effect of bio-based surface coating on barrier properties of the cellulose paper 
(Shorey & Mekonnen, 2022; Tian et al., 2022; F. jie Wang et al., 2022a) 

As it is indicated in Figure 3, surface coating modification could successfully improve 

hydrophobicity, grease resistance, resistance against oxygen and water vapor diffusion. 

Owning to these results, the modified cellulose paper is considered a promising material 

to eliminate SUPs.  



 

14 

In Figure 3a, it can be seen that the base paper had no resistance against oil and with 

the increase of coating weight (Carboxymethyl chitosan and sodium carboxymethyl 

cellulose), the oil resistance continually increased (F. Jie Wang et al., 2022b). Regarding 

Figure 3b, the water vapor transmission rate of the uncoated paper was reported to be 

1926.7 g⋅m-1⋅day-1 and this variable declined to 1392.8 g⋅m-1⋅day-1 and 1286.3 g⋅m-1⋅day-

1 after the paper was coated by modified cellulose nanocrystal/acrylated epoxidized 

soybean oil (CNC/AESO) and 3- aminopropyltriethoxysilane-modified cellulose 

nanocrystal/acrylated epoxidized soybean oil (APTES-CNC/AESO), respectively (Tian et 

al., 2022). In Figure 3c, PBAT stands for poly (butylene adipate-co-terephthalate), 

LigPBAT means the esterified lignin was blended with PBAT to coat the paper, and 

LigMPBAT is modified lignin blended with PBAT. In this figure, the OP of the paper 

decreased by 55.2% because of surface modification (Shorey & Mekonnen, 2022). In 

Figure 3d, the water contact angle (WCA) of the coated paper with Carboxymethyl 

chitosan and sodium carboxymethyl cellulose climbed up to more than 70° while this 

parameter was 42° for the uncoated paper (F. Jie Wang et al., 2022b). 

Hemicellulose  

One of the main biopolymers in plant materials is hemicellulose. Despite the cellulose 

and lignin having homogeneous compositions, hemicellulose has a non crystalline 

structure, composed of hexose and pentose sugars (Anthony et al., 2015; Hansen & 

Plackett, 2008).  

Mannoglycans (mannans), xyloglycans (xylans), -glucans, and xyloglucans are the main 

groups of hemicelluloses.  
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Hemicellulose is a biocompatible and biodegradable polysaccharide that has gel-forming 

and film-forming abilities; therefore, it was applied in cellular therapy, drug delivery, 

coating, encapsulation, and emulsification (Hansen & Plackett, 2008). 

Although it was reported by many researchers that hemicellulose hinders oxygen 

diffusion and has a good oxygen barrier property, this material is hydrophilic. The 

produced film from this material is hygroscopic, which consequently means that it has a 

poor barrier property against water and water vapor (Escalante et al., 2012; Kisonen et 

al., 2015). 

This hydrophilicity of hemicellulose is attributed to the free hydroxyl groups in its 

structure like cellulose. On the other hand, these hydroxyl groups provide an ideal 

situation for chemical functionalization. Therefore, hydrophilicity, crystallinity, and 

solubility of the hemicellulose could be modified by functionalizing free hydroxyl groups. 

Anthony  et al. distiller’s grains (DG gum), a hemicellulose-based binder to coat the base 

paper was used as a coating agent and the results were compared with the coated 

paper by polyvinyl alcohol (PVA) (Anthony et al., 2015). The DG gum significantly 

decreased the WVTR, and it was attributed to the hemicellulose modification by succinic 

anhydride before coating, that replaced the hydroxyl groups by the functional groups 

which reduced hydrogen bonding and improved film forming. The tensile strength of 

both coated papers with DG gum and PVA were approximately the same. Xylan is the 

most abundant hemicellulose among hardwood components, and it is available mainly 

in secondary cell walls of agricultural biomass (wheat straw and corn) and as a 
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secondary product of the wood industry. Xylan has a branched structure with short 

carbohydrate chains (Farhat, n.d.).  

Nechita et. al studied the performance of xylan hemicelluloses, extracted from 

hardwood, as a coating on the surface of cellulose paper. In this research, two samples 

were prepared, uniform films from xylan hemicelluloses and xylan-coated paper 

(Nechita et al., 2021). In the film preparation, xylan was mixed with plasticizer and 

chitosan, and for coating the paper, the rod coating system dispersed the coating agent 

on the surface of the cellulose paper. It is reported that the coated paper had a 

reduction in water vapors and air volume that diffused through the paper structure. 

These results were attributed to the hydrophilic properties of xylan hemicellulose. Also, 

xylan blocks the air path through the fiber network and since xylan has a good film 

forming ability, with creating a film on the surface, decreases the pores on the paper. 

Although the coated paper showed a slight decrease in water and oil absorption, the 

contact angle did not change significantly. This is because the hydrophilic xylan did not 

penetrate well within the fibrous network of the paper and the abundant free hydroxyl 

groups of the xylan can absorb moisture. The mechanical strength of the modified paper 

was evaluated as well. The wet tensile strength had no significant change and the dry 

tensile strength decreased after surface coating. As a reason for this decline, it was 

stated that the surface of coated paper is more compacted, and the tearing force can 

act on the lower surface. In addition, the antifungal activity of the coated paper was 

evaluated. Because of film-forming ability of xylan, some mechanisms were developed, 

and this restricts the spores growth on the paper surface, consequently, only 1.5% of 
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the surface of the coated paper was covered with spores while this quantity was 35% for 

base paper.  

Laine et al. synthesised hydroxyalkylated xylans and used them as a coating for the 

surface modification of paper (Laine et al., 2013). Xylan was extracted from kraft pulp 

and then purified. The bar coating method was used to coat the surface of the paper 

with aqueous hemicellulose solutions. The barrier properties of the modified paper 

were compared with polyethylene terephthalate (PET) coating as a reference.  Cross-

linking method was used to improve the barrier properties of the coated paper. Cross-

linking can increase the molecular weight of the hemicellulose and rigidify the 

biopolymer network, therefore, decreasing the oxygen or water vapor diffusion. 

Regarding oxygen permeability (OP) of the coated paper, this quantity was one third of 

the PET-coated board. The combination of different modifications might cause a 

synergic effect and steric hindrance, consequently, a decline in free hydroxyl groups. 

However, the WVTR of the coated paper was higher than PET-coated and it was due to 

the hydrophilic nature of the hemicellulose. Moreover, the xylan coated paper indicates 

an acceptable resistance against oil and grease.  

Starch 

This abundant polysaccharide has the chemical structure of linear amylose and highly 

branched amylopectin (Nechita & Iana-Roman, 2020; Sharma et al., 2020). Starch is 

widely applied in the paper industry specifically in surface application. Starch has a high 

molecular weight and can be de-polymerized under control. Also, since it is hydrophilic 

and has hydroxyl groups, it can be solved in water and create a hydrogen bond with 
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cellulose fibers. The graft copolymerization from starch can create new materials with 

excellent properties that are a combination of the advantages of synthetic and natural 

polymers. The mechanical and thermal properties of starch can be improved by adding 

plasticizers like glycerol which is a nutritionally safe material. Starch has a film forming 

property due to its good viscosity. Based on the mentioned reasons, starch is considered 

a versatile raw material in the paper industry (M. M. Hassan et al., 2020; H. Li, Qi, et al., 

2019; Matsui et al., 2004). 

In the following, we will summarize some of the previous studies focused on starch and 

its derivatives for paper coating.  

Roslizan1 et al. investigated rice starch with chitosan to coat kraft paper (Roslizan et al., 

2022). The paper was coated with the spray method and then an ultrasonic treatment 

was used to improve the morphology and mechanical properties of the coating. By 

ultrasonic treatment, the solubility and clarity of the starch solution increased, and its 

viscosity decreased. Also, it was mentioned that free mobile macromolecules of starch 

filled the pores and created a smooth surface, therefore, tensile strength was enhanced. 

Corn starch was blended with chitosan-graft-polydimethylsiloxane to provide water and 

oil resistance properties to the coated paper in the study of Nair et al. (A. Nair et al., 

2022a). Starch was selected since this inexpensive material has a similar chemistry to 

paper (hydroxyl groups) and makes hydrogen bonds with cellulose fibers. Using this 

mixture led to reductions in costs and had a synergic effect on the barrier properties of 

the paper. This indicated that the starch could considerably improve the oil resistance 

and water vapor transmission of the paper. Thermal stability was another investigated 
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property, and it was found that the coating materials slightly improved said property. 

The mentioned improvements were attributed to the role of starch in filling the pores of 

the paper and forming hydrogen bonds between chitosan and cellulose fibers. 

Chitosan 

One of the widely used polysaccharides in paper coating is chitosan. This linear 

polysaccharide is biodegradable and non-toxic and has an antioxidant characteristic. 

Additionally, it has acceptable mechanical properties, has a hydrophilic nature, and has 

good barrier proprieties to water and water vapor when it is mixed with other 

components (Pan et al., 2021; F. jie Wang et al., 2022b, 2022a). Also, it has been 

reported that this cationic biopolymer exhibited the ability of film forming and 

antimicrobial properties (Mitelut et al., n.d.). 

Figure 4 indicates the chitosan origin, chemical structure, and its effect on the paper’s 

properties as a biodegradable coating material. 
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Figure 4 Chitosan coating agent (Q. Li et al., 2020a) 

Carboxymethyl chitosan (CMCS), a chitosan derived material, is amphoteric and is 

prepared by the reaction of -COOH groups and the -NH groups in chitosan. Wang et al. 

used CMCS, in combination with carboxymethyl cellulose sodium (CMC), polylactic acid 

(PLA), and nano zinc oxide nanoparticles to create a multilayer coating on the cellulose-

based paper to improve its barrier and antibacterial properties (F. jie Wang et al., 

2022b). Regarding the function of CMCS, this study showed that the -NH groups of 

CMCS absorbed oil molecules and prevented them from penetrating through the 

coating, and the -OH groups, which are polar, strongly repealed grease. As a result, 

CMCS could provide a strong resistance to grease. The hydrophilicity of CMCS was 

compensated with the outer layer generated by PLA. Another issue related to the CMCS 

that was shown in this research was its selective permeability to gases and specifically to 

oxygen molecules. This problem was solved by adding multilayer coating to create a 

tortuous path for oxygen molecules and simultaneously adding nano zinc oxide 
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nanoparticles to fill any gaps in the coating surface. Finally, it was found that CMCS 

influenced the OTR by decreasing it by 99% and the oil resistance time by increasing it 

by 28 times (F. jie Wang et al., 2022b). 

Another study by Wang et al. coated paper with CMCS, CMC, and Sodium alginate (SA). 

The hydrophilicity of the CMCS was attributed to its high-polarity due to the large 

number of polar groups and its high surface energy. Since CMCS has a high viscosity, it 

formed a dense coating and blocked the voids and fiber gaps, consequently, it extended 

the depth for oil penetration. On the other hand, the coating agent penetrating the 

paper structure and blending with the fibers created a tight bound that enhanced the 

tensile strength of the paper (F. jie Wang et al., 2022a). 

Alginates 

Alginate is a marine polysaccharide that has been used in aerogels and as a coating 

agent for paper coating because of its excellent gelling properties. This anionic 

biopolymer is available as salts of calcium and sodium (Pan et al., 2021; Shankar & Rhim, 

2018). As illustrated in Figure 5, alginate, mainly derived from seaweed, has the 

potential to improve the paper properties which are necessary for reliable packaging.  
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Figure 5 Paper coating with alginate (Homayouni et al., 2007) 

 

Kopacic et al. have studied paper coating with sodium-alginate (Kopacic et al., 2018). 

Alginate formed a uniform film on the paper’s surface and reduced the air permeability 

to 0 ml⋅min-1. Also, alginate was show to be an excellent barrier against grease, since it 

has a hydrophilic characteristic and fills the voids between the paper, consequently, oil 

as a non-polar compound cannot penetrate. Despite of hydrophilic nature of alginate, 

the coating process reduced the WVTR because the coating layer reduced the 

interaction between water vapor molecules and cellulosic fibers, therefore, less water 

vapor diffused.  

Sodium alginate (SA) and zinc oxide composite was prepared by Wu et al. and was 

applied as a coating material on the surface of the cellulose paper (Wu et al., 2018). The 
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drawback of the coating material used in this study was that the thermal stability of the 

coated paper decreased after surface modification. As sodium alginate is not thermally 

stable, the polymer is decomposed at the temperature of 200–300°C. Regarding the 

mechanical strength, it was shown that the tensile strength of coated cellulose paper 

increased by 39.5%. When the cellulose paper was coated with sodium alginate, the 

coating material penetrated the cellulose fiber network, and contributed to transfer the 

stress. Likewise, the cross-linking of sodium alginate caused by zinc ions had a synergic 

effect on tensile strength improvement (Varaprasad et al., 2016). The ZnO/SA composite 

coating proved to be a significant antibacterial activity against E. coli and S. aureu, but 

this was not the impact of alginate. The base cellulose paper and the paper coated with 

sodium alginate had no antibacterial effect, while with the increase of zinc oxide 

concentration, the inhibition zones were formed. There are two justifications for this 

finding; firstly, the Zn ions could inhibit the transport of amino acid and disrupt the key 

enzyme systems of the bacteria, thereby, the growth inhibition and bacteria’s death 

were the result. Secondly, it is possible that reactive oxygen species are produced from 

ZnO particles, and this highly reactive oxygen damaged the bacteria’s cellular systems, 

which led to its death.  

Ternary blend alginate, carboxymethyl cellulose, and carrageenan were synthesised by 

Shankar et al. and were coated on the surface of the wrapping food paper to provide a 

green alternative for SUPs (Shankar & Rhim, 2018). Also, grapefruit seed extract was 

used as a natural antimicrobial material to endow the antibacterial activity to the 

modified paper. A smooth surface was obtained when the pores of the paper were filled 
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with coating material. The evaluation of the surface morphology of the coated paper 

indicated it is like that of PE-coated paper. The tensile strength of the coated paper 

increased up to 55% while the PE-coated paper only 15% increased this parameter. It 

should be noted that different factors like coating material, compatibility between base 

paper and the coating material, and coating method could directly affect the tensile 

property of the coated paper (H. Zhang et al., 2017). The barrier properties of the paper 

significantly improved after being coated. The water absorptiveness of the paper 

decreased 48% and it was slightly better than PE-coated paper. This reduction resulted 

in a smooth surface of the modified paper. The coating material sealed the paper pores 

and prevented the contact of water molecules with hydrophilic cellulose fibers. Also, 

since the carbohydrate-based biopolymer has a strong oil resistance, the oil 

absorptiveness of the paper was approximately 91% decreased, which was even better 

than PE-coated paper. WVP of the paper was another property that was reduced by 61% 

after surface modification. It was mentioned that the coating reduced the porosity of 

the paper matrix and reduced the permeability against water vapor. In addition, the 

uniform coating led to an enhancement in CA, and it increased from 69.1° to 100.1°. The 

antibacterial activity was the last evaluated parameter in this study. The coating agent 

without grapefruit seed extract had no antibacterial activity against L. monocytogenes 

and E. coli while adding grapefruit seed extract resulted in distinctive antibacterial 

activity of the modified paper. This finding was attributed to the polyphenolic 

compounds in the grapefruit seed extract.  
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Lignin 

Lignin, an organic polymer, mainly found in wood has a wide application in the paper 

industry due to its attractive properties. Unfortunately, a large amount of the produced 

lignin is burned to generate energy and only a small part is used for chemical 

application. Lignin contains different groups like aromatic, aliphatic hydroxyl, methoxyl 

and carbonyl groups that enable this material to have a sufficient reactivity with a 

variety of compounds (Brebu & Vasile, 2010; Kai et al., 2016; Xiong et al., 2020). Lignin is 

being considered for paper coating since it is hydrophobic and can improve the barrier 

and mechanical properties of the paper (Hua et al., 2019; Iglesias et al., 2020; S. S. Nair 

et al., 2017). This polyphenolic biomass can be combined with other polymeric materials 

to create an ecofriendly composite material. For example, lignin can protect the 

hydroxyl groups of cellulose nanofibrils and prevent the creation of hydrogen bonds 

with water, whereby, improving the water barrier property of the cellulose nanofibrils 

(S. S. Nair & Yan, 2015; Tayeb et al., 2020). In the following, one of the recently 

published papers in this area is discussed.  

Shorey and Mekonnen studied enhancing the barrier properties of paper by coating it 

with esterified lignin and poly butylene adipate-co-terephthalate (PBAT) blend (Shorey 

& Mekonnen, 2022). This composite significantly improved the tensile strength of the 

coated paper and its barrier properties against water, oil penetration and oxygen 

diffusion. Since lignin, is thermally degradable, incompatible with hydrophobic 

polymeric matrices, and tends to agglomerate in matrices, it should be modified by 

lignin functionalization reactions (Sen et al., 2015). In the research of Shorey and 
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Mekonnen, lignin was esterified with a fatty acid (palmitoyl chloride). As a result, the 

uneven surface of the paper became smooth because the coating made a thin layer and 

filled the gaps between the fibers. The esterified lignin could reduce water absorption 

by 40% due to its long aliphatic chains that are inherently hydrophobic. The tortuous 

path, formed by coating materials on the highly porous surface paper, improved the oil 

resistance of the paper. It was reported that the penetration of water vapor is 

dependent on the interactions of water molecules with the layer and layer composition, 

while oxygen diffusion is dictated by the voids in the coating surface (Hult et al., 2013). 

The lignin could disperse and fill the voids of the PBAT polymer, which led to a 55.2% 

reduction in the oxygen permeability (OP) and reduced it to 1.13 cm3⋅m/(m2⋅day⋅Pa). 

Finally, the composite significantly improved the tensile strength of the paper in the wet 

condition and increased it to approximately 20 MPa.   

Protein-based materials 

Other biomaterials that can be used for improving the barrier properties of the 

substrate paper are protein-based materials.  

Fibrous proteins and globular proteins are two common protein types fibrous proteins 

are made through H-bonding while globular proteins have a complex round structure 

with hydrogen, covalent and ionic bonds (B. Hassan et al., 2018). The protein-based 

coating significantly hinders the oxygen molecules. Corn-zein, soy protein, wheat gluten, 

and whey protein all are globular proteins that have been used in the films/coatings 

forming (Fernández-Pan et al., 2014; Kilincceker et al., 2009; Rodriguez-Turienzo et al., 

2012). Zein is mainly produced from corn and has a hydrophobic nature because it 
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contains a high amount of non-polar amino acids. The coating from zein is generated by 

means of drying the aqueous solution of zein and has good resistance against moisture 

(Lawton, 2004; Shukla & Cheryan, 2001). Wheat gluten is another hydrophobic protein 

whose elasticity and cohesiveness facilitate film formation. This material is usually used 

with plasticizers to have better flexibility in coatings (Álvarez-Castillo et al., 2021; B. 

Hassan et al., 2018). 

Tihminlioglu et al. coated the polypropylene films with corn-zein to evaluate their 

performance on the resistance against oxygen and water vapor (Tihminlioglu et al., 

2010). It is stated that protein-based coatings have a specific structure, high 

intermolecular binding potential, and are insoluble in water, thereby, these materials 

have better resistance against water vapor in comparison with polysaccharide-based 

coatings (Tihminlioglu et al., 2010). The hydrophobic nature of zein improved water 

barrier properties. Regarding the oxygen transmission rate, corn zein could reduce it 

from 2000 cc/m2⋅day to 488 cc/m2⋅day. It was proved that increasing the plasticizer 

content led to the breaking down of hydrogen bonds, consequently, corn-zein chains 

had higher mobility and O2 easily diffused through the film. Overall, their study showed 

that the corn-zein coating on the polypropylene films could significantly enhance the 

barrier properties of the film against water vapor and oxygen permeability.  

Table 1 indicates the outstanding advantages of biomaterial coating agents. Based on 

this table, protein-based materials and lignin, despite most of the polysaccharides that 

are hydrophilic, have a hydrophobic nature. Also, unavailability for scaling up is a 

common drawback among the mentioned coating materials.  
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Table 1 the advantages and disadvantages of bio-based coating materials 

Coating 
agent 

Advantages Disadvantages Reference 

Cellulose 
derived 
materials 

Oil resistant, 

Oxygen barrier property 
(The crystalline structure 
of CNC makes O2 path 
tortuous), 

Nanocellulose has a large 
specific surface area, good 
rheological properties, 
and good chemical 
reactivity  

Hydrophilicity (hydroxyl 
and carboxyl groups) 

(Basta et al., 
n.d.; Q. Li et 
al., 2020b) 

Hemicellulose Oxygen barrier property, 

Film forming ability 

It can improve the 
mechanical properties due 
to plasticizing effect of the 
aliphatic chains  

Hydrophilicity (hydroxyl 
and carboxyl groups) 

(Hansen & 
Plackett, 
2008; Q. Li et 
al., 2020b) 

Lignin Hydrophobicity, 

Oil resistant, 

Good mechanical strength 

Thermally stable* 

Instability (Hossain et 
al., 2021; 
Sharma et 
al., 2020) 

Starch Viscose, 

Film forming ability 

It is hydrophilic 
(hydroxyls, and 
carboxylic structures), 

The coating layer is 
brittle  

Sensitivity to water 
vapor,  

Large surface pores in 
coating due to residual 
air,  

(Kansal et al., 
2020; 
Parvathy & 
Sahoo, 2021) 
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Expensive and 
unavailable for scaling 
up 

Chitosan Oil resistant, 

Good mechanical 
strength, 

Film forming ability, 

Antimicrobial properties 

It is hydrophilic, due to 
free hydroxyl groups, 

Expensive and 
unavailable for scaling 
up 

(Cellulose 
Chem. 
Technol 
2013, n.d.; 
Hamdani et 
al., 2020) 

Alginates Oil resistant, 

It easily forms film 

excellent tensile strength 

Hydrophilicity, 

It is not a thermally 
stable polymer, 

Permeable to water and 
oxygen due to porous 
structure  

(J Nutr Food 
Sci 2020, 
n.d.; Kopacic 
et al., 2018) 

Protein based 
materials 

Hydrophobicity (because it 
is insoluble in water and 
has non-polar amino 
acids) 

 

Poor mechanical 
strength in moist 
environments 

(Guillaume et 
al., 2010) 

Polylactic 
acid (PLA) 

Good mechanical strength 

 

Costly for packaging, 

Poor oxygen barrier 
property 

(Y. Liu et al., 
2018; 
Parvathy & 
Sahoo, 2021; 
Ranakoti et 
al., 2022) 

* Since lignin has a complex composition and structure, its thermally decomposition 
occurs in a wide temperature range which is higher than required temperature in the 
packing application. Also, in comparison with cellulose and hemicellulose, lignin is 
thermally more stable. Therefore, lignin is considered a thermally stable coating agent 
(Brebu & Vasile, 2010; Hossain et al., 2021).  

Also, results of the recently published papers have been summarized in the table 2.  

Table 2 Summary of the results found in the recently published papers 

Coating agent Coating 
method 

Reported Results Reference 
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CNC/ acrylated 
epoxidized soybean oil 

Bar 
coating 

• CA increased to 76.4 
• WVTR reduced to 

1286.3 gr/m2 24h 
• Thermal stability  

(Tian et al., 
2022) 

CNF isolated from sugar 
beet pulp 

Casting 
method  

• Increased tensile 
strength 

• Air porosity decreased  
• Good oil-proof 

property 
• CA 59° 

(Fadel et 
al., 2022) 

Epoxy methyl ricinoleate 
from castor oil 

Dip 
coating  

• CA up to 97° 
• 77.5% decrease in 

WVTR 
• Thermal stability 
• Improvement in 

tensile strength  
• The coated paper is 

recyclable   

(Parvathy 
& Sahoo, 
2021) 

Alginate/oxidized 
nanocellulose-silver 
nanoparticles 

- • Enhanced the thermal 
stability 

• Reduced air 
permeability  

• Reduced WVP 
• Good antibacterial 

properties 
• Increased in tensile 

strength  

(Adel et al., 
2021) 

Reacetylated chitosan Bar 
coating  

• Reduced water 
absorption capacity 

• Decreased WVTR 
• Mechanical resistant  
• Improved thermal 

stability  

(Gatto et 
al., 2019) 

Hemicellulose Rod 
coating  

• Improved the 
smoothness 

• Increased water 
resistance 

(Farhat et 
al., 2017) 

CNC Bar 
coating  

• Air resistance 
increased 91% 

• Increased grease 
resistance 

• Mechanical strength 
slightly increased 

• Biodegradability  

(Gicquel et 
al., 2017) 
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CNC and CNF Roll 
coating  

• Improved thermal 
barrier 

• Resistance to 
deformation 

• Improved mechanical 
properties  

(Hutton-
Prager et 
al., 2022) 

CNF/SiO2 nanoparticles 
/methyltrimethoxysilane 

Rod 
coating  

• 31–34% reduction in 
the moisture 
absorption 

• CA 162° 
• Self cleaning 

properties 

(X. Chen et 
al., 2022) 

Starch and chitosan-
graft 
polydimethylsiloxane 

Bar 
coating  

• Water absorptivity 
decreased 82% 

• Oil resistance (kit 
value of 12/12) 

• CA 106° 
• Repulpability (coating 

removed) 
• No change in tensile 

strength  
• Thermal stability 

improved slightly  

(A. Nair et 
al., 2022a) 

Synthesized cellulose 
stearoyl ester 

Bar 
coating  

• CA 109° 
• WVTR reduced 95% 
• 94.8 % reduction in 

WVP 
• Elongation at break 

increased  
• Tensile strength 

decreased  

(W. Wang 
et al., 
2020) 

Chitosan Bar 
coating  

• Thermal stability 
decreased 

• Wettability improved  
• CA 99.8° 
• Tensile strength 

increased 47% 
• No improvement in 

the antimicrobial  
properties 

(Tanpichai 
et al., 
2020) 

Chitosan-zinc 
oxide/epsilon-poly-L-
lysine 

Dip 
coating  

• Antibacterial property 
against L. 
monocytogenes 
growth 

(Razavi et 
al., 2020) 
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• Antilisterial activity 

trifluoroethyl 
acrylate/methyl acrylate 
and tetrafluoropropyl 
methacrylate/methyl 
acrylate 

- • CA 139° and 145° 
• Low surface energy 
• 90% separation of oil–

water 
mixtures 

(R. Liu et 
al., 2021) 

 

CMC/nanometakaolin - • Tensile index of 80.78 
N.m/g 

• Burst index of 5.24 
kPa.m2/g 

• Air permeability of 
286.66 ml/min 

(Mortazavi 
Moghadam 
et al., 
2021) 

Starch–lignin- 
ammonium zirconium 
carbonate 

Rod 
coating 

• CA more than 80° 
• Water absorptiveness 

increased 76% 
• WVTR decreased 68% 
• Good stability of the 

lignin in the coating 

(Javed et 
al., 2021)  

sulfonated 
nanofibrillated 
cellulose/chitosan/ 
modified polyvinyl 
alcohol 

Rod 
coating  

• Grease resistance (kit 
value of 12/12) 

• Oil resistance (oil 
contact angle of 
103.93°) 

• water contact angle of 
108.6° 

• WVP significantly 
reduced  

• 85% reduction in air 
permeability  

• Increased in tensile 
strength  

(P. Du et 
al., 2021) 

Chitosan and Sodium 
hypochlorite 

- • Tensile increased 
38.3% in dry condition 

• Tensile increased 
512.6% in wet 
condition 

• Antibacterial activity 
against E. coli and S. 
aureus  

• 49% increase in CA 
• Reduction in OTR and 

WVTR 

(H. Du et 
al., 2021) 
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Coating methodologies  

To overcome the limitation of cellulose paper, different technologies have been used to 

provide a modified cellulose paper with acceptable barrier properties, mechanical 

strength, and antibacterial activities for packing applications. 

Typically, the surface coating method is considered a well-established approach in 

comparison to the other technologies since it is low cost and has a low-risk of scale-up. 

Therefore, surface coating can improve the overall properties of cellulose paper (Jin et 

al., 2021).  

The most common coating methods are described below.  

Film casting: Casting is one of the common and simple methods for film forming and it 

does not require any specialized equipment. In this process, a solution containing the 

coating agent covers the surface of the paper and then the solvent is evaporated 

(Semlali Aouragh Hassani et al., 2022; Vicente et al., 2018). 

Bar coating: This method is widely used to deposit polymers on the substrate, as it is 

simple, rapid, scalable, and cost-effective. The deposited films are mainly polycrystalline 

because of polymer-chain entanglement and fast shearing speeds (Z. Zhang et al., 2017).  

Dip coating: The dip coating method is an economical technique to deposit onto fibrous 

materials like cellulose paper. In the dip coating, the paper is immersed into the solution 

containing the coating agent and while the solution has coated the surface of the 

substrate, the paper withdraws from the solution. In this method, immersion time, dip 
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coating cycles, withdrawal speed, density and viscosity, paper surface and evaporation 

conditions are the effective parameters in the thickness and morphology of the created 

film (X. Deng et al., 2014; X. Tang & Yan, 2017; Wei et al., 2017). 

Spray coating: This method is widely used in different applications like coating, fire 

protection, humidification, gas cooling, etc. For the coating application, it has several 

benefits such as being a noncontact coating method, high web moisture tolerance, and 

it has a better coat weight variation than the other methods. Moreover, the spray 

method is suitable for low and high-speed machines (Beneventi et al., 2014; Kinnunen-

Raudaskosko et al., 2014; Mirmehdi et al., 2018).  

Spin coating: Another method used for coating is spin coating. The viscosity of the 

coating and the rotational speed are two important parameters in this process. The 

advantage of this method is that there is no need for vapor phase deposition equipment 

(Cherian et al., 2022; Kamaruddin et al., 2011). 

Foam coating: Foam coating technology is commonly used in the textile industry and is 

suitable for cellulose nanofibers and other nanomaterial to coat fiber-based substrates 

like paper. It is an economical process since it applies a thin layer of coating on the 

surface (Kinnunen-Raudaskosko et al., 2014). 

Figure 6 in the following demonstrates the procedure for some of the coating methods.  
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Figure 6 Schematic illustration of paper coating technologies (Y. Deng et al., 2015a; 
Karlsson et al., 2019; Oh et al., 2019; Song et al., n.d.) 

 

Table 3 presents the main advantages of different coating technologies applied for 

paper coating.  

Table 3 The outstanding advantages and limitations of various coating methods 

Coating 
methods 

Advantages Limitations Commercial or 
laboratory 
scale  

References 

Film 
casting 

Simple and no 
specialized 
equipment 

Not cost 
effective 

Laboratory   (E. A. Hassan 
et al., 2016; 
Rastogi & 
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required  Samyn, 
2015) 

Bar Rapid and 
scalable, 
excellent 
uniform coating 
over a large 
area 

Energy-
intensive 
process due to 
evaporation 
and drying  

Laboratory   (Z. Zhang et 
al., 2017)  

(Yabuuchi et 
al., 2019) 

Dip Simple, easy to 
operate, waste-
free process 

Restriction for 
substrates that 
are sensitive to 
liquid, 

difficult to 
control the 
thickness of 
coating  

Laboratory   (Grosso, 
2011) 

(Mahadik et 
al., 2013) 

Spray Being 
noncontact,  

Suitable for low 
and high-speed 
machines 

Potential for 
scale up 

Lack of 
uniform 
thickness,  

nozzle 
blockage 

Laboratory   (Cordt et al., 
2021) 

(S. Zhang et 
al., 2019) 

Spin No need for 
vapor phase 
deposition,  

It can create a 
thin uniform 
film 

Too much 
waste (80% of 
the solution), 
unsuitable for 
large scale  

Laboratory   (Mokarian-
Tabari et al., 
2010) 

(L. Hu et al., 
2020; 
Kamaruddin 
et al., 2011)  

Foam Ability of 
coating a thin 
layer,  

even layer,  

no airborne 
particles in the 
coating process 

Difficulty in 
foam control 

Laboratory   (Kinnunen-
Raudaskosko 
et al., 2014) 

(Ha et al., 
2012; Kentta 
et al., 2022)    
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Doctor 
blade 

Suitable for 
large area 
surfaces, fast 
process,  

Time-
consuming,  

needs a lot of 
materials, 
unable to 
create very 
low thickness  

Commercial (Yang & 
Jiang, 2010) 

(Y. Deng et 
al., 2015b; L. 
Hu et al., 
2020)  
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Superhydrophobic surface  

Superhydrophobic surfaces are distinguished by their ability in water repellency with a 

water contact angle of more than 150° and a sliding angle lower than 10°. This 

remarkable trait draws inspiration from lotus leaves, where water droplets maintain a 

near-spherical shape on their surface. The concept of superhydrophobicity extends 

beyond its natural occurrences, offering some functional advantages, including self-

cleaning capabilities, resilience against fouling, and inherent antibacterial properties 

(Cordt et al., 2021; Y. Liu et al., 2023). 

Creating a superhydrophobic surface necessitates meeting two fundamental criteria: 

establishing surface roughness and employing a material with low surface energy. 

Surface roughness displays in various forms, including microstructures, nanostructures, 

and hierarchical micro/nanostructures, each contributing to the surface's unique 

properties. These structures are essential in reducing the contact area between water 

and the surface, thereby promoting the spherical formation of water droplets (Cordt et 

al., 2021). 

Upon establishing the necessary surface roughness, the next step involves coating it 

with a material possessing low surface energy, such as polydimethylsiloxane (PDMS) and 

trimethoxymethylsiane (MTMS). This coating further enhances the surface's water-

repellent properties. However, despite the functional advantages offered by PDMS, its 

weak adhesion to the surface remains a prominent drawback in superhydrophobic 
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surfaces. This limitation poses challenges, as it can affect the longevity and durability of 

the surface's superhydrophobic characteristics (Yu et al., 2023). 

As research continues in this field, addressing the adhesion issue while maintaining or 

enhancing the unique properties of superhydrophobic surfaces still needs more work.  
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3 Materials and Methods  

3.1 Materials 

In this investigation, filter paper, a type of cellulosic paper, was selected as the substrate 

for coating with various agents. The coating process involved the application of three 

layers onto the surface of the filter paper: Precipitated calcium carbonate (PCC), 

nanocellulose, and Alkyl ketene dimer (AKD). To ensure comprehensive results, three 

distinct types of nanocelluloses were utilized, each offering unique advantages. These 

included Cellulose nanocrystals (CNC), cellulose filament (CF), and carboxymethylated 

cellulose nanofibril (CM-CNF), which served as the second layer of coating. 

Regarding the materials supplier, filter paper referred to P5 qualitative filter paper 

bought from Fisher Scientific, PCC was obtained from Boise Cascade, the CNC and CM-

CNF were supplied by Cellulose Lab, CF came from Kruger, and AKD (Hercon 295 sizing 

agent) was sourced from Solenis. 

Table 4 indicates the coating agents and their properties, while Figure 7 visually 

demonstrates the layer by layer coating procedure, including the particle sizes of the 

coating materials (Jakubek et al., 2018; Jimoh et al., 2018). 

Table 4 Coating agents’ properties 

Coating agent  Property  

PCC •  Low cost 
• Creating roughness   

CNC •   Abundant natural 
resource 
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CF • Biodegradability 
• Low density  

•  Resistance to grease 
and oil CM-CNF 

AKD  Hydrophobvic property 

 

 

Figure 7 layer by layer coating (Jakubek et al., 2018; Jimoh et al., 2018) 

 

3.2 Coating procedure   

The coating procedure included the application of three layers of coating agents onto 

the filter paper surface. Due to the relatively large particle size of PCC, the process 

involved mixing PCC with deionized water and stirring the solution at 1000 rpm for 10 

minutes to achieve uniformity. Subsequently, the first layer of coating, PCC, was applied 

using a vacuum filtration method (Figure 8) employing a 115v Millipore vacuum pump. 

The coating process was quick, and the coated paper was allowed to air dry at room 

temperature for 45 minutes. 
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Following the drying process, the second layer, consisting of nanocellulose, was applied 

using the same method. The paper, now coated with two layers of agents, was again left 

to dry at room temperature for 45 minutes. 

To ensure the retention of PCC and nanocellulose on the paper, the filtrate underwent 

assessment using a Turbidimeter and UV Spectrometer. The findings indicated that all 

PCC, CF, and CM-CNF were successfully retained on the paper. However, due to its small 

particle size, approximately half of the CNC was absorbed onto the paper. 

Finally, a dip coating method (Figure 9) was employed to apply AKD onto the paper 

surface. For this step, AKD was appropriately diluted with deionized water to achieve 

the desired concentration. The filter paper was then immersed in the AKD solution for a 

brief duration, followed by air drying at room temperature for 45 minutes. To activate 

the AKD, the coated paper was subsequently heated at 110 °C for 10 minutes 

(Kaewsaneha et al., 2022). Importantly, all coating materials were applied to one side of 

the cellulose paper. Figure 10 indicates the stirrer, vacuum, hot plate used for paper 

coating in this study.  

It is important to note that at the beginning, various coating techniques such as bar 

coating and spray coating were assessed. Ultimately, vacuum filtration and dip coating 

methods were chosen for this study due to their demonstrated efficiency.  
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Figure 8 Vacuum filtration coating 

 

 

Figure 9 Dip coating method 

 

 

Figure 10. Lab equipment used for mixing, filtration and drying  

 



 

44 

3.3 Characterization  

The coated papers underwent comprehensive evaluation to assess their barrier 

properties (water and gas penetration). Parameters such as contact angle (CA), water 

absorption (WA), water vapor transmission rate (WVTR), and air resistance were 

examined to determine the extent to which the paper's barrier properties had been 

enhanced against water penetration and gas diffusion.  

The measurement of water contact angle served as a crucial indicator for evaluating 

water repellency in the coated paper. This assessment was conducted under 

standardized room temperature conditions using the Theta optical tensiometer 

apparatus to ensure precision and accuracy. Figure 11 displays the functionality of the 

machine. It's important to highlight that the water droplet remains in contact with the 

paper for a duration of 5 seconds to facilitate the measurement of the contact angle. 

Figure 12a shows the apparatus for water contact angle measurement for a coated 

paper. In this measurement, on drop of deionized water was fallen on the paper and the 

average of right contact angle and left contact angle was calculated to refer the water 

contact angle of the paper (Figure 12b).  
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Figure 11 Water contact angle measurement 

 

Figure 12. a) water contact angle a) apparatus b) calculation 

The water absorptiveness test, also known as the Cobb value, measured the amount of 

water absorbed by the paper surface within a specific time frame, providing insights into 

its water resistance or absorbency. This test, conducted according to TAPPI T441 

standards, was performed on both uncoated and coated papers to extract further 

information regarding the paper's resistance to water. Therefore, the paper was 
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weighted before and after contact with deionized water for a one minute to indicate the 

water absorptiveness of the paper. The height of deionized water on the paper was 1 

cm to the required pressure. TAPPI T441 standard procedure has been shown in the 

Figure 13.  

 

Figure 13 TAPPI T441 standard procedure 

Water vapor transmission rate (WVTR) was another essential parameter measured 

according to TAPPI T557 standards. In this test, one side of the paper was a relative 

humidity of 50% and a desiccant was on the other side, the change in the weight of 

desiccant was measured over time and WVTR was obtained. Figure 14 illustrate the 

procedure for WVTR measurement. This test was done at temperature of 23 °C.  
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Figure 14 WVTR measurement 

Furthermore, the paper's resistance against air was evaluated using the Gurley method. 

This examination determines the duration needed for a defined volume of air to pass 

through a designated surface area of the paper in regulated circumstances (temperature 

of 23 °C). The Gurley Precision Instrument comprises a cylindrical enclosure equipped 

with grips to secure the material in position (Figure 15). A precise pressure variance was 

exerted across the material, prompting air to diffuse through paper and the time was 

measure during air transfer through paper. 
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Figure 15. Air resistance measurement instrument 

Additionally, ATR-FTIR spectroscopy was employed to examine the chemical bonding 

between the coating agent and the filter paper. This analysis was done with Nicolet™ iS5 

FTIR Spectrometer instrument. Finally, scanning electron microscopy (SEM) and SEM-

EDX were utilized to observe the morphology of the coated paper surface, with scanning 

performed using a JSM 6400 SEM.  

3.4 Experimental design  

Factorial design is a statistical method used in experiments to study the effects of 

multiple factors simultaneously. In essence, it allows to examine the influence of 

different variables on the outcome of an experiment.  

In a factorial design, factors are the independent variables that can be manipulated to 

observe their effects on the dependent variable, which is the outcome or response 

being measured. Each factor can have multiple levels or settings. 
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The design involves creating combinations of these factors and levels to create different 

experimental conditions or treatments. For example, in a 2x2 factorial design, there are 

two factors, each with two levels. This would result in four different treatment 

conditions formed by combining the levels of each factor. 

Overall, factorial designs offer a powerful way to understand the relationships between 

multiple variables and their combined effects on the observed outcome (Buragohain & 

Mahanta, 2008). 

A fractional factorial design is a technique used in experiments to explore the effects of 

multiple factors while reducing the number of experimental runs required compared to 

a full factorial design. In a full factorial design, all possible combinations of factor levels 

are tested, which can become impractical or too resource-intensive when dealing with 

numerous factors or levels. 

Fractional factorial designs aim to achieve efficiency by selecting a subset of 

experimental runs to represent the key factor interactions while sacrificing the ability to 

estimate certain higher-order interactions. This approach allows researchers to examine 

the most significant effects and interactions among factors while running fewer 

experiments (Hanrahan & Lu, 2006). 

In this research, three independent variables in three levels were evaluated. Selecting a 

full factorial design for this experiment would involve analyzing 27 tests, which could be 

complex. Hence, a fractional factorial design was selected to cut down the number of 
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tests to 14, with five repetitions of the central point to ensure the accuracy of the 

results. 

The following table indicates the experimental design for three independent variables in 

three levels and five repeats of the central points.  

Table 5 Experimental design. 

 Level Amount  

No. PCC  Nanocellulose  AKD PCC 
(gr/m2) 

Nanocellulose 
(gr/m2) 

AKD 
(gr/m2) 

1 -1 0 -1 1 5.5 0.2 

2 0 -1 -1 5.5 1 0.2 

3 +1 +1 -1 10 10 0.2 

4 0 +1 0 5.5 10 0.6 

5 -1 -1 0 1 1 0.6 

6 +1 0 0 10 5.5 0.6 

7 -1 +1 +1 1 10 1 

8 +1 -1 +1 10 1 1 

9 0 0 +1 5.5 5.5 1 

10 0 0 0 5.5 5.5 0.6 

11 0 0 0 5.5 5.5 0.6 

12 0 0 0 5.5 5.5 0.6 

13 0 0 0 5.5 5.5 0.6 

14 0 0 0 5.5 5.5 0.6 
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4 Results and discussion  

4.1 Water Contact Angle  

Figures 16, 17, and 18 indicate the CA for coated papers with PCC / CNC / AKD, PCC / CF 

/ AKD, and PCC / CM-CNF / AKD, respectively. As it could be seen in these three figures, 

all water contact angles were larger 90 ° indicating that the coated paper had a 

hydrophobic surface (Law, 2014).  

Three samples of PCC / CNC / AKD coated paper, two samples of PCC / CM-CNF / AKD 

coated paper, and one sample of PCC / CF / AKD coated paper had a CA of larger 150 ° 

that confirm the coated paper had a superhydrophobic property (Law, 2014). 

Also, the CA of the sample 10 to 14 in all three figures, which had an identical quantity 

of coating agent, had the minimum fluctuation that demonstrates the results were valid 

and repeatable.   

The first layer, PCC, contributed to the creation of a textured microscale surface, 

effectively impeding direct contact between water droplets and the paper surface. Upon 

the addition of nanocellulose, a synergistic micro-nano structure, enhanced the 

surface's hydrophobic nature. 

Notably, the inclusion of CF, characterized by larger particle sizes compared to CNC and 

CM-CNF, resulted in a reduced contact angle in the coated paper with CF relative to 

those with CNC and CM-CNF, despite an equal application of the coating agent. 

Simultaneously, AKD, renowned for its inherent hydrophobic properties, significantly 

boosts the hydrophobicity of the coated paper. Consequently, an increase in AKD 
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content clearly correlated with a substantial rise in the contact angle. Notably, samples 

8 or 9 across all three figures shows the highest contact angles, owing to the highest 

levels of both PCC and AKD. This combination developed a uniquely rough surface 

coated with a coating characterized by low surface energy, concluding in the creation of 

a superhydrophobic surface (Ye et al., 2023) (J. Huang et al., 2023). 

 

 

Figure 16 Water contact angle of coated paper with various amount of PCC/CNC/AKD  
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Figure 17 Water contact angle of coated paper with various amount of PCC/CF/AKD  

 

 

Figure 18 Water contact angle of coated paper with various amount of PCC/CM-
CNF/AKD  

 

Also, Figure 19 shows the CA measurement that it was the average of left and right 

contact angles. As it is seen in Figure 19, the water droplets had a spherical shape on the 

coated paper.  
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Moreover, Figure 20 indicates the water droplets on the surface of the filter paper 

without modification and on the coated paper. As it is seen in this figure, filter paper 

was hydrophilic and its hydroxyl groups immediately absorbed water, thereby, water 

droplets penetrated the paper. On the other hand, the coated paper with 

superhydrophobic property repelled the water droplets and they had a spherical shape 

on the paper surface.  

 

 

 

Figure 19 CA of the coated papers a) PCC10 / CNC5.5 / AKD0.6 b) PCC10 / CF5.5 / 
AKD0.6 

 

 

Figure 20 Water droplets on the a) uncoated paper and b) PCC10 / CNC5.5 / AKD0.6  
coated paper  
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4.2 Water absorptiveness 

The water absorptiveness test involved placing a standardized paper sample on a flat 

surface. A metal ring with a defined inner diameter was placed on the paper, creating a 

confined area. Then, a certain volume of water was poured into the ring, covering the 

paper's surface uniformly. After a specified time, any excess water on the surface was 

removed by blotting with a roller press. The paper sample, along with the metal ring, 

was then reweighed to determine the weight of water absorbed by the paper during the 

test period. The Cobb value was calculated using the following formula: 

Cobb Value = (W1-W2)/A 

Where W1 and W2 represented the weight of the coated paper sample before and after 

it comes into contact with water, respectively and A was the paper area (Shorey & 

Mekonnen, 2022). 

The resulting value was typically expressed in grams per square meter (gr/m²) and 

represented the amount of water absorbed by the paper surface in a specific time 

frame. Lower Cobb values indicate higher water resistance, indicating that the paper 

had a lower tendency to absorb water, which could be beneficial for packaging materials 

or situations where moisture resistance is important. 

Figures 21, 22, and 23 illustrate the results of WA for the paper and coated paper with 

three layers of PCC/Nanocellulose/AKD.  

Almost the same results with a negligible fluctuation for samples 10 to 14 in all three 

figures indicate that the results were repeatable.  
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Since the filter paper had a hydrophilic property, it absorbed 71.7 gr/m2 of water while 

the test was done in 60 seconds.    

The results show that three-layer coating led to a significant decrease in WA of the 

coated paper while this reduction was 88.9%, 82.2%, and 84.5% for PCC / CNC / AKD, 

PCC / CF / AKD, and PCC / CM-CNF / AKD coated paper, respectively.  

This reduction in WA was attributed to the blocked pores of the paper surface with 

coating agent. Also, Since AKD had a low surface energy, it played an important role in 

WA reduction (A. Nair et al., 2022b). More than 80% reduction in WA of the filter paper 

proved that these coating agents acted well to increase the hydrophobicity and enable 

the coated paper to be used as a reliable green food packaging. The decrease observed 

here surpasses reductions reported in some studies, such as Nair et al. and Shorey et al., 

despite the fact that the coating agents and method employed in this research were less 

complex than theirs (A. Nair et al., 2022b; Shorey & Mekonnen, 2022). 

 

Figure 21 WA of coated paper with various amount of PCC/CNC/AKD  
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Figure 22 WA of coated paper with various amount of PCC/CF /AKD  

 

 

 

 

Figure 23 WA of coated paper with various amount of PCC/CM-CNF/AKD  
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4.3 Water vapor transmission rate  

Water vapor transmission rate (WVTR) referred to the measure of the passage of water 

vapor through the paper over a specific period. It quantified the rate of water vapor 

transmission per unit area under controlled conditions.  

WVTR was another important variable that was evaluated for coated paper in this study. 

In this measurement, the amount of water vapor diffused through the paper within a 

one-hour duration was quantified.  

Figures 24, 25, and 26 show the results of the WVTR test. The repeatability of the data 

was confirmed by the similarity of the WVTR results in samples 10 to 14. 

The WATR for the substrate paper was 38.1 gr/m2*h. the pores structure of the filter 

paper had no barrier against water vapor diffusion, thereby, this paper without 

modification could not be used for food packaging. The porosity of the filter paper was 

shown in the SEM image.  

According to Figures 24, 25, and 26, the coating materials could decrease the WVTR and 

PCC / CF / AKD, and PCC / CM-CNF / AKD acted better than PCC / CNC / AKD. While PCC 

/ CNC / AKD decreased the WVTR 29%, PCC / CF / AKD, and PCC / CM-CNF / AKD 

reduced it 59% and 83%, respectively.  

Since the CNC had a small size particle (Length ~ 80 nm and width ~ 3.5 nm), it couldn’t 

properly block the pores of the paper surface, therefore the coated paper PCC / CNC / 

AKD slightly decreased the WVTR (Jakubek et al., 2018). On the other hand, the CF had 

large particle (diameter of 30–400 nm and the length of 100–2000 micro-meter) and 
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could effectively decrease WVTR with blocking the pores of the paper (Hisseine et al., 

2019). Regarding to the coated paper with PCC / CM-CNF / AKD, CNF had large particle 

size and with blocking the pores of the cellulose paper, creates a tortuous path, thereby, 

WVTR reduces (He et al., 2021).  

Likewise, the carboxymethyl groups in CM-CNF tended to improve the interaction and 

binding capacity with the paper fibers, thereby enhancing the barrier effect. 

Additionally, the nanometric size of these fibers allowed them to fill gaps and pores 

within the paper structure, reducing pathways for water vapor transmission (Im et al., 

2018). Also, the positive effect of CM in WVTR reduction was already approved by Basta 

et al. (Basta et al., n.d.).  

It could be noted that despite coating paper with 10 gr/m2 of PCC, 10 gr/m2 of CM-CNF, 

and 0.2 gr/m2 of AKD, there was a noticeable decrease in the WVTR. However, even 

with this treatment, the WVTR remains higher than that of high-density polyethylene 

(HDPE), a commercial film with a WVTR ranging from 4.7 to 7.8 (gr/m2/24 hr) at 38°C, 

90% RH for the thickness of 1 millimeter.  

 



 

60 

 

Figure 24 WVTR of coated paper with various amount of PCC/CNC/AKD 

 

 

Figure 25 WVTR of coated paper with various amount of PCC/CF/AKD  
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Figure 26 WVTR of coated paper with various amount of PCC/CM-CNF/AKD 
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4.4 Air resistance   

The Gurley method is a standard test procedure used to measure the air permeability or 

air resistance of paper. This method uses a device called a Gurley densometer or Gurley 

tester. The test measures the time required for a specified volume of air to pass through 

a given area of the paper under controlled conditions. The lower the time taken for air 

to pass through, the higher the air permeability or lower the air resistance of the paper. 

The Gurley densometer consists of a cylindrical chamber with clamps to hold the 

material in place. A precise pressure differential is applied across the material, and air is 

forced through it. A timer records the time it takes for a specific volume of air to pass 

through the material (Jin et al., 2021). 

The air resistance of coated paper with PCC / CNC / AKD, PCC / CF / AKD, and PCC / CM-

CNF / AKD, were shown in Figures 27, 28, and 29, respectively. All results were 

repeatable and valid.  

Regarding the PCC / CNC / AKD coated paper, this coating improved air resistance from 

2.4 s to 12.2 s. The enhancement resulted from partially blocking the paper's surface 

pores, limiting air penetration. However, due to the small particle size of CNC, complete 

pore closure wasn't achieved, allowing some air to still pass through (Gicquel et al., 

2017). 

In the PCC / CF / AKD and PCC / CM-CNF / AKD coated papers, these coatings 

significantly increased air resistance to 12,387 s and 11,632 s, respectively. The 

remarkable improvement results from the larger particle size of CF and CNF, which 
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created a strong barrier against air penetration. The larger particle sizes provided a 

more effective blockage of pores compared to CNC, resulting in substantially reduced air 

permeability (Gicquel et al., 2017; E. A. Hassan et al., 2016). 

The initial paper's high porosity (2.4 s resistance) indicates its minimal ability to hinder 

air penetration. However, the coatings, especially those utilizing larger nanocellulose 

particles like CF and CNF, drastically enhanced the paper's resistance by creating 

stronger barriers against air penetration. This suggests that adjusting particle sizes in 

coatings plays an essential role in increasing air resistance in filter paper. 

 

Figure 27 Air resistance of coated paper with various amount of PCC/ CNC /AKD  
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Figure 28 Air resistance of coated paper with various amount of PCC/CNF/AKD  

 

 

Figure 29 Air resistance of coated paper with various amount of PCC/CM-CNF/AKD 
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4.5 ATR-FTIR analysis  

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

serves as an analytical tool in characterizing the structural composition and chemical 

properties of materials, and its application to filter paper and coated paper offers 

invaluable insights. In the context of filter paper, ATR-FTIR aids in identifying the organic 

components present, like cellulose, hemicellulose, and lignin content, and any 

impurities or additives. When applied to coated paper, ATR-FTIR could illustrate the 

interaction between coating agent and the paper matrix. 

To understand the chemical structure of coating and their bonding with cellulose paper, 

the ATR-FTIR analysis was studied, and the results were presented in Figure 30. The 

ATR-FTIR spectra were captured using the transmittance mode within the frequency 

span from 4000 to 500 cm-1.  

 

Figure 30 ATR-FTIR spectra of base paper and coated papers 
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In Figure 30, the navy-blue line represents the uncoated paper, while samples 1 to 5 

denote PCC coated paper, PCC/CNC coated paper, PCC/CNC/AKD coated paper, 

PCC/CF/AKD coated paper, and PCC/CM-CNF/AKD coated paper, respectively.  

Within the 3000 to 3500 cm-1 range, all samples except the PCC coated paper displayed 

a strong absorption peak owing to hydrogen bonding and -OH groups present in the 

nanocellulose coating and cellulose paper. In the case of PCC coated paper, the surface 

coating with PCC resulted in a shorter peak (Kaewsaneha et al., 2022; Van Nguyen & 

Lee, 2022). Additionally, the two peaks observed at 2900 cm-1 and 2800 cm-1 in the 

three-layer coated papers within this figure indicate the stretching vibration associated 

with C−H in the methylene and methyl groups of AKD (Kaewsaneha et al., 2022). 

Furthermore, the absorption peaks identified at 1030 cm−1 and 1400 cm−1 in the three 

coated papers align with the vibration attributed to the C-O-C groups found in 

nanocelluloses and carbonate group of CaCO3, respectively (Van Nguyen & Lee, 2022). 

Therefore, the ATR-FTIR analysis proves that the coating agents properly covered the 

surface of the filter paper.  
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4.6 SEM imaging analysis  

Scanning Electron Microscopy (SEM) is used for examining the microstructure and 

surface morphology of paper, offering valuable insights into the characteristics of filter 

paper and coated paper treated with coating agents. When applied to filter paper, SEM 

facilitates the visualization of the fiber arrangement and porosity, shedding light on its 

inherent structure. Moreover, for coated paper, SEM allows for a detailed examination 

of the coating's distribution, adhesion to the paper substrate, and the formation of any 

microstructures (He et al., 2021).  

The morphology of the base paper, coated paper with one, two, and three layers were 

characterized, and the results were shown in Figures 31 – 46.  

 

 

Figure 31 SEM images of the uncoated filter paper 
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Figure 32 SEM-EDX of the uncoated filter paper 

 

In Figure 31, the SEM images of the base paper clearly show the porous structure of the 

filter paper. The high-resolution image shows an intricate network of interconnected 

voids and channels, indicative of the paper's inherent porosity. This micro scale porosity, 

exhibited a diverse range of sizes and shapes, contributing to the paper's permeability 

and absorption capabilities. Because of this porous structure, the filter paper had a poor 

barrier property against water and air penetration (He et al., 2021). Also, the SEM-EDX 

analysis of the filter paper demonstrated the elemental composition of this paper which 

was mainly carbon (C) and oxygen (O).  
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Figure 33 SEM images of PCC coated paper 

 

 

Figure 34 SEM-EDX of PCC coated paper 
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The SEM images of PCC coated paper were illustrated in Figure 33. The images displayed 

a consistent and dense layer covering the paper's pores, indicating a deposition of PCC 

over the porous structure. The PCC particles of rod shape crystal appeared to have 

effectively filled the voids and crevices within the paper's matrix, creating a relatively 

smooth and uniform surface. The even distribution and apparent absence of visible 

pores suggest that the PCC indeed covered the majority, if not all, of the paper's surface 

area. Since the PCC particle had a positive charge, they interacted with the carboxylic 

groups of cellulose paper which had a negative charge (Subramanian et al., 2007). The 

Ca peaks in the SEM-EDX in Figure 34, indicated that the PCC particles properly covered 

the paper surface. Also, in Figure 34, the peaks for Al, Mg, and S were related to the 

impurity in the PCC.  

 

.  

Figure 35 SEM images of PCC / CNC coated paper 

 

 



 

71 

 

Figure 36 SEM-EDX of PCC / CNC coated paper 

 

Figure 35 illustrates the SEM images of PCC / CNC coated paper. This figure clearly 

shows that CNC adsorbed on the PCC and these two layers of coating significantly 

covered the pores of the paper surface. Since CNC particles were in nano scale and PCC 

particles were in micro scales, these coating agents created a micro-nano structure 

roughness which was needed to create a superhydrophobic surface (Goharshenas 

Moghadam et al., 2021). The high CA of the coated paper with PCC / CNC could be 

attributed to this micro-nano structure roughness. The SEM-EDX result proved that CNC 

absorbed on the paper surface since the peak of carbon (C) in Figure 36 is higher than its 

peak in Figure 34.   
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Figure 37 SEM images of PCC / CNC / AKD coated paper 

 

 

Figure 38 SEM-EDX of PCC / CNC / AKD coated paper 

 

The SEM images of three layer PCC / CNC / AKD coated paper were exhibited in Figure 

37.  
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Adding AKD as the third layer improved the paper surface covering and each layer 

seemed to contribute distinctly to the coverage of the paper's porous structure. The 

initial PCC layer displayed a consistent and substantial coverage, effectively filling a 

considerable portion of the paper's pores. Following this, the CNC layer exhibited a 

more refined and intricate coverage, possibly penetrating deeper into smaller pores due 

to its nanoscale composition. Finally, the AKD layer appeared to create a compact and 

dense surface, sealing any remaining gaps, and contributing to a smoother overall 

surface. The AKD, as a low surface energy material with hydrophobic property, covered 

the rough surface and increased the hydrophobicity, so that, the CA exceeded 150°. 

Also, the combined effect of these layers seemed promising in improving the paper's 

barrier properties, as the sequential application appeared to have progressively filled 

and covered the majority, if not all, of the paper's pore network. This comprehensive 

layering could potentially enhance the paper's resistance to the passage of gases or 

liquids, thus improving its barrier performance (Kirubanandan, 2022). 

Since these three layers were mainly composed of calcium, oxygen, and carbon, the 

SEM-EDX images indicated the peaks for these elements.  
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Figure 39 SEM images of PCC / CF coated paper 

 

 

Figure 40 SEM images of PCC / CF / AKD coated paper 
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Figure 41 SEM-EDX of PCC / CF coated paper 

 

Figure 42 SEM-EDX of PCC / CF / AKD coated paper 
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The SEM images for PCC / CF coated paper and PCC / CF / AKD coated paper were in 

Figures 39 and 40, respectively. In comparing these images with SEM of uncoated paper, 

it could be seen that most of the pores on the surface of the paper were covered. Since 

CF had a large particle size, it could appropriately fill the gaps between cellulose fibers 

with PCC. This coating could significantly increase the paper resistance against water 

vapor and air penetration, thereby, the coated paper could be used for food packaging 

as a reliable biodegradable packaging.   

Moreover, the SEM-EDX analysis for these samples in Figures 41 and 42, shows that CF 

and AKD properly covered the first layer of coating, PCC, since the Ca peak intensity in 

the SEM-EDX spectrum dropped markedly.  

 

 

Figure 43 SEM images of PCC / CM-CNF coated paper 
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Figure 44 SEM images of PCC / CM-CNF / AKD coated paper 

 

 

Figure 45 SEM-EDX of PCC / CM-CNF coated paper 
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Figure 46 SEM-EDX of PCC / CM-CNF / AKD coated paper 

Figures 43 and 44 display SEM images presenting the surface morphologies of PCC / CM-

CNF and PCC / CM-CNF / AKD coated papers, respectively. Both sets of images reveal 

the effective coverage of the filter paper's porous surface by the coating materials. CM-

CNF, a modified version of CNF featuring carboxymethyl groups introduced onto the 

cellulose structure, exhibited a higher affinity and interaction with both PCC and AKD. 

Consequently, this resulted in the formation of a robust and cohesive coating layer, 

effectively impeding the diffusion of gases and water through the paper substrate. 

The SEM-EDX analysis conducted on the samples illustrated in Figures 45 and 46 offered 

valuable information. Specifically, the presence of the AKD coating was indicated by the 

increase of the carbon (C) peak intensity. Furthermore, the examination of the calcium 

(Ca) peak in these figures suggests that the CM-CNF layer might not have entirely 
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covered the initial PCC layer. This observation could potentially be attributed to an 

insufficient quantity of CM-CNF applied during the coating process, leading to a partial 

coverage of the underlying PCC layer. 

Furthermore, for a more comprehension of the coating's layered structure, Figure 47 

presents a cross-sectional SEM image of the multi-layer coating from the previous 

studies by Wang et al. (F. jie Wang et al., 2022b). According to this illustration, each 

coating layer exhibited distinct density and bonding characteristics with both adjacent 

layers and the cellulose fibers of the substrate paper. This led to the development of 

resilient coating layers, enhancing the barrier properties of the paper. 

 

 

Figure 47 Cross sectional SEM image of multilayer coated paper by Wang et al. (F. jie 
Wang et al., 2022b). 
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4.7 XPS analysis 

X-ray photoelectron spectroscopy (XPS) served as the analytical tool for investigating 

the surface structure of the coating layer, distinguishing its elemental composition and 

chemical bonding. Figure 48 illustrates the XPS analysis conducted on PCC/CNC/AKD 

coated paper. The dominant elements identified in the coating agent were carbon (C1s) 

and oxygen (O1s).  

Regarding the C1s peaks, their presence between 285 eV to 290 eV indicated the 

presence of AKD on the paper surface, with these peaks corresponding to the C-OH 

group and O-C-O bond of AKD interacting with the cellulose paper and the second layer 

of coating (nanocellulose). These findings aligned with the observations made by 

Shchukarev et al. (Shchukarev et al., 2003).  

The peak at 533 eV could be attributed mainly to the oxygen of the CNC coating agent, 

consistent with the research conducted by Yue et al. (Yue et al., 2022). There is a big 

difference in the C/O ratio between AKD and carbohydrate molecules: 19.5 for AKD and 

1.2 for carbohydrates. The XPS results in Table 6 show that the chemical composition of 

the coated surface had a C/O of about 3, indicating that the surface of the coated paper 

was only partly covered by AKD, which was in agreement with previous studies 

(Seppänen, 2007). Referring to Table 6, where the average C/O ratio is approximately 

2.89 and the C/O ratio in carbohydrates and AKD, it can be inferred that roughly 9.23% 

of the paper was covered with AKD. 
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To examine the distribution of the coating agents on the paper surface, XPS analysis was 

performed at ten different spots on the surface of the PCC/CNC/AKD coated paper. The 

results, presented in Table 6, described the atomic percentages of C1s, O1s, N1s, Ca2p, 

and Si2p, representing carbon, oxygen, nitrogen, calcium, and silicon elements, 

respectively. The data from Table 6 confirmed that the coating agents uniformly covered 

the paper surface, as evidenced by the similar atomic percentages of C1s and O1s across 

the ten different spots on the coated paper surface. 

 

 

Figure 48 XPS spectra of PCC/CNC/AKD coated paper 
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Table 6 XPS analysis of PCC/CNC/AKD coated paper in 10 different spots 

Atomic % 

 C1s O1s N1s Ca2p Si2p C/O 

Test 1 75.02 23.66 0.26 0.76 0.3 3.17 

Test 2 76.41 22.47 0.09 0.62 0.4 3.4 

Test 3 73.47 25.11 0.34 0.79 0.29 2.93 

Test 4 74.34 24.11 0.27 0.83 0.44 3.1 

Test 5 76.91 22.08 0.29 0.47 0.26 3.48 

Test 6 72.17 25.22 0.32 1.88 0.42 2.87 

Test 7 62.11 32.45 0.31 4.49 0.65 2.0 

Test 8 70.47 27.15 0.29 1.68 0.41 2.6 

Test 9 71.53 26.27 0.26 1.49 0.45 2.73 

Test 10 70.27 26.58 0.27 2.34 0.54 2.65 
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4.8 Toughness of the coated paper  

In this part, we evaluated the paper's durability when exposed to acid and alcohol, 

which is essential for ensuring the paper packaging maintains its resistance to these 

substances without altering its properties. Therefore, the WA and CA of the coated 

paper were measured following exposure to citric acid of 1% w/w and red wine (15% 

ethanol). The evaluation was conducted using the cobb value test at intervals of 1, 5, 

and 10 minutes. Figures 49-54 depict the outcomes of this assessment. To enhance our 

understanding, the samples were individually examined for each type of nanocellulose 

utilized in the test, providing additional insights.  

As could be seen in Figures 49, 51, and 53, WA slightly raised following contact with 

water, acid, and ethanol, and after 5 minutes the slope of the curves decreased. 

Regarding the CA variation by the time in Figures 50, 52, and 54, despite a decrease in 

the CA, this parameter was almost constant after a 5-minute exposure to water, acid, 

and ethanol. This occurrence could be ascribed to the micro-/nanostructure's roughness 

and the low interfacial tension resulting from trapped air, impeding further interaction 

with acid and ethanol. Also, the AKD potentially acted as a barrier, preventing significant 

changes in WA and CA. The combined effects of these layers suggested a synergistic 

protection mechanism, validating the overall resistance of the coated paper against acid 

and ethanol (Ye et al., 2023). 
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Figure 49 WA of the PCC/CNC/AKD coated paper in contact with water, acid, and alcohol 

 

 

Figure 50 CA of the PCC/CNC/AKD coated paper in contact with water, acid, and alcohol 
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Figure 51 WA of the PCC/CF/AKD coated paper in contact with water, acid, and alcohol 

 

 

Figure 52 CA of the PCC/CF/AKD coated paper in contact with water, acid, and alcohol 
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Figure 53 WA of the PCC/CM-CNF/AKD coated paper in contact with water, acid, and 
alcohol 

 

 

Figure 54 CA of the PCC/CM-CNF/AKD coated paper in contact with water, acid, and 
alcohol 
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4.8.1 Effect of Temperature and pH on Water Absorption (WA) 

The WA of the coated papers was measured at temperatures of 25, 50, and 80 °C, and 

the results were presented in Figure 55. Across all three types of coated papers, there 

was a consistent trend of increasing WA as the temperature rises. Despite the WA's rise 

with temperature, it remained within acceptable limits when compared to the uncoated 

paper, which exhibited a WA of 71.1 gr/m2. The escalation of WA at higher 

temperatures was likely due to the higher energy and activity of water molecules, 

facilitating increased water penetration into the paper, hence causing the rise of WA. 

 

Figure 55 WA of the coated papers in different temperature 
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more porous or reactive at lower pH levels, which in turn could result in increased water 

absorption. This interaction between the coatings and the liquid of different pH likely 

influenced the observed variations in water absorption (Ye et al., 2023). 

 

Figure 56 WA of the coated papers at different pH 
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4.8.2 Abrasion test  

One of the primary challenges associated with superhydrophobic coated paper is its 

vulnerability to damage and instability when subjected to mechanical stress, such as 

abrasion. Therefore, evaluation of the coating layer toughness was conducted through 

an abrasion resistance test (Goharshenas Moghadam et al., 2021). 

In this evaluation, a load of 100 grams was placed on a sample of 5 cm2 area, which was 

then slid across the surface of a regular photocopy sheet in two stages. Initially, the 

sample, under the load, was moved along the length of the photocopy paper (25 cm). 

Subsequently, in the second stage, the sample underwent sliding along the width of the 

print paper (20 cm) to ensure consistent abrasion across the coated paper. This process 

constituted a cycle. The abrasion test was carried out for up to 25 cycles to measure the 

durability of the coated paper. 

As shown in Figure 57, the CA of the coated paper had slightly dropped after 25 cycles of 

abrasion and the coated surface was still a superhydrophobic since the CA was still more 

than 150°. These results indicated that the coated paper with three layers of PCC, 

nanocellulose and AKD was stable and durable against the mechanical abrasion.  

The use of PCC, nano cellulose, and AKD in successive layers contributed to the overall 

toughness and durability of the coating. Nano cellulose, being highly flexible and 

possessing strong bonding capabilities, likely acted as a supportive layer, reinforcing the 

structure, and preventing easy detachment during abrasion. Additionally, the inclusion 

of AKD helped maintain the integrity of the coating. The synergistic effect of these 
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layers, with their individual strength and compatibility, likely conferred a robustness 

that resisted abrasion and preserved the coating's functionality and water-repellent 

properties (He et al., 2021; Nechita et al., 2022).  

Additionally, Figures 58-60 depict SEM images of the three coated papers before and 

after 25 cycles of abrasion. These images distinctly demonstrated that the coating layer 

remains intact, displaying a strong connection between the coating materials and the 

cellulose fibers while effectively filling the paper surface pores. 

 

 

Figure 57 change of contact angle with abrasion cycles for the coated papers 
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Figure 58 SEM images of the PCC/CNC/AKD coated paper a) before and b) after 25 
cycles' abrasion 

 

Figure 59 SEM images of the PCC/CF/AKD coated paper a) before and b) after 25 cycles' 
abrasion 
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Figure 60 SEM images of the PCC/CM-CNF/AKD coated paper a) before and b) after 25 
cycles' abrasion 
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4.9 Self-cleaning  

Superhydrophobic coated paper possesses a self-cleaning property, displaying a 

remarkable ability to repel liquids and contaminants. When water or other substances 

come into contact with the coated paper, they form spherical droplets that roll off the 

surface, carrying away dust, dirt, and other impurities. This self-cleaning mechanism 

ensures that the paper remains pristine and free from stains and reinforces its potential 

for packaging applications. 

Hence, an evaluation was conducted to examine the self-cleaning property of the 

coated paper. During this evaluation, a droplet of water was rolled across the paper's 

surface, that was covered with cookie powder. Figure 61 illustrates the successful 

absorption of the cookie powder by the water droplet, indicating its ability to smoothly 

roll down the surface and effectively cleanse the paper surface. This unique trait could 

be attributed to the ultra-thin layer of nanomaterials meticulously structured on its 

surface. The surface architecture created plenty of small air pockets, minimizing contact 

between the paper and any liquid or dirt particles (Ye et al., 2023). 

 

Figure 61 self-cleaning property of the coated paper 
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4.10 Mechanical properties   

The mechanical strength of food packaging paper is essential in ensuring the integrity 

and safety of the packaged products. This strength plays a crucial role in preserving the 

freshness and quality of the food by preventing tears or crushing. Moreover, robust 

packaging paper ensures better resilience against environmental factors, contributing 

significantly to the overall protection and reliability of the food supply chain. 

Therefore, the mechanical strength of the coated paper was measured. This evaluation 

involved measuring the paper's tensile strength using the Instron 4465 Universal 

machine under specific testing conditions: Data Rate: 10 points per second (pts/sec) 

(pts/sec); First Crosshead Speed: 5 millimeter per minute (mm/min); Temperature: 23 

Degre Celsius; Humidity: 50 %.  

Figure 62 presents the tensile strength and elongation of the substrate paper and 

coated papers. The tensile strength of the paper increased 44.5%, 137% and 83% as a 

result of coating with PCC/CNC/AKD, PCC/CF/AKD, PCC/CM-CNF/AKD coated papers 

respectively.  

The highest improvement in tensile strength was observed with the coated paper with 

PCC/CF/AKD. This enhancement was attributed to the fiber length and fiber bonding, 

resulting in a significant boost in tensile strength. While PCC/CNC/AKD showed 

comparatively less impact on the tensile strength compared to the other two coatings, it 

still contributed to an increase in tensile strength owing to the combined synergistic 

effect of the three coating layers (Shorey & Mekonnen, 2022; F. jie Wang et al., 2022a). 
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Regarding the elongation, the increase in tensile strength without a significant change in 

elongation could be due to the reinforcing effect of the coating layers. While the coating 

layers had enhanced the paper's strength, they might also had contributed to reducing 

the paper's flexibility or stretchability. This reinforcement might lead to a stronger 

structure that resists tearing or breaking under tension but doesn't notably impact the 

paper's ability to elongate or stretch before reaching its breaking point. This finding is in 

accordance with that by Shorey et al. (Shorey & Mekonnen, 2022).  

 

Figure 62 Tensile strength and elongation at break of the coated and uncoated papers 
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measurements, it was verified that the CA closely matched the predicted value, thereby 

confirming the validation of the experimental design. 

Table 7 Statistical confirmation of the experimental design 

Level Coating  Predicted 
CA range  

Experimental 
CA 

+1 +1 +1 PCC10 / CNC10 / AKD1 160-170 164 

-1 -1 -1 PCC1 / CNC1 / AKD0.2 120-130 121 

+1 +1 +1 PCC10 / CF10 / AKD1 150-160 156 

-1 -1 -1 PCC1 / CF1 / AKD0.2 120-130 123 

+1 +1 +1 PCC10 / CM-CNF 10 / 
AKD1 

150-160 162 

-1 -1 -1 PCC1 / CM-CNF 1 / 
AKD0.2 

130-140 134 
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5 Conclusions 

In this study, comprehensive research was conducted on cellulose paper coating with 

the aim of developing an environmentally friendly and biodegradable food packaging 

solution, replacing single-use plastics. This research involved the application of a triple-

layer coating comprising Precipitated calcium carbonate (PCC), nanocellulose, and alkyl 

ketene dimer (AKD). To comprehensively comprehend the impact of nanocellulose 

within this coating process, three variations of nanocellulose—cellulose nanocrystal 

(CNC), cellulose filament (CF), and carboxymethyl cellulose nanofiber (CM-CNF)—were 

employed in the coating formulation.  

The characterization of the coated paper involved SEM, SEM-EDX, and ATR-FTIR 

analyses. These analyses showed that the coating materials had a uniform distribution 

on the paper surface and created strong bonding with cellulose fibers, thereby, the 

coating agents could significantly fill the pores of the cellulose paper. However, XPS 

results indicated that the surface of the coated paper was only partly covered by the 

AKD hydrophobic material, although the surface exhibited superhydrophobicity. The 

findings emphasized the coated paper's potential as an eco-friendly food packaging 

material, exhibiting favorable attributes. The coated papers incorporating different 

types of nanocellulose exhibited notable water resistance, displaying superhydrophobic 

surface with contact angles (CA) of 169°, 150°, and 161° and sliding angle of 5.5°. While 

the contact angle of 120° is sufficient for packaging paper, the excellent contact angles 

obtained in this research could be considered as remarkable achievements. The coated 

papers demonstrated resistance against water vapor and air diffusion, while also 
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exhibiting enhanced mechanical strength. Regarding the water absorptiveness, the 

coating agents could reduce the water absorptiveness by 82 to 89%. The highest CA and 

most reduction in WA were obtained while 10 gr/m2 of PCC, 1 gr/m2 of CNC, and 1 gr/m2 

of AKD were coated on the paper. Also, up to 83.5%, reduction in WVTR and a 

significant improvement in air resistance showed that the coating materials could 

effectively improve the paper resistance against gas penetration. The quantity of 10 

gr/m2 of PCC, 10 gr/m2 of CM-CNF, and 0.2 gr/m2 of AKD yielded the greatest decrease 

in gas penetration due to the three-layer coatings. On the other hand, a 137% rise in 

tensile strength was achieved with the coating of PCC/CNC/AKD. Furthermore, the 

coated papers displayed superhydrophobic surface properties and self-cleaning 

capabilities. This study addressed the typical limitations of stable superhydrophobic 

surfaces. Results showed that the modified paper retained its superhydrophobic 

properties, maintaining a water contact angle of at least 150° even after undergoing 25 

abrasion cycles. Additionally, the coated paper indicated resistance against acid and 

alcohol when subjected to these substances for a particular duration.  

This study introduced two primary requirements for achieving a superhydrophobic 

surface: surface roughness and a low-energy material. The durability of the 

superhydrophobic surface was attributed to its layered coating structure. Utilizing large 

particle PCC particles at the nanoscale and nanocellulose at the microscale, a micro-

nano structure was established, reducing paper contact with water, acid, and alcohol. 

Subsequently, the application of AKD, possessing low surface energy, not only enhanced 

hydrophobicity but also fortified the robustness of the rough structure against 
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mechanical abrasion. Based on the findings, it could be concluded that the most 

effective coating system for achieving adequate water repellency as a superhydrophobic 

surface was the coated paper with three layers of PCC/CNC/AKD. Also, regarding the 

resistance against gas penetration, it was shown that PCC/CM-CNF/AKD was the best 

coating system. Although resistance against oil remained as a limitation, the 

PCC/nanocellulose/AKD-coated paper emerged as a viable and dependable substitute 

for single-use plastics in the food packaging industry. 

6 Future Directions 

This study investigated approaches to enhance cellulose paper’s resistance to water and 

air penetration, aiming to create an eco-friendly substitute for SUP in food packaging. 

Consequently, the next phase of research is recommended to focus on examining its 

antibacterial properties and ability to repel oil, validating its suitability as a dependable 

food packaging material within the industry. 
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