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Abstract:

The barrier/resistance and structural properties of paper are fundamental to its performance across diverse 
applications, particularly in packaging and printing. The intrinsic layered arrangement of paper imparts 
anisotropic mechanical characteristics. Porosity, plays a critical role in determining barrier properties 
such as resistance to moisture, gases, and grease. While uncoated paper and board are inherently 
permeable, surface treatments and coatings-ranging from water-based emulsions to biopolymer layers-
can significantly improve their barrier performance, enabling resistance to water vapor, oxygen, and oils. 
However, the effectiveness of these coatings is highly dependent on the underlying paper’s structure and 
porosity, as well as the mechanical stresses encountered during converting processes such as creasing 
and folding. Such operations can compromise the integrity of barrier layers. Furthermore, the interaction 
between coatings and substrates can either enhance or reduce the composite’s mechanical strength 
and stiffness, depending on the degree of penetration and adhesion achieved. Ultimately, optimizing 
the structural and barrier properties of paper requires a holistic approach, balancing fiber orientation, 
surface engineering, and process conditions to meet the stringent demands of modern packaging and 
functional paper products.  
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INTRODUCTION

Paper is a thin material, primarily made from cellulose fibers, and is used for a variety of purposes including writing, 
printing, packaging, and art. Its versatility makes it a common material in products like books, newspapers, and more. 
Produced by processing natural fibers sourced from wood or other plants, paper is formed into flat, sheet-like structures 
to form high-quality paper products. 
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PAPER IN PACKAGING

In packaging, paper plays a vital role due to its versatility, sustainability, and ease of customization. It is commonly used for 
wrapping, cushioning, and protecting products during storage and transport. Popular paper-based packaging materials include 
corrugated cardboard boxes, paper bags, cartons, and protective wraps like kraft paper. Paper is used for being lightweight yet 
durable, as well as recyclable, biodegradable, and often cost-effective.

Although plastics have traditionally been favored for packaging due to paper’s limitations – with regard to its weak barrier 
properties - growing environmental concerns are driving a shift toward paper-based solutions. Industries are increasingly 
adopting paper packaging as an eco-friendly alternative, helping to reduce waste and support sustainability efforts.

BASIC FUNCTIONS OF PACKAGING MATERIAL:

1)	 Containment -Safeguard or enclose the food it is wrapped around. 

2)	 Stability- Remain stable and inert, without altering or affecting the properties of the food. 

3)	 Communication - Provide consumers with essential information such as nutritional details, ingredients, and other relevant 
data. 

4)	 Transportation - Generally, paper serves as a secondary packaging material for use during transportation. 

5)	 Convenience - It offers greater convenience due to its recyclability and cost-effectiveness.

PAPER PRODUCTION: 

Paper manufacturing is a complex process that transforms raw materials into high-quality paper products. The process 
involves multiple essential steps-including pulping, refining, screening, and drying-each of which significantly influences 
the characteristics and overall quality of the finished product. The specific steps and techniques used vary on the intended 
application, as different varieties of paper require distinct characteristics and performance attributes. Paper manufacturing 
involves the following steps:

1)	 PREPARATION OF FIBER: 

	 It involves breaking down raw materials into small fibers suitable for paper production.

	 This step is critical in the overall manufacturing process, because it significantly influences the quality and characteristics 
of the finished paper product. 

2)	 PULPING: 

	 In this step, the raw materials will be employed to a combination of mechanical and chemical treatments to isolate the 
cellulose fibers from lignin and other unwanted impurities. This stage of the process is known as pulping. 

3)	 REFINING:

	 It involves mechanically processing the pulp in order to further break down and refine the fibers, ensuring the pulp attains 
the desired characteristics needed for the accurate type of paper that is being manufactured. 

4)	 FORMING: 

	 This step involves the conversion of pulp into continuous sheets of paper on a paper machine. 

	 The forming process has a crucial role to determine the quality of the finished paper product, influencing surface properties 
like smoothness, porosity, and overall formation.

	 Achieving proper sheet formation is necessary to ensure that the paper meets required properties (physical and mechanical 
properties) for its intended application. 

5)	 PRESSING:

	 During the pressing stage, the wet paper web is passed through a series of rollers or presses that remove excess water, thus 
flatten the sheet. 

	 This step enhances the strength, smoothness and density of paper by consolidating the fibers and reducing moisture 
content.
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6)	 DRYING: 

	 The drying stage consists of moving the paper web through heated cylinders or alternative drying methods in order to 
remove any remaining moisture and achieve the desired final moisture level. 

	 This stage is controlled to ensure the paper dries evenly, preserving its structure and surface quality. 

	 The drying process is important as it influences the final paper’s strength, smoothness, and overall surface properties. 

	 Carefully managing temperature, humidity, and airflow is vital to ensure uniform drying and prevent any defects.

7)	 BLEACHING (optional step) : 

	 This process is done to increase the optical properties (brightness and whiteness) by removing any lignin residue and other 
impurities. 

8)	 CALENDARING (optional step): 

	 This process is mainly done for improving the surface properties of the paper. 

9)	 COATING: 

	 It involves the application of a layer of material onto the surface of paper thus increasing its properties of brightness, 
opacity, smoothness and printability.

10)	CUTTING AND PACKAGING: 

	 The final product is cut into desired shape and is packed such that it is protected during shipping.

TYPES OF PAPER: 

There are different types of paper based on its intended use. Some of them to mention are as follows: Printing paper, parchment 
paper, Kraft paper, bond paper, tissue paper, blotting paper, filter paper and so on. Let us now examine the structure of paper 
and the key factors influencing its type:

STRUCTURE OF PAPER

The structure of paper primarily consists of a network of interconnected cellulose fibers held together by hydrogen bonds. Since 
the fibers are typically much longer than the thickness of the sheet, the network is often considered to be two-dimensional. Here 
is a detailed structure of paper:

1)	 FIBERS: 

Paper consists of a network of fibers, mainly cellulose originating from wood, as well as other plant materials. Softwood fibers, 
which range from 2 to 4 mm, provide strength, while hardwood fibers, measuring between 0.5 and 1.5 mm, contribute to the 
paper’s opacity and smooth texture.

2)	 LIGNIN: 

Lignin acts as a natural glue to bind the cellulose fibers in 
the original wood structure. While it is naturally present 
in most of the papers, it is intentionally removed in some 
to produce high-quality papers. 

3)	 SIZING AGENTS: 

During production, sizing agents like resin and starch are 
incorporated into the paper to improve its overall quality.

4)	 FILLERS:

Mineral fillers like clay or chalk are added to enhance the 
smoothness, opacity, and color of the paper.

Fig 1: Comparison of cell structure of hardwood and softwood

Structural and Barrier/Resistance Properties of Paper
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THE STATISTICAL GEOMETRY OF THE FIBER NETWORK OF PAPER

Two-Dimensional Network 

The simplest representation of some key properties of paper is a 2D structure, an entirely random network. In this model, paper 
is made up of straight line segments of fixed length and zero width. This 2D network helps explain the in-plane properties of 
paper. The randomness of the network is crucial, as it implies that there are no correlations between fibers. Each fiber’s position 
is independent of the others.

Three-Dimensional Network

The 3D pore structure of paper directly influences its density and 
optical properties, as well as its mechanical characteristics. The 
geometry of the pores is complex due to the interwoven network 
of fibers and the partial flexibility of the fibers. The connectedness 
of these pores determines how fluids are transported through a 
sheet. These are especially important for printing and absorbency 
applications.

PROPERTIES OF PAPER:

Paper has various properties such as structural properties, mechanical properties, optical properties, resistance/barrier properties, 
etc. Here we will primarily discuss the structural and barrier/resistance properties. 

Paper’s structural properties are primarily determined by its microstructure, which is a result of the papermaking process and 
the interactions between the fibers. This microstructure includes the fiber network, the arrangement of fibers, and the bonding 
between them, all of which contribute to various properties like strength, porosity, and optical characteristics. Lets analyse on 
the factors that influence the structural and barrier properties of paper.

STRUCTURAL PROPERTIES

1)	 Fiber Network and Bonding: 

	 Paper is composed of a network of cellulosic fibers, primarily cellulose that are interconnected and bonded. The papermaking 
process includes felting and pressing these fibers, forming a network with varying levels of interconnection and bonding. 
The strength of this fiber network, along with the bonds between fibers, plays a key role to determine the paper’s overall 
strength and tear resistance.

2)	 Porosity:

	 Paper has a porous structure due to the spaces between the fibers and the interconnected network. The porosity of paper 
affects its ability to absorb fluids, both liquid and gaseous, which is important for various applications like printing and 
packaging. The degree of porosity can be influenced by the papermaking process, such as the type of fibers used and the 
pressing conditions. 

3)	 Fiber orientation and arrangement:

	 The way fibers are oriented and arranged in the paper sheet affects it mechanical properties, particularly its strength in 
different directions. Some papers have a strong grain direction, meaning the fibers are more aligned in one direction than 
another. This orientation can influence how the paper bends, folds, and tears. 

4)	 Thickness and Compressibility:

	 The thickness of paper, often referred to as caliper, is an important structural property that affects its bulk and weight. 
Paper’s compressibility, or its ability to be compressed, is also related to its thickness and fiber density.

5)	 Optical Properties:

	 The optical properties of paper (brightness, opacity, and color) are also influenced by its structural features. Brightness 
refers to the paper’s ability to reflect light, while opacity refers to its resistance to light transmission. 

These properties are important for applications like printing and packaging where visual appearance is crucial. 

Fig 2: Representation of 2D and 3D structure of paper 
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Other structural considerations:

1)	 Paper finish: The surface finish of paper, such as smooth or textured, can also be considered a structural property.

2)	 Compression resistance: The ability of paper to resist compression is a key structural property for applications like 
packaging.

BARRIER PROPERTIES OF PAPER

Paper, in its natural form, possesses a fibrous and porous structure, which makes it inherently permeable to gases, moisture, 
oils, and other external elements. Its porous structure allows the passage of air, water vapor, and liquids, which can compromise 
the protection of packaged goods. This porous nature is due to the spaces between the cellulose fibers that form the paper 
sheet during manufacturing. As a result, uncoated or untreated paper generally offers poor barrier properties, limiting its 
effectiveness for packaging applications that require protection against environmental factors.

To enhance its barrier performance, paper is often coated, laminated, or treated with various materials such as wax, polymers, 
or biobased coatings. These treatments improve resistance to moisture, grease, and contaminants, making paper more suitable 
for a wider range of packaging applications. Despite these enhancements, maintaining a balance between improving barrier 
properties and ensuring recyclability and sustainability remains a key challenge in paper packaging development. Let us 
discuss about the barrier properties of paper

1)	 Moisture Barrier:

	 One of the main limitations of paper is its low resistance to moisture. Paper fibers readily absorb water, which can lead 
to a loss of mechanical strength, dimensional changes (such as swelling or curling), and degradation of the material. To 
address this, various surface treatments are applied. 

	 Wax coatings, polyethylene layers, or biobased polymers (like polylactic acid) are used to create a moisture-resistant 
barrier, allowing paper to be used in packaging for food products, beverages, and other moisture-sensitive items.

2)	 Gas Barrier: 

	 Paper alone does not provide an effective barrier against gases such as oxygen or carbon dioxide, which are critical to 
control for the preservation of food and pharmaceutical products. 

	 Gas permeability through paper can lead to oxidation, spoilage, or loss of product freshness. 

	 Enhancements like the application of metallized films or multilayer laminates are commonly used to improve gas barrier 
properties. 

	 However, such treatments can make recycling more difficult, prompting research into sustainable alternatives.

3)	 Oil and Grease Resistance:

	 Paper’s porous nature also makes it prone to staining and weakening when exposed to oils and greasy substances. 

	 To overcome this, papers intended for oily food packaging (like burger wraps or bakery liners) are often treated with 
specific coatings. 

	 Traditional methods included chemical treatments like fluorocarbons, but due to environmental and health concerns, 
newer, safer alternatives such as water-based coatings, clay coatings, and plant-based treatments are being increasingly 
used.

4)	 Mechanical Barrier: 

	 In addition to chemical barriers, the mechanical properties of paper—such as strength, stiffness, and tear resistance—also 
contribute to its protective function. 

	 Heavier grades of paper, such as kraft paper and corrugated board, offer significant mechanical protection against physical 
impacts, making them suitable for secondary and tertiary packaging, such as boxes and shipping containers.

5)	 Thermal and UV Barrier: 

	 Standard paper offers minimal resistance to heat and ultraviolet (UV) radiation.

	 Exposure to high temperatures can cause paper to burn or degrade, while UV exposure can lead to discoloration and 
weakening over time. 

	 Specialized treatments, including UV-blocking coatings and thermal-resistant additives, are sometimes employed 
when these protections are needed.

Structural and Barrier/Resistance Properties of Paper
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COATINGS ON PAPER: 

Coating is a general technique used to improve the surface properties of the paper, improving qualities such as smoothness, 
brightness, printability, and barrier performance. During the coating process, a thin layer of material is applied on the surface 
of the paper. This coating typically consists of pigments like clay, calcium carbonate, or titanium dioxide, combined with binders 
such as latex or starch to help the coating adhere effectively to the paper fibers.

The primary purpose of coating is for creating a smoother and more uniform surface, which is particularly important for high-
quality printing, where image sharpness and color vibrancy are essential. Additionally, coatings can help reduce the paper’s 
absorbency, allowing inks to sit more precisely on the surface rather than being absorbed into the fibers, resulting in clearer 
and more vibrant prints.

Beyond improving print performance, coatings are used to modify the paper’s barrier properties. Specialized coatings can 
provide resistance to water, oil, grease, and gases, making paper suitable for packaging applications that require protection 
against external elements. For instance, food packaging papers often receive a barrier coating to prevent moisture or grease 
from penetrating the material.

Coatings can be applied by different methods such as blade coating, roll coating, or spray coating, depending on the desired 
finish and application. The choice of coating materials and techniques is tailored to meet the specific requirements of the final 
paper product, balancing functionality with factors like recyclability and sustainability. Various types of coatings are done such 
as wax coating, barrier coating, clay coating, polyethylene coating, biopolymer or biodegradable coating etc depending on the 
requirement or the end use of the material. 

As environmental concerns grow, there is increasing research and development in eco-friendly coatings, such as biopolymer-
based or water-based alternatives, to maintain the functional benefits of coated paper while minimizing environmental impact.

CONCLUSION:

In conclusion, the barrier and structural properties of paper are critical factors that influence its performance in various 
applications. While paper’s porous structure naturally limits its resistance to moisture, gases, and oils, advancements in surface 
treatments and coatings have significantly improved its barrier capabilities, making it suitable for a broader range of packaging 
and protective uses. The structural properties, primarily determined by the network of interconnected cellulose fibers, directly 
affect the paper’s strength, smoothness, and overall durability. Understanding and optimizing both the barrier and structural 
qualities of paper are essential for enhancing its functionality, especially as industries increasingly turn to paper as an eco-
friendly alternative to plastic materials. With continued innovations in paper treatments and manufacturing techniques, paper’s 
role as a versatile and sustainable material is set to grow.

REFERENCES:

	 Mansouri, N., Salari, M., & Karimi, K. (2022). Recent advances in the application of cellulose nanomaterials for environmental 
remediation. Frontiers in Bioengineering and Biotechnology, 10, 960913. https://doi.org/10.3389/fbioe.2022.960913

	 Deskera. Paper Manufacturing Process: How Paper is Made? Retrieved from https://www.deskera.com/blog/paper-
manufacturing-process-how-paper-is-made/

	 Uschanov, P., Kutinova Kantorova, N., Sedenkova, A., Preis, J., & Kachlic, F. (2022). Production of Advanced Biofuels from 
Paper Sludge. Energies, 15(6), 2094. https://doi.org/10.3390/en15062094

	 Tawaf Ali Shah, Li Zhihe, Li Zhiyu, & Zhang Andong. (2022). Composition and Role of Lignin in Biochemicals. Lignin - 
Chemistry, Structure, and Application. InTechOpen. https://doi.org/10.5772/intechopen.106527

Mishael Leona Noronha & Rajeshwar S. Matche


