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Abstract 

Greaseproof paper has a dense structure and therefore provides a natural barrier 

against materials like fat and oils. The barrier is obtained by extensive refining of the 

pulp. This refining is however a costly operation, not only in terms of direct costs for 

the refining but also in terms of indirect costs because the energy consumption for 

the drying of the paper is affected by the refining. A full-scale trial was performed to 

investigate the role of the pulp with respect to the energy demand and the barrier 

properties of the final papers. Paper made of 100% sulphite pulp with a low degree of 

refining exhibited the lowest energy consumption at a given level of air permeance. In 

addition, the effect of refining on the air permeance was compared with that of 

calendering. The calendering affected the air permeance less than the refining. The 

papers produced in the full-scale trial were later used as substrates for coatings and 

for detailed studies of the paper structure. Coating with chitosan was examined on a 

bench-scale and on a pilot scale. The studies showed that greaseproof paper can be 

upgraded with an oxygen barrier, but also that suitable coating techniques are lacking 

for the application of the coating in a sufficient amount. The influence of the base 

paper on the barrier properties of chitosan-coated paper was investigated in another 

study, in which it was found that greaseproof paper possesses a unique coating hold-

out which cannot be met by other types of paper with a more open structure.  It was 

also found that the coated paper had a lower oxygen permeability than the chitosan 

coating itself, and this indicates that the dense surface layer of greaseproof paper 

contributed to the oxygen permeability of the coated paper. The pore volume fraction 

of the greaseproof paper was found to be approximately 40% and it is therefore 

surprising that its air permeance is so low. To bring understanding to this question, 

the structure of greaseproof paper was studied using several methods. It was found 

that the structure was dominated by very small pores with a diameter of <0.3 µm. 

The fraction of closed pores was also substantial. A porosity gradient was also found, 

indicating that the papers used in the study had a closed surface. The hypothesis that 

the surface layer of the paper contributed to the oxygen barrier was tested in an 

experiment in which greaseproof paper was extrusion-coated with polyethylene. The 

oxygen permeability was measured at 0%, 50% and 90% relative humidity, and the 

permeability was found to increase with increasing moisture content. Because only 

the cellulose layer in the paper and not the polyethylene layer in the coating is 

affected by moisture, this result supports the hypothesis that the surface layer of the 

paper contributed to the oxygen barrier properties of the coated paper. 
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Introduction 

 

Greaseproof paper is made from extensively refined chemical pulp and is also called 

high-density paper (Twede and Selke, 2005). The high degree of refining creates many 

bonding sites on each fibre, which in turn create a paper of high density. The 

difference between paper with lower density and a high-density paper is that the 

dense paper restricts the passage of air through the paper (Steindorf, R.K., 1977). 

High-density papers may also prevent the penetration of grease and oil. 

 

Greaseproof paper was first developed as a replacement for parchment by the 

engineer Otto Munthe Tobiesen in 1894 at the Granfoss mill in Norway (Mathiesen 

and Danielsen, 1994). The cooking was performed at a low temperature and with a 

large amount of calcium in the white liquor. This resulted in a sulphite pulp which, 

after a long refining time, gave a grease-resistant paper.  

 

Other types of paper with properties similar to those of greaseproof paper are 

glassine and vegetable parchment. Glassine is a supercalendered paper and it has an 

even higher density than greaseproof paper. Vegetable parchment has initially a fairly 

open structure, but, when the paper is passed through a bath of concentrated 

sulphuric acid, the cellulose fibres react with the acid and almost melt together 

(Twede and Selke, 2005). The reaction between the acid and the cellulose is 

interrupted by dilution with water and the paper sheet is finally consolidated by a 

drying process. This treatment results in a paper with high air resistance. The sheet 

structure is dense with a small number of pores (Giatti, 1996). Vegetable parchment 

offers a very high barrier to water and fat (Knox et al., 1977). To achieve grease 

resistance, an alternative to these paper grades is “imitation greaseproof”, where 

fluorochemicals are used as coating material on papers having a more open structure 

than greaseproof paper (Giatti, 1996; Stolpe, 1996). 

 

The most important functional property of greaseproof paper is its resistance to 

grease, fat and oil (Kuusipalo, 2003). Traditionally, greaseproof paper has been used 

for wrapping butter and other fatty foodstuffs. In addition to the obvious need for 

grease resistance in the packaging of fatty foodstuffs, there are some other end-use 

areas where grease resistance is required. Greaseproof paper can, for example, be 

used as a protective layer on some types of textile cores. Untreated yarn contains 
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grease and, if grease from the yarn penetrates into the paper core, this will weaken the 

core when the yarn is wound onto it. Grease resistance is also required when paper is 

used as a release paper between high pressure laminates. The layers in the laminate 

are pressed together under high pressure and high temperature. The production of 

laminates can be doubled by pressing two laminates at the same time if a one-side-

coated greaseproof paper is placed between the two laminates. Silicone or wax 

dispersion is used as a coating on the greaseproof paper to achieve the release 

properties between the two laminates. The core papers in the two different laminates 

are restrained from sticking together because the greaseproof paper prevents the resin 

from penetrating from one laminate to the other.  

 

Today, these end-use areas have been extended, some of the most important being 

baking paper and baking cups. When greaseproof paper is used as baking paper or as 

baking cups there is sometimes a need for grease resistance because some baked 

goods contains a lot of grease. However, water barrier properties are sometimes 

required of baking papers when frozen dough is used. Greaseproof paper used as 

baking paper is coated with silicone or chromium stearate to achieve release between 

the paper and the baked goods. There is a need for baking cups to be easily separated 

from each other, and in this case the greaseproof paper is often coated with wax 

dispersion. Other end-use areas for greaseproof papers are pet-food bags, pan-liners, 

release papers for floor tiles and graphic papers.  

 

New end-use areas could be found if additional barrier properties such as an oxygen 

barrier could be added to the greaseproof paper. Greaseproof paper has a closed 

surface structure with a small number of large surface pores (Stolpe, 1996). This 

suggests that greaseproof paper with its closed surface structure can be an excellent 

substrate for a barrier coating, different barrier coatings can probably be used to 

achieve an oxygen barrier. A low oxygen transmission rate (OTR) is one of the main 

requirements of many food packaging materials (Paine and Paine, 1992). In essence, a 

packaging material must have good barrier properties to protect the contents from 

exterior influences such as oxygen, light, water vapour and malodours and also to 

preserve the flavour and nature of the packaged product (Rüter, 1993). Laminated, 

extrusion-coated or dispersion-coated greaseproof papers have good aroma and 

oxygen barriers. Multilayer structures containing aluminium foil or ethylene vinyl 

alcohol (EVOH) provide good oxygen and aroma barriers in packages such as juice 

cartons (Kuusipalo, 2003). In extrusion coating, synthetic polyethylene is a common 

coating material. It is well known that polyethylene extrusion-coated greaseproof 
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paper gives a good oxygen barrier (Stolpe, 1996; Vähä-Nissi et al., 2001; Furuheim et 

al., 2003). This oxygen barrier is not obtained with papers having a more open 

structure than greaseproof paper. Extrusion coating has to be performed off-line and 

this involves an additional production step. In addition, environmental advantages 

could be obtained if an oxygen barrier could be achieved with a coating of renewable 

polymer. If the same barrier properties can be achieved with a coating layer applied 

in-line, there is a potential for large economic savings.  

 

The objectives of this project were: 1) to explore the reasons why greaseproof paper 

exhibits such superior barrier properties and to study how these are influenced by the 

fibre material and the manufacturing process, and 2) to study the possibilities of 

taking advantage of these properties in upgrading greaseproof paper with a coating. 

The project was divided in five sub-projects, and these are reported in the five papers, 

Papers I-V. The aims and content of these papers are briefly described below. 

 

In Paper I, the effect of type of pulp (sulphite or sulphate), refining and calendering 

on energy consumption during the production and on the barrier properties of the 

paper were the subjects of study. The papers produced were then used for studies of 

the paper structure and as base papers (substrates) for coating.     

 

In Paper II, the possibilities and limitations of upgrading greaseproof paper with an 

oxygen barrier by applying a coating of chitosan were studied. The coating 

experiments were performed both on a bench scale and on a pilot scale. The latter 

experiments make it possible to evaluate the industrial limitations of chitosan coating.  

 

In Paper III, the effect of the air permeability (pore structure) of the base paper on 

the coating hold-out was studied. The question to be answered was: is a dense 

greaseproof paper, which is an expensive paper product, needed, or can the same 

barrier be obtained on a cheaper paper with more open structure.  

 

In Paper IV, the internal structure of greaseproof paper was studied. The mean pore 

radius of a dense greaseproof paper was found to be very small, < 0.3µm. The papers 

also showed a porosity gradient with a lower porosity in the surface layers.  

 

In Paper V, the pore structure of greaseproof and a conclusion drawn in paper III 

that the greaseproof paper itself contributes to the oxygen barrier was taken up for 

further study. Greaseproof paper was polyethylene (PE)-extrusion coated and the 



INTRODUCTION 
 

 4 

oxygen permeability was measured at 0%, 50% and 90% relative humidity (RH). If 

the permeability were affected by the moisture content this would be evidence that 

the greaseproof paper contributed to the oxygen barrier, because only the oxygen 

permeability of the cellulose in the paper is affected by the moisture content.   

  

The thesis begins with a review of the most important properties of greaseproof 

paper and the pulp (fibre material) used for the production of such papers. Then 

follows a description of the important production steps, and the coating materials 

used in the studies are described. Finally, important barrier properties of greaseproof 

paper such as grease resistance, water barrier, water vapour transmission and the 

transmission of other gases are discussed. Their mechanisms are also reviewed.  
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Greaseproof paper 

 

Greaseproof paper can be produced from both sulphite and sulphate pulp. The wood 

is mainly spruce or pine, but bamboo and straw are also used (Trivedi, 1992). There 

are structural differences between the pulps which affect the production conditions 

and the barrier properties of the final paper. The production conditions are also 

affected by whether or not the pulp is dried prior to the paper production. Fibre and 

paper properties which affect the paper production conditions as well as the barrier 

properties of the final paper are reviewed in this chapter.  

 

 

Fibre properties 

 

Fibre structure  

 

A factor which affects the refining is the crystallinity of the cellulose in the fibres. 

Sulphite pulp contains large amounts of crystalline and paracrystalline cellulose. In 

sulphate pulp, a transformation of the paracrystalline regions to the amorphous state 

has occurred during the cooking. The presence of amorphous regions along the 

fibrils has a large effect on the refining rate. More energy is absorbed by pulps 

containing amorphous regions. Thus, sulphate pulp refines more slowly than sulphite 

pulp (Page, 1983). The difference in crystallinity between sulphite pulp and sulphate 

pulp is one of the factors which can explain the difference in refining between these 

pulps. 

 

In sulphite pulp, the degree of polymerisation of the hemicellulose is about half that 

in sulphate pulp (Annergren et al., 1963). A high content of hemicellulose may 

decrease the refining resistance of the pulp (Giertz, 1958; Rydholm, 1985; Wågberg 

and Annergren, 1997). In addition, there is a difference in lignin structure between 

unbleached sulphite pulp and sulphate pulp. The presence of lignin increases the 

refining energy required, and sulphate pulp lignin increases the refining energy more 

than sulphite pulp lignin (Goring, 1971; Page, 1989). These differences in fibre 



GREASEPROOF PAPER 
 

 6 

structure probably affect both the paper production conditions and the final paper 

properties.  

 

Swelling 

 

Stone & Scallan (1965) proposed a multi-lamellar structure for the cell wall. Cracks 

and lamellae are formed more rapidly in the fibre wall of sulphite fibres than in 

sulphate fibres, and the splits in the sulphite fibres tend to be more branched than 

those in sulphate fibres. The swelling takes place through the uptake of water in the 

hemicellulosic interfibrillar substance in the cracks and between the lamellae in the 

fibre wall. Thus, sulphite pulp tends to swell more rapidly than sulphate pulp (Giertz, 

1958; Page and De Grace, 1967). It has also been shown by Stone et al. (1968) that 

the cell walls of sulphite fibres continue to swell throughout the beating. Sulphate 

fibres on the other hand swell only at the beginning of the refining.  

 

The effect of refining on the primary wall has been investigated by Giertz (1958) and 

he found that the primary wall was removed more quickly from sulphite fibres than 

from sulphate fibres. As soon as the primary wall is torn off, a fresh layer rich in 

hemicellulose is exposed, and the hemicellulose swells when liberated from its 

bonded state in the outer layer of the secondary wall. According to Wågberg & 

Annergren (1997), the fibre wall can be regarded as a polyelectrolyte gel.  

 

Fibres are charged, and the charge is important for both the fibre swelling and the 

interactions between the fibres during the consolidation of the paper. The charges on 

the fibres originate both from the chemical composition of the material in the fibre 

wall and from how these materials have been affected by different process steps 

during the preparation of the fibres (Wågberg and Annergren, 1997). Most of the 

charges in the wood emanate from the hemicelluloses (Sjöström, 1989). During the 

refining, both the drainage resistance (SR) and the water retention value (WRV) of 

the pulp increase with increasing total charge of the fibre (Laine and Stenius, 1997).  

 

Hornification of the fibres occurs during drying and it is believed to affect the 

refining energy. According to Laivins and Scallan (1993), hornification is the loss of 

swelling and flexibility of the fibre wall resulting from a drying-and-rewetting cycle. 

The loss of flexibility of the fibres reduces their ability to form inter-fibre bonds. It 



GREASEPROOF PAPER 
 

 7 

has been suggested that the stiffening of the fibres is due to an increase in crystallinity 

as a result of precipitation of defibrillated microfibrils (Oksanen et al., 1997). When 

dried sheets are resaturated or when dried fibres are reslushed and formed into a 

sheet again, less water is associated with the cellulose and there can be more space 

between the fibres open to water flow. A consequence is that the air permeability of 

the sheet can increase (Lindsay and Brady, 1993). 

 

A precise method for measuring the swelling and examining the internal structure of 

water-swollen fibre walls was developed by Stone & Scallan (1967). Their solute 

exclusion technique was used to determine the total amount of water in the porous 

structure of the fibre walls. The total amount of water in the pores is termed the fibre 

saturation point (FSP). Stone et al. (1968) have shown that dried and rewetted pulps 

have a lower FSP than never-dried pulp. Thus, the porous structure of the fibre wall 

is more compact after drying and rewetting.  This is supported by measurements 

using cyclohexane thermoporosimetry, which is a technique suitable for measuring 

the degree of internal fibrillation (Wang et al., 2002; Maloney and Paulapuro 1999).  

 

 

Paper properties 

 

Air permeance 

The flow of air, q, (m3/s), through paper can be described based on the Poiseuille 

equation: 

L

pr
q

η
π
8

4∆=      [1] 

where r is the pore radius (m), ∆p the pressure difference (Pa) across the paper, η the 

viscosity of the air (Pa s) and L is the length (m) of the capillary. 

Equation 1 holds for a single capillary, but it can easily be extended to hold also for a 

porous paper, with the pore volume fraction ε, in which the pore system is assumed 
to be built up of straight, parallel and vertical capillaries. This equation is written: 
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L

pr

A

q

η
ε
8

2∆=      [2] 

where A is the area (m2). 

From equation 2, it is evident that the air flow is significantly more sensitive to a 

change in pore radius, due to the square relationship, than to a change in porosity.   

 

The air permeance is a commonly used indirect measure of the pore structure of 

paper. The relationship between the air flow per unit area, q/A (m/s), through a 

sheet of paper and the pressure difference, p∆ (Pa), is given by Darcy’s law: 

 

Z

p
K

A

q

η
∆=        [3]  

 

where K denotes the permeability constant (m²), η the viscosity of air (Pa s) and Z  
the sheet thickness (m).  

K can be estimated using the Kozeny-Carman expression (Kozeny, 1927; Carman, 

1938): 

 

22

3

)1( S
K

εκ
ε

−
=       [4]    

  

where ε is the pore volume fraction, S the surface area per unit volume (m-1) and 

κ  the Kozeny constant (usually ≈ 5). A more precise value of the constant valid for a 
pore system built up of packed spheres is 5.55 (Fowler & Hertel, 1940). 

 

The air permeance, U (m/Pa s), used for quality control in the production of 

greaseproof paper is measured according to SCAN-P 26:78, and it is given by the 

expression: 

 

pA

q
U

∆
=      [5] 
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where q is the air flow (m3/s), A is the area of the paper sample (m²) and p∆  is the 

difference in the air pressure ( Pa) between the two sides of the paper. 

  

Porosity 

 

A low porosity is one of the most important requirements of the base paper to obtain 

good barrier properties of the coated paper in dispersion coating (Kimpimäki, 1998). 

The porosity affects properties such as coating hold-out and sorption capacity. These 

properties are also important when greaseproof is coated with a silicone emulsion or 

with an aqueous-based polymer. In silicone coating, the coating hold-out is improved 

by a low porosity of the base paper (Farrand and Ferguson, 1977; Duraiswamy et al., 

2000), and in coating with starch, the penetration depth of the starch is reduced by 

low porosity of the base paper (Bergh and Thomin, 1976).  

 

In paper III, the depth of penetration of chitosan into greaseproof paper (low 

porosity) and kraft paper (high porosity) was studied using confocal laser scanning 

microscopy (CLSM).  The CLSM-images are shown in Figure 1, and it is evident that 

the penetration was deepest into the kraft paper. It is also evident that the coating 

stayed on the surface of the greaseproof paper and formed a film of uniform 

thickness. This thickness was estimated to be 5 µm, which corresponds to a coat 

weight of 6.0 g/m². The actual coat weights for the greaseproof papers studied were 

6.0 g/m².     

 
Greaseproof paper - low porosity Kraft paper - high porosity 

  
 
Figure 1. Cross sections of chitosan coating layer at a coat weight of 6.0 g/m². Images captured 
by confocal scanning laser microscopy. The length of the images is 270 µm.  

 

In paper III, the coating holdout for greaseproof papers of different porosities was 

also studied using scanning electron microscopy (SEM). The SEM-images are shown 

in Figure 2, and they clearly show that the coating hold-out was improved when the 
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porosity of the paper was reduced. This study also showed that a low surface energy 

(high contact angle against water) improved the coating hold-out.  

 Increasing porosity of the base paper  

    
 
Figure 2. Images captured by scanning electron microscope show the surface of chitosan-coated 
papers at a coat weight of 6.0 g/m². 

 

A common model for the description of fluid penetration into porous materials is 

based on the assumption that the pores are cylindrical, straight and parallel and that 

they have the same radius (Lucas, 1918; Washburn, 1921). However, the pores in 

paper, or in other porous materials, are not straight cylinders but twist and turn 

through the sheet. This means that the length of a pore is longer and than the 

thickness of the paper. To compensate for that, Purcell (1949) introduced a tortuosity 

factor, T, in the model Lucas & Washburn model defined as: 

 

TZL =      [6] 

 

where L is the total length of the pore and Z the thickness of the sheet.  

 

Tollenaar and Blokhuis (1949) developed the Lucas & Washburn model further by 

introducing a Gaussian distribution function which takes into account the pore radii 

distribution. The Gaussian distribution function was obtained from the height of 

absorption of petroleum distillate into paper strips. The porous structure was 

reported in terms of three parameters: the most frequent pore radius, a density factor 

proportional to the number of pores and a factor representing the standard deviation 

of the pore radius. Corte (1958) used dioxane to measure the pore size distribution 

and in the evaluation of the absorption data he was also able to detect irregularities in 

the porous structure of the sheet.   

 

The first three-dimensional model for the structure of paper was proposed by Corte 

(1966). In this model, the paper is assumed to be built up of several two-dimensional 

planes on top of each other. Radvan and Dodson (1966) provided support for this 
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model in an experiment in which paper was produced from a furnish to which small 

portions, 1-5%, of dyed fibres were added. Micrographs of cross-sections of the 

paper were then examined and the dyed fibres were found to be distributed in layers 

as proposed by Corte (1966). Görres et al. (1989) have refined Corte’s model by 

taking into account fibre properties such as width, thickness, coarseness and wet fibre 

flexibility and their impact on the sheet structure. 

 

The pore structure is often related to the bulk structure, but the pore structure of 

paper differs between the bulk and the region close to the surface. Analysis of low 

grammage sheets, in which the surface layers dominate over the bulk, provides 

information on the surface structure. Yamauchi (1987) has estimated the grammage 

of a surface layer (one side) of paper to be 10-20 g/m² depending on fibre length and 

type of pulp. The surface pore volume is constant and the bulk pore volume increases 

with increasing grammage. For example, a paper of 30 g/m² is believed to consist of 

two surface layers: one on the wire side and one on the felt side with no or little bulk 

structure. 

 

Porosity can be defined as the ratio of pore volume to total volume and it is 

calculated from the bulk density and the solid density: 

 

cellulose ofdensity  Solid

paper ofdensity  Bulk
1

paper of volume Total

paper of volume Pore
 Porosity −==  [7] 

 

With a knowledge of the fibre density (∼1.55 g/cm3), the porosity of paper can be 

calculated by measuring its grammage and thickness. The measurement of the 

thickness of paper is, however, complicated because the paper surface is rough. The 

measured thickness is therefore method-specific. Two methods are used for the 

measurement of thickness: 1) measuring between two plane platens (ISO 534:2005) 

and 2) scanning between two measuring peaks (structural thickness SCAN- P 88:01). 

The structural thickness is reported to give the same thickness as that obtained by 

displacement of mercury which is regarded to give a “true thickness” (Fellers et al., 

1986). The platen-method gives higher values than the structural thickness because 

the surface roughness contributes to the thickness reading, Figure 3. The principles of 

the structural thickness method are outlined in Figure 4. 
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Figure 3. Principle of ISO-method for thickness (Redrawn from Fellers et al., 1986). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4. Principle of measuring structural thickness (Redrawn from Fellers et al., 1986). 
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The pore volume can also be measured by immersing the paper in a low viscosity oil 

so that it becomes saturated with oil. Weighing of the paper before and after it is 

saturated with oil enables the pore volume to be calculated. For normal paper, the 

total pore volume is accessible to the oil and it can be assumed that there are no 

isolated inaccessible voids within the structure (Bristow, 1986). 

 

Mercury intrusion is a technique widely used to measure pore volume and pore size 

distribution in papers (Corte, 1982). In this technique, the paper to be tested is 

immersed in mercury in a sample holder which can be pressurised. The mercury, 

which is a non-wetting liquid, is then progressively forced into smaller and smaller 

pores in the paper by increasing the pressure step wise in the sample holder. The 

amount of mercury intruded for each pressure increment is recorded. The result is 
usually presented in the form of a volume distribution curve of either pore radius or 

capillary pressure in a cumulative or differential form. If dV is the pore volume in the 

range of pore radius between r and r + dr : 

 

dr)r(DdV =     [8] 

 

where D(r) is the volume function of the pore radius. If the mercury contact angle 

and its surface tension are assumed to be constant,  

 

dp

dV

)cos2(

p
)r(D

2

θγ
=     [9] 

 

where p is the applied pressure, γ is the interfacial tension and θ is the contact angle 
between mercury and the fibre wall.  

 

The pore radius measured using mercury porosimetry is valid for circular pores 

(McKnight et al., 1958), and this radius is the smallest actual radius of the pore. 

Because mercury penetrates along the most accessible pore path, regardless of its 

direction and tortuosity, mercury porosimetry is effective only for interconnected 

pores. In addition, no information is obtained about the anisotropy of the structure. 

Furthermore, mercury porosimetry cannot detect the dimensions of those pores that 

are accessible only through necks narrower than the pore itself; these pores are 

assigned the diameter of the narrow neck (Yamauchi & Murakami, 2002).  
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In paper IV, the pore structures of three greaseproof papers having different air 

permeances were studied by measuring their porosity and pore size distribution by 

thickness/grammage measurements, oil absorption measurements and mercury 

porosimetry measurements. The results of the porosity measurements are shown in 

Table 1 and the pore size distribution measurements in Figure 5.  
 
Table 1. Porosity values for greaseproof papers with different air permeances. 

 
Porosity, % Paper Air permeance, 

nm/Pa s Mercury intrusion Oil Thickness – grammage 
A 1.5 4.3 13 41 
B 1.2 5.7 17 40 
C 200 17 28 47 
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Figure 5. Differential pore volume as a function of pore radius for three different greaseproof 
papers.  
 

As is evident in Figure 5, only the curve for the most open paper C exhibits a 

maximum corresponding to the modal radius of the pore system. This radius was 1.2 

µm. For the two denser papers A and B the intruded volume was small, and the 

curves for those papers exhibit no maximum.  

 

A comparison of the porosity values in Table 1 shows that they differ considerably. 

The lowest values were obtained using mercury intrusion. Oil absorption yielded 

somewhat higher values and the highest values were obtained using 

thickness/grammage measurements. Väha-Nissi (1998) has reported similar results 
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for mercury intrusion and thickness/grammage.  There are two possible reasons for 

these differences: 

 

1. The dimension of the fine pores, < 0.3 µm, is out of the measuring range of 
the mercury intrusion technique. This technique thus, underestimates the 

porosity of the fine porous sheet. The low porosity values obtained using 

mercury intrusion thus suggest that the greaseproof papers examined had very 

fine pores.  

 

2. The pores are closed and not accessible to mercury (Yamauchi & Murakami 
2002) or oil. If it is assumed that the thickness/grammage indicates the true 

(total) pore volume and that oil absorption indicates the open pore volume, 

then the closed pore volume not accessible to liquid or gas penetration can be 

estimated from the difference between these two. This difference is 27.7% for 

paper A, 23.3% for paper B and 19.1% for paper C. The closed pore volume 

in greaseproof paper is thus considerable.   

 

The pore structures of papers were thus too fine and out of the range of the 

measuring conditions used in this study. This suggests that the pore radius for paper 

A and B was <0.3 µm. 

 

The porosity values obtained here for greaseproof paper using mercury porosimetry 

were significantly lower than those obtained for regular papers. This is evident if the 

porosity values given in Table 1 are compared with those reported by Hashemi et al. 

(1995) for ten machine-made papers which varied within the range 51- 74%.  

 

In paper IV, the porosity distribution in the papers A and C (cf. Table 1) were studied 

on cross-sections captured using SEM. The images were analysed using a technique 

developed by Frank (2000). The principle of the technique is to set a threshold for 

the grey-tone values of the pixels below which all grey tones are considered as black 

(pores) and above which they are considered as white (fibres) and to create a binary 

(black and white) image. The fraction of black (pores), which indicates the porosity, is 

scanned in the thickness direction of the paper. The SEM-images of the cross-

sections of paper A and C are shown in Figure 6.  The porosity variation through the 

papers is shown in Figure 7.   
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A: Dense structure, 1.5 nm/Pa s C: Open structure, 200 nm/Pa s 

  
 
Figure 6. SEM-images (2000X) of cross-sections of two greaseproof paper with different internal 
structure. 
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Figure 7. Porosity distribution (SEM) in the thickness direction for two greaseproof paper with 
different air permeances (□ = 1,5 nm/Pa s; o = 200 nm/Pa s). The thickness of each layer is 
approximately 2µm. 

 

Figures 6 and 7, show that both the papers studied exhibited a structure with a 

significantly lower porosity at the surfaces than in the bulk, the first and last 

measuring points were roughly 2 µm from the surface. A rough estimate of the 

porosity of the outermost layer of the papers is 7% for paper A and 12% for paper C. 

50µm50µm
50µm 50µm 
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The average porosity was 13% for paper A and 23% for paper C and these values are 

in agreement with those obtained using oil absorption. 

 

A new technique, recently presented for the pore structure characterisation of paper 

is X-ray microtomography (Huang et al., 2002; Thibault & Bloch, 2002). Comparative 

measurements performed by Huang et al. (2002) show that X-ray microtomography 

and mercury porosimetry yield the same value. The spatial resolution for X-ray 

microtomography so far is fairly low (Thibault & Bloch, 2002).
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Production of greaseproof paper 

 

The refining of the pulp is probably the most important process step in the 

production of greaseproof paper as far as the barrier properties of the final paper are 

concerned. How the refining affects the fibre properties and how these in turn affect 

the dewatering, pressing and drying stages of the papermaking process are reviewed 

in this chapter. 
 
  

Refining 

 

Refining influences the fibre properties in two ways: by internal and by external 

fibrillation (Giertz, 1980). Internal fibrillation makes the fibres flexible and their 

bonding surface increases (Lumiainen, 2000), and in the case of greaseproof paper 

this results in a dense and semi-transparent paper. External fibrillation results in the 

formation of fines. Figure 8 shows schematically some effects of refining on the fibre. 

These are: cutting and shortening of the fibre (A), removal of primary wall (B), 

delamination and swelling of fibre wall (C), creation of curl or kinks on the fibre (D) 

and creation of fines (E). Delamination and swelling of the fibre wall is the result of 

internal fibrillation.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 8. Effects of refining on the fibre. 
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As already mentioned, the refining makes the fibres flexible and that makes it easier 

for them to come into intimate contact with each so that they can bond to each other. 

The greater the refining, the closer the fibres come to each other (higher density of 

the final paper) and the greater will the bonding area be between them. As a result of 

the larger bonding area between the fibres, the refining increases the tensile and burst 

strength, and as a result of the densification of the paper, air permeance and light 

scattering are reduced. Low refining increases tear strength while higher refining 

reduces it. 

 

Normally, conical refiners are used for the refining in the production of greaseproof 

papers, Figure 9, and the fibres are refined in multiple stages. In the mill trial 

performed in Paper I, six refining stages were used. This can be compared to one 

refining stage for tissue paper (Lumiainen, 2000). When the fibre furnish consists of 

more than one type of fibre it can be refined in either separate or mixed systems. For 

the furnish consisting of 50/50 sulphite and sulphate pulp used in Paper I, each pulp 

was separately refined in one stage before the machine chest and they were mixed and 

refined together in four stages after the machine chest before the pulp entered the 

head-box of the paper machine.   

 

 
 
Figure 9. A refiner used in the production of greaseproof paper. 

 

The fibres are treated between two refining segments; one stationary and one rotating 

(the cone), Figure 10. Each segment consists of elevated bars with intermediate 

grooves.  
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Figure 10. Refining segment (left) and schematic picture of two segments with a fibre (right). 

 

The distance between the bars is small, approximately 100 µm, for low consistency 

refining (Lumiainen, 2000), but this distance is large enough to allow a number of 

fibres to pass between them. The refining is actually done on several fibres in fibre 

flocs instead of on single fibres. 

 

The refining can be performed at different concentrations ranging from 2 - 6% in low 

consistency refining (LC) to 25 - 35% in high consistency refining (HC) (Fellers and 

Norman, 1991). In the production of greaseproof paper, the consistency of the fibre 

furnish is normally 3 - 4.5%.   

 

The refining energy demand in the production of greaseproof paper is high, about 

five times higher than that for copy paper (Fellers and Norman, 1991). For the pulps 

studied in Paper I, the refining energy was 200 - 430 kWh/tonne. The drainage 

resistance of the furnish, measured according to Schopper Riegler (SR), is usually 

used to indicate the degree of refining, where a high value indicates a high degree of 

refining and vice versa. The unrefined sulphite pulp in Paper I had a degree of 

refining of 14 SR and the refined furnishes degrees of refining between 52 and 82 SR. 

 

 

Paper machine 

 

Greaseproof paper machines are normally fourdrinier machines with a horizontal 

wire. A schematic picture of a typical greaseproof paper machine is shown in Figure 

11.  
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Figure 11. Greaseproof paper machine (redrawn from Stolpe, 1996), total length of machine 75 m 
of which the wire section is 15 m long.   
 
Due to the high degree of refining of the furnish, the drainage rate on the wire is 

slow. A consequence of this is that the dry solids content before entering the press 

section is low for greaseproof paper; typically 15% (Stolpe, 1996) compared to 20% 

for other plain paper grades (Fellers and Norman, 1991). The press section in a 

typical greaseproof machine, Figure 11, consists of three roll nips. Because of the low 

dry solids content before the press section, the solids content after the press section is 

also low. Greaseproof normally has a dry solids content of 25% after the press 

section (Stolpe, 1996) whereas plain paper grades typically have a dry solids content 

of 40% (Fellers and Norman, 1991).    

 

Cylinder dryers are normally used in greaseproof paper machines. Due to the low dry 

solids content of the paper web before it enters the dryer section, the dryer section 

must be very long. The speed of a greaseproof paper machine is usually low, typically 

250 m/min. (Stolpe, 1996). However, the machine speed is dependent on the type of 

greaseproof paper being produced.  

 

The drying energy is perhaps even more important than the refining energy in the 

production of greaseproof paper because of the low dry solids content of the paper 

web before the dryer section. In Paper I, where the energy demand for refining and 

drying different furnishes was studied, the drying energy was estimated to be 1900 - 

2500 kWh/tonne and the refining energy to 200 - 430 kWh/tonne, depending on 

pulp composition and on the air permeance of the final greaseproof paper. The 

drying energy is heat energy used to create the steam in the drying cylinders and the 

refining energy is electrical energy. The overall energy cost for the mill is of course 

dependent on the cost for each kind of energy. Least energy was required for the 

paper based on 100% sulphite pulp to meet a given value of the air permeance. 
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Coating 

 

To improve the barrier properties and reduce the air permeance, greaseproof paper is 

generally coated with starch, carboxymethyl cellulose (CMC) or polyvinylalcohol 

(PVOH). In Paper I, it is reported that coating can be an economical alternative to 

refining to achieve a certain air permeance. In addition, greaseproof paper can be 

coated with a functional coating. Silicone and chromium stearate are used as release 

agents and fluorochemicals can provide a barrier against grease and oil.   

 

A frequently used coating method for the coating of greaseproof paper is the size 

press. Due to the dense structure of greaseproof, a larger share of the coating 

probably remains on the surface than is the case with other papers. Factors that 

generally determine the size press take-up for aqueous polymer solutions have been 

studied by Dill (1974) and Hoyland (1977). According to these researchers, the most 

important factors governing the take-up are: 

 

• The level of internal sizing of the paper 

• The viscosity of the polymer solution  

• The porosity of the paper 

• The machine speed 

 

A schematic picture of the size press nip is shown in Figure 12. Hoyland (1977) 

derived an expression consisting of three terms, an immobilisation term, an 

absorption term, and a hydrodynamic term, to describe the take-up.  

 

The first term accounts for the polymer solution, which fills in the surface roughness, 

and which is immobilised there. The immobilisation is assumed to take place solely by 

diffusion of water from the polymer solution into the paper. The absorption term 

indicates the quantity of polymer solution taken up by the paper in the pond between 

the size press rolls. This term is derived from the Lucas-Washburn equation and 

accounts for the capillary absorption potential of the paper, cf. Equation 11. The 

hydrodynamic term describes the quantity of polymer solution taken up by the paper 

at the exit of the nip, when the pressure on the paper is released and the paper 

expands. The expansion causes a sub-atmospheric pressure in the paper which sucks 

up of polymer solution. 
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Figure 12. Schematic picture of the size press nip (redrawn from Hoyland, 1977). 

 

Another coating technique, similar to the size press, is the Metering Size Press (MSP), 

which consists of two rolls (transfer rolls) in contact with each other on which a pre-

metered amount of the polymer solution is dosed, usually with a smooth or wire-

wound rod. The polymer solution is transferred to the paper in the nip between the 

transfer rolls, and the two sides of the paper can be coated simultaneously. The MSP 

has replaced the size press in high speed paper machines and is now the most 

frequently used processes for surface sizing of paper (Klass, 2002). A type of MSP 

which allows higher coat weights is the GRAVURE TWIN-HSM in which the 

polymer solution is applied onto the transfer roll with the help of an engraved roll. 

 

In Paper II, this technique was used for coating greaseproof paper with chitosan. The 

coat weight obtained was 0.1 g/m2 and this was far too low to form a continuous 

impermeable film on the paper, which is a prerequisite if the aim is to upgrade the 

paper as a gas barrier. The solids content of the chitosan solution used was 1.0%. 

However, higher coat weights can be obtained provided the concentration of the 

polymer solution used is high enough. Klass (2002) reports a surface sizing trial using 

packaging paper on a pilot scale with GRAVURE TWIN-HSM and states that coat 
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weights within the range 0.7-4.0 g/m² were achieved for starch solution with a solids 

content within the range 5-18%. The coat weights which can be achieved with 

aqueous polymer solutions, such as starch or chitosan solutions, using the coating 

techniques commonly used by the paper industry today, are low and in probably most 

cases too low for achieving a gas barrier.     

 

To achieve a higher coat weight, a new coating technique is necessary and here 

curtain coating offers a possibility (Schweizer, 2002). The curtain coating technique 

was developed in the 1920s but until lately, the paper industry had shown no interest 

in the technique. In the 1980s curtain coating was introduced in Japan for the coating 

of carbonless paper. The type of coater used was a DF-coater (direct fountain). The 

application range for DF-coaters has now been extended to ink-jet paper 

(photographic quality) and thermal paper (Schlichtling, 2004). In curtain coating, a 

liquid film (curtain) of uniform thickness is applied to the paper. The coat weight 

applied depends on the web speed, the thickness of the curtain, and the solids 

content of the polymer solution used. Since the thickness of the applied film is 

uniform, the coat weight is not influenced by the surface roughness of the base paper. 

As a result, a contour coating with superior coverage is obtained (Schlichtling, 2004). 

 

 

Calendering 

 

Greaseproof paper is calendered in-line using a machine calender to achieve the 

smooth surface which is important especially for papers used for lamination with 

aluminium foil. A smooth surface is also important when the paper is used for 

graphical purposes. In the past, supercalendering was used to replace part of the 

refining needed to achieve greaseproofness (Vähä-Nissi, 1998). In paper I, 

calendering was compared with refining regarding their effects on porosity and air 

permeance. The result is briefly summarised in Figure 13, where the porosity of the 

paper is plotted against the air permeance. It is evident in the figure that the 

calendering reduced the porosity in an expected manner, but it had only a marginal 

effect on the air permeance. The refining reduced both the porosity and the air 

permeance. These results suggest the air permeance was controlled by surface pores 

and that the dimensions of those were reduced by refining but not by calendering.  

The calendering solely reduced the dimensions of the bulk pores, see also Equation 2. 
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Figure 13. Air permeance as a function of the porosity (void volume fraction) for calendered 
greaseproof papers with different furnish compositions (100% sulphite or 50/50 sulphite and 
sulphate) and different degrees of refining. 

 

Glassine is produced from greaseproof paper which is supercalendered off-line. The 

supercalendering gives the paper high density, high smoothness and high gloss, but 

low opacity. Supercalendering is also used for greaseproof paper intended for use as 

release paper. Good silicone hold-out is achieved by high density and smoothness 

(Ehrola et al., 1999).  

 

Extrusion coating 

Greaseproof paper is extrusion-coated with polyethylene (PE) to obtain a barrier 

against water, water vapour and oxygen. In extrusion coating, a molten PE-film is 

applied to the paper. The melt stream is generated in an extrusion screw, which is 

divided into three zones: the feed zone, the compression zone and the metering zone. 

The rotating screw transports the melt forward and forces it into a die where the film 

is formed. A schematic illustration of the extrusion process is shown in Figure 14. 

 

The die can have one or several slits and the film can therefore be formed in one or 

several layers. When the film is formed in two layers, the extrusion is called co-

extrusion. Savolainen et al. (1998) report less pinholes in PE-film co-extruded onto 

paper, with improved barrier properties as a consequence, and improved adhesion to 

the paper. To improve the adhesion of the PE-film, the paper is usually corona-

Increased calendering 

Increased refining 
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treated prior to the extrusion. Treatment with a flame or ozone can also occur, but 

this is less frequent. The machine speed in extrusion coating ranges from 600 to 1000 

m/min, where the lower speeds apply for paperboard and the higher speeds for paper 

(Osborn and Jenkins, 1992). 

 

 

 
 

Figure 14. Schematic picture of extrusion coating process (redrawn from Osborn and Jenkins, 
1992). 
 

In paper V, in which possible synergetic effects between PE and greaseproof paper 

were studied, the experimental material was produced by co-extrusion with corona 

treatment prior to the application of the PE-film. The coat weight applied was 30 

g/m². The machine speed was 150 m/min. 
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Material properties 

 

In this work, greaseproof paper has been coated with chitosan, starch and 

polyethylene (PE). The coating with chitosan was performed in order to explore the 

possibilities and limitations of upgrading greaseproof paper to provide an oxygen 

barrier. The aim of the coatings with starch and PE was to study the mechanisms for 

the penetration of oxygen through the coated material.  

 

 

Chitosan 

 

Chitosan has been used in this study because it is a renewable polymer which exhibits 

excellent oxygen-barrier properties. The superior film forming properties of chitosan 

are well known. Lang (1995) has reported that Stradivarius, the famous violin maker, 

used chitosan as a varnish for his violins for that reason. The hydrogen bonds and the 

crystallinity of chitosan reduce the oxygen permeability to a level that makes the 

material interesting as a barrier in packaging materials. Studies on films of chitosan 

have shown that good barriers against oxygen (Gällstedt et al., 2001) and grease can 

be achieved (Kittur et al., 1998). Moreover, chitosan exhibits antibacterial and 

fungicidal properties (Luyen and Rossbach, 1992; Shahidi, et al., 1999; Outtara, et al., 

2000). One disadvantage of chitosan is its lack of resistance to water and water 

vapour. However, the water and water vapour resistance can be improved by a 

phosphate buffer (Gällstedt and Hedenqvist, 2004). Chitosan has a promising 

potential for a barrier coating on packaging materials, but many questions and 

problems still have to be solved before it can be commercially used as a replacement 

for synthetic polymers. 

 

Chitosan is produced by grinding crustacean shells and thereafter treatment with a 

dilute aqueous solution of NaOH to remove the protein. This is followed by rinsing 

and decalcification in a dilute solution of HCl. After another rinsing step, the final 

product is chitin (Thomson, 1985). To remove coloured residues, the material is 

bleached in a solution of KMnO4 or oxalic acid. Chitin is however insoluble in water, 

organic acids, dilute acids and alkali, and to make it soluble chitin is derivated to 

chitosan by deacetylation. The mechanism is a hydrolysation of acetamido groups     
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(-NHCOCH3), which are transformed to amino groups (-NH2), Figure 15. Chitosan, 

which is soluble at pH<6.2, can be used in water-based coatings (Chenite et al., 2001). 

 

 
 
Figure 15. Chemical structure of chitosan. 

 

Under acidic conditions, chitosan has a cationic character due to the positive charges 

on the amino groups while cellulose has an anionic character. This means that there is 

an attraction between chitosan and cellulose and thus a good adhesion (e.g. Jumaa 

and Müller, 1999), which is a prerequisite for achieving good barrier properties.  

 

Kraft paper has been coated with chitosan to study its potential to give a grease 

barrier and KIT-test values (the KIT-test is described in the section Grease 

resistance) were obtained comparable to those obtained with fluorinated resins (Ham-

Pichavant et al., 2005). A superior grease resistance was obtained for the chitosan-

coated greaseproof papers in Papers II and III, provided the greaseproof paper itself 

had a sufficiently low air permeance and provided the chitosan coating sealed the 

surface pores in the paper, Figure 16. 
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Fig 16. Grease resistance as a function of air permeance of chitosan-coated papers. Papers A-C 
are greaseproof papers and paper D is a kraft paper.  
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Makino and Hirata (1997) laminated a film consisting of chitosan mixed with 

cellulose fibres with a polycaprolactone film and reported that this laminate was 

suitable as a biodegradable packaging material for fresh foodstuffs. Chitosan has also 

been tested as a wet-end additive in the production of paper and paperboard, and the 

mechanical properties of the final product were reported to be improved (Laleg and 

Pikulik, 1991; Mucha and Miskiewicz, 2000). The retention of fines has been found to 

be improved by the addition of chitosan at the wet-end (Li et al., 2004). Surface 

treatment of printing paper with a 1 % solution of chitosan in acetic acid has been 

reported to improve the strength properties (Lower, 1984).  

 

A study on composite films consisting of mixtures of chitosan and cellulose fibres 

showed that the films provided a good oxygen barrier (Hosokawa et al., 1990). The 

possibility of obtaining an oxygen barrier by coating paper with chitosan has also 

been tested in an experiment in which a copy paper was coated in five layers using a 

bench-scale rod coater (Vartiainen et al., 2004).  The total coat weight obtained was 

6.9 g/m² and the oxygen permeability of this material was reported to be 1.1 cm3 /m² 

d. Using a modified curtain coater on a bench scale, Gällstedt et al. (2005) have also 

produced a chitosan-coated material with a low oxygen permeability; 0.15 cm3 mm/ 

m² d atm. Paperboard with a grammage of 342 g/m² and a thickness of 510 µm was 

used as a substrate. However, the coat weight of chitosan was not specified.  

 

In Paper II, greaseproof paper was coated both on a bench scale and on a pilot scale. 

For the bench-scale-coated paper, a low oxygen permeability, 0.7 cm3 mm/ m² d atm, 

was obtained. The coat weight on this paper was 5.2 g/m² and this coat weight is 

probably significantly lower than that obtained in the study by Gällstedt et al. (2005). 

This indicates that greaseproof paper is a suitable substrate for a barrier coating. 

However, this low oxygen permeability was not obtained on the material coated on a 

pilot scale due to the low coat weight, which was restricted by the solids content of 

the chitosan solution (Ham-Pichavant et al., 2005) and the coating technique. The 

concentration of the chitosan solution can be increased by reducing its molecular 

weight. Restrictions in the coating technique have been discussed in the section on 

Coating page 22.    

 
The oxygen permeability of chitosan films has been reported to increase with 

increasing temperature (Arvanitoyannis et al., 1994). In Paper II, the oxygen 

permeability of chitosan-coated greaseproof paper was measured at 23°C and 37°C. 

The oxygen permeability was the same at both temperatures. The fact that no 
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dependence on the temperature was observed may be because the two temperatures 

were close to each other and far from the glass transition temperature, Tg, of chitosan. 

The Tg of the chitosan used was measured using a dynamic mechanical analysis 

(DMA) and it was found to be within the range of 125-130°C. This value agrees with 

that reported by other researchers e.g. Kittur et al (2002) and Dong et al. (2004). The 

glass transition temperature indicates the temperature at which the molecule chains in 

the polymer transform from a lower degree of flexibility to a higher degree of 

flexibility.  

 
 

Starch 

 

Starch has a long history in papermaking and it was used in China already in about 

100 AD, shortly after papermaking was developed, to improve the surface 

characteristics of the paper (Maher and Cremer, 1986). After the wood-pulp and 

mineral pigment, starch is the largest component by weight in papermaking (Maurer, 

2001). Starch is used in several production stages in the papermaking process, for 

instance as a wet-end additive to improve retention, drainage and strength, as a 

surface-sizing agent (Mentzer, 1984), or as a binder in coating colours (Rutenberg and 

Solarek 1984). In the production of greaseproof paper for converting to release paper 

by silicone coating, the greaseproof paper is generally surface sized with starch prior 

to the coating. Starch closes the surface of the paper and reduces the air permeance, 

and in this way improves the silicone hold-out (Duraiswamy et al., 2001). 

Traditionally, North American converters of release papers use corn starch whereas 

European converters use potato starch (Duraiswamy et al., 2001). Potato starch was 

found to provide the least permeable sheet at low levels of starch application. 

Duraiswamy et al. (2001) also report that the air permeability decreased with 

increasing starch pick-up. This is in agreement with what is reported in Paper IV.    

 

Chemically, starch is a polymeric carbohydrate consisting of anhydroglucose units 

linked together with primarily α−D-(1→ 4) glucosidic bonds, Figure 17. The polymer 

may contain 200 - 2000 anhydroglucose units. The abundance of hydroxyls imparts 

hydrophilic properties to the polymer (Wurzburg, 1986). 
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Figure 17. Schematic chemical structure of starch. 

 

Native starch consists of amylose and amylopectin. Amylose is a linear polymer and 

amylopectin is a branched polymer. Linear amylose can be formed into continuous 

and flexible films (Young, 1984), and it has an ability to bind to surfaces which 

contains polar groups, such as cellulose fibres. The branched amylopectin is partially 

inhibited from chain alignment and crystallisation due to the ramified structures, 

mainly in the outer branches (Maher and Cremer, 1986). 

 

Raw starch cannot be used as it is because of its high molecular weight and its high 

viscosity in aqueous solutions. The viscosity stability of aqueous solutions of starch is 

also poor due to retrogradation of the amylose. The raw starch must therefore be 

modified prior to use. The most common modification is oxidation, where some of 

the hydroxyl groups on the starch molecules are oxidised to carbonyl and carboxyl 

groups (Wurzburg, 1986). The number of carbonyl and carboxyl groups on oxidised 

starch indicates the level of oxidation. The oxidation breaks down the polymer chain, 

and this decreases the risk of retrogradation. The oxidised starch can be modified 

with functional groups in order to meet certain demands. Modification with 

hydrophilic hydroxypropyl groups, for example lowers the gelatinisation temperature 

and this improves the flexibility of the starch film (Rutenberg and Solarek 1984). It 

also affects the mechanical properties of the starch film and of starch-coated paper. 

The tensile strength decreases whereas the elongation-to-break, burst strength and 

resistance to folding increase. Hydroxypropylated starch, Figure 18, is formed when 

starch is reacted with propylene oxide (Tuschhoff, 1986). The result is 2-

hydroxypropyl ether starch (hydroxypropyl starch). In Paper III, hydroxypropylated 

potato starch was used to coat greaseproof papers. 
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Figure 18. Schematic chemical structure of hydroxypropylated starch. 

 

 

Polyethylene 

 

There are two main types of polyethylene (PE): high-density polyethylene (HDPE) 

and low-density polyethylene (LDPE) (Li et al., 2001). These two types differ with 

respect to polymer chain configuration. HDPE has a linear polymer chain whereas 

LDPE has a branched polymer chain. Examples of end use areas for HDPE are: 

transport boxes and pipes and for LDPE: cable insulation and packaging film 

(Höjfors and Palmgren, 1982). LDPE has a lower melting point, is softer, and 

becomes less brittle at low temperatures and is easier to work up than HDPE. The 

molecular structure of the polymer chain is shown in Figure, 19. PE has a three-

dimensional zig-zag structure with the hydrogen atoms arranged along the chain of 

carbon atoms, and the chains may consist of thousands of atoms. The morphology of 

PE is complex and it includes both crystalline and amorphous domains. Commercial 

LDPE has a degree of crystallinity of 40-60% and a density of 915-932 kg/m3 (Laiho, 

1996), whereas HDPE has a degree of crystallisation of about 80% and a density of 

940-970 kg/m3.  
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Figure 19. Schematic chemical structure of polyethylene. 
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PE has been used for the extrusion-coating of paper or paperboard for more than 

fifty years (Savolainen et al., 1998) to obtain a barrier against water or water vapour. 

PE can be heat-sealed, which is desired in many applications, and it is inert and has 

no odour or taste (Laiho, 1990). PE-extrusion-coated greaseproof is reported to 

exhibit excellent gas barrier properties (Stolpe, 1996; Vähä-Nissi et al., 2001; 

Furuheim. et al. 2003). In Paper V, greaseproof paper was extrusion-coated with 

LDPE.   
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Barrier properties of greaseproof paper 

 

Grease resistance and to some extent also water resistance, compared to some other 

types of paper, are the most important barrier properties for greaseproof papers. If 

these barriers properties could be extended by coating to include an oxygen barrier 

and a water vapour barrier, new end-use areas would open up for greaseproof paper. 

The mechanisms governing grease resistance, water resistance, oxygen transmission, 

and water vapour transmission are summarised below 

 

 

Grease resistance 

 

As already mentioned, grease resistance can be achieved in two ways: by refining of 

the pulp or by chemical treatment of the paper surface. Because cellulose is 

impermeable to fat, the dense surface layer of greaseproof paper acts as a mechanical 

barrier for the grease. To obtain a grease barrier on other and more open paper 

grades, these are generally coated with fluorocarbons. Such papers are called 

“imitation greaseproof paper” (Stolpe, 1996). Coating with fluorochemicals can 

replace part of the refining in the production of greaseproof paper. SEM-images of a 

greaseproof paper and a paper treated with fluorochemical with the same grease 

resistance are shown in Figure 20. Fluorochemicals can also be used in molded paper 

products such as soup bowls and food containers which require grease resistance and 

water resistance (Perng and Wang, 2004).  

 

The grease resistance obtained with fluorocarbons originate in its intrinsic oleophobic 

properties (Giatti, 1996), which lower the surface energy of the coated surface and 

make it grease repellent (Yang et al., 1999).  
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Greaseproof paper Fluorochemical paper 

  
 
Figure 20. Surface of an uncoated greaseproof paper (left) and a fluorocarbon-treated paper 
(right). 

 

The grease resistance in greaseproof paper results from the relative absence of pores 

in the paper (Stolpe, 1996; Giatti, 1996) and it is controlled by the largest pores 

(Corte, 1982). Highly refined papers have small pores and a narrow pore size 

distribution and there is a reasonably strong relationship between the size of the 

largest pore or pores, which determines the grease resistance, and the overall shape of 

the pore size distribution, which determines the air permeability (Corte, 1958). The 

relationship between air permeability and grease resistance for greaseproof papers 

presented by Corte (1958), is shown in Figure 21. The testing was performed using 

pork lard. The “strike-through time” for pork lard was recorded and the results were 

plotted against the air flow rate. The equation:  

 

)r/cos2p²(r

²L4
t

θγ
η

+
=    [10] 

 

where t is “strike-through time”, r is the pore radius, p is the grease pressure and  

2γ cos θ / r is the capillary pressure, was used to calculate the theoretical strike through 

time. A good correlation was obtained between experimental values and theoretical 

values. 
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Figure 21. Comparison of grease resistance and air permeability (redrawn from Corte, 1958). 

 

A number of test methods are available for testing the grease resistance of paper, 

both direct methods and indirect methods using a model substance instead of grease. 

In the direct methods, such as DIN 53116 and ISO 5634, the time for a standardised 

grease to penetrate the paper under pressure is measured (Stolpe, 1996). The 

advantage of these methods is that they are realistic. The disadvantage is that they are 

time-consuming. In TAPPI T 454, which is an indirect method, coloured turpentine 

is used as a model substance and the test is performed without external pressure. This 

method is less realistic but it is rapid. Another rapid indirect method has been 

developed by the 3M company (Rengel, 1970). This method is published as TAPPI 

UM 557 and is often referred to as the KIT-test. The test uses a series of mixtures of 

castor oil, toluene and heptane. As the ratio of oil to solvent is decreased, the 

viscosity and surface tension also decrease, making successive mixtures easier to 

penetrate. The performance is rated by the highest numbered solution which does 

not darken the sheet after 15 seconds. This method measures the wetting of the 

paper surface which is the parameter governing the grease resistance for 

fluorochemical-treated papers because of its low surface energy. For pure greaseproof 

papers, the grease resistance is governed by pin-holes, since the grease resistance of a 

greaseproof paper originates from its dense structure and not from a low surface 

energy.  
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Water resistance 

 

Baking papers and release papers produced from greaseproof paper are generally 

coated with aqueous emulsions of silicone or chromium stearate to make them water 

resistant.  Greaseproof paper and other dense papers such as glassine and vegetable 

parchment are superior substrates for these types of coatings because the coating 

stays on the surface and does not penetrate into the paper. (Noll, 1968). This is 

important not only because of the function of the coating but also its high cost. 

Water resistance of baking paper is important when frozen dough is baked.  

 

The water uptake of paper is complex because both the pores (pore sorption) and the 

fibres themselves (fibre sorption) take up water (Bristow, 1971). The former is 

governed by a capillary process whereas the latter is regarded as a diffusion process 

(Verhoff, et al., 1963; Hoyland, 1978). Pore sorption is usually described using the 

Lucas-Washburn equation (Lucas, 1918; Washburn, 1921) under the assumption that 

the pore system of the paper consists of a series of cylindrical and parallel pores 

(capillaries). The integrated form of the Lucas-Washburn equation is written: 

 

t
2

cosr
h2

η
θγ=     [11] 

 

where h is the distance, r is the capillary radius, γ is the surface tension of the liquid, 
θ  is the contact angle between the liquid and the capillary wall, η is the viscosity of 
the fluid and t is time.  

 

The corresponding expression for fibre sorption by diffusion is Fick’s second law 

(Fick, 1855): 

 

²dx

c²d
D

dt

dc =     [12] 

 

where c denotes the concentration at the depth x in the material and D the diffusion 

coefficient.  
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The difference between pore sorption and fibre sorption is the difference in driving 

force and the opposing force for the uptake. For capillary uptake, the driving force is 

the capillary pressure (plus possible external pressure). For diffusion, it is the 

concentration gradient over the interface between the paper and the water. The 

opposing force for capillary sorption is the viscosity of the water. Diffusion is not 

influenced by the viscosity. Paper can also take up water by surface diffusion (Nissan, 

1949).  

 

Fibre sorption causes the fibres to swell and for that reason the paper expands. This 

expansion affects the pore sorption because the size and shape of the pore system is 

changed (Hoyland, 1978). Bristow (1971) developed a technique by which the pore 

sorption and fibre sorption can be separated, based on measurements of water 

sorption and the change in thickness of the paper as functions of time. Due to the 

absence of large surface pores in greaseproof paper (Stolpe, 1996) and the high 

swelling potential of the highly refined fibres, the dominating mechanism for water 

uptake in greaseproof paper is probably fibre sorption.  

 

A common method used to measure water uptake in paper is the Cobb method 

(Cobb and Lowe, 1934). The water uptake is measured gravimetrically. The method is 

standardised (ISO 535) and the contact time between the paper and the water can be 

chosen arbitrarily, but is generally 60 s. In the notation Cobb60, the index 60 stands 

for 60 s contact time. Another method for the measurement of water uptake was 

proposed by van den Akker and Wink (1969). In this method, a fluorescing agent is 

added to the water used for the testing and the water uptake is measured by 

measuring the fluorescence of the paper after it has dried. 

 

Bristow (1967) developed a device for the measurement of water sorption on a short 

time scale (0-2 s.) The device is known as the Bristow-wheel and it is now widely used 

for sorption measurements at short times. Measurements using this device have 

shown that water sorption appears to be a two-stage process: wetting and sorption 

(Bristow, 1967). The time during which the paper is wetted prior to sorption 

commences is called wetting time. This time is not observed for the sorption of oils, 

only for water.  

 

Salminen (1988) has performed measurements in a device similar to the Bristow-

wheel, at different temperatures and pressures. Measurements performed by Salminen 
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(1988) using this device have shown that short time sorption at high pressures is 

capillary controlled and that surface diffusion can exist at temperatures > 50 °C.  

 

For the greaseproof papers produced in Paper I and which were later used as base 

papers for coating in Papers II-V, the Cobb60 value varied between 25 and 50 g/m². 

Both the pulp composition and the refining affected the Cobb-value, and the lowest 

Cobb-values were obtained for highly refined sulphite pulp and the highest for low 

refined sulphate pulp. The effect of the refining was, however, greater than the effect 

of pulp composition. 

 

In paper III, the sorption was studied for a drop of water, 4 µl, on a selection of the 

papers mentioned above. Figure 22 shows the size the drop as a function of time. On 

paper A, which is the paper with the lowest Cobb60-value, the water sorption rate was 

very low in spite of the relatively long contact time between the drop and the paper. 

The contact angle for water on this paper was slightly more than 90°. When the 

refining was reduced and when sulphite pulp was replaced with sulphate in the paper, 

the sorption rate increased. Hoyland (1978) reports similar results for the influence of 

the refining. 
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Fig 22. Water absorption as a function of time for the uncoated papers.  
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Barrier to gases 

 

According to Fick’s law, cf. Equation 12, the rate at which a gas penetrates a polymer 

film, e.g. a barrier coating on a paper, depends on the concentration gradient across 

the coating, Figure 23. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Penetration of gases though a polymer coating (redrawn from Flodberg, 2002). 

  

The penetration of a gas through a polymer coating can be regarded as a diffusion 

process (e.g. Yamauchi and Murakami, 2002), where the transport is initiated by 

sorption of the gas. The sorbed gas migrates by a random walk through the polymer 
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matrix from the side with the higher gas concentration to the side with the lower gas 

concentration. This random walk can be viewed as a series of jumps from one cavity 

in the polymer matrix to another. Finally, the gas molecules desorb from the side of 

the film with the lower gas concentration. Steady state diffusion obeys Fick’s first law:  

 

l

c
D

A

Q

∂
∂−=      [13]  

 

where Q is the flow of gas, A is the area exposed to the gas, D is the diffusion 

coefficient, c is the concentration and l is the thickness or distance in the film. If D is 

independent of c, the Equation [13] is reduced to: 

 

( )
l

cc
D

A

Q 21 −−=     [14] 

 

where c1 and c2 are the concentrations of the gas in the surfaces.  

 

If the gas dissolves in the film according to Henry’s law, then: 

 

SPc =      [15] 

 
where S is the solubility coefficient and P is the permeability coefficient. Equations [13], 
[14] and [15] give (Rogers et al., 1956):  
 

DSP =      [16] 

 

Thus, the permeability of a polymer film is an interplay between diffusion and 

solubility. Atmospheric gases generally have low values for the solubility coefficient, 

whereas vapours of organic substances, with a solubility parameter similar to that of 

the polymer exhibit high values for the solubility coefficient.  

 

To meet the demand for low permeability, the gas and the polymer must meet some 

general criteria. Properties of the polymer film which reduce the permeability are: 

high crystallinity, low mobility and high orientation of polymer chains segments and a 

dense and tortuous polymer matrix (Robertson, 1993; Hedenqvist and Gedde, 1996). 

Filler in the polymer film increase the tortuosity (Pauly, 1989).  
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The glass transition temperature (Tg) of the polymer is a measure of the mobility of 

the molecular segments of the polymer chain, and if the mobility is low, which is the 

case at temperatures below Tg, the permeability is also low. Attraction forces between 

the polymer chains restrict the molecular segment mobility. Plasticizers reduce Tg and 

increase the permeability.  Gas diffusion increases with increasing flexibility of the 

molecule chains (Pauly, 1989). 

 

 

Oxygen transmission 

 

Packaging materials for many food products, such as snack food products, dairy 

products, juices and coffee must exhibit a low oxygen transmission rate (OTR).  

Oxygen which penetrates through the packaging material can lead to oxidative 

reactions and degradation of proteins and lipids and spoilage of the packed food 

product (e.g. Robertson, 1993). In addition, microorganisms present in the food can 

start to propagate at certain oxygen contents. Greaseproof paper itself provides a 

poor oxygen barrier because it is a porous material, even though the pores are 

relatively few and small compared to those in other paper grades. To obtain 

greaseproof paper with a low OTR, it must be coated or laminated (extrusion coated) 

with a material which seals the pores in the surface of the paper. Commonly used 

materials in food packaging application with low oxygen permeability are ethylene-

vinyl alcohol copolymers (EVOH), polyesters, polyamides and aluminium (e.g. 

Gällstedt, 2004). These materials can be used as they are or extrusion-coated onto 

paper or paperboard. OTR values through a film with a thickness of 50 µm for a 

selection of materials used for the lamination of paper and paperboard are given in 

Table 2.  
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Table 2. Oxygen transmission rates (OTR) through a 50 µm film at 23 °C (cm 3/m² 24 h bar) of 
various polymers (Savolainen et al., 1998). 
 

Material OTR 
LDPE (polyethylene low density) 3500 
PS (polystyrene) 2000 
PP (polypropylene) 1800 
HDPE (polyethylene high density) 1300 
PVC (polyvinyl chloride) 100 
PET (polyethylene terephthalate) 80 
PA-6 (polyamide 6) 25 
PVDC (polyvinylidene chloride) 2 
EVOH (ethylene vinyl alcohol) 0.2-2 

 

Besides extrusion, the coating can be applied in the form of an aqueous dispersion. 

Vähä-Nissi et al. (1999) coated greaseproof paper with such dispersions based on 

styrene-acrylate and styrene-butadiene and reported low OTR values for the coated 

material.    

 

Many renewable materials, such as proteins, polysaccharides and waxes, possess the 

potential to be used for barrier coating of packaging materials because of their 

superior oxygen barrier properties, due to their crystalline structure and strong 

hydrogen bonds between the polymer chains (Laleg and Pikulik, 1991).  

 

In Papers II and III, greaseproof paper was coated with chitosan to examine its 

potential for use for barrier coating with low OTR. The results showed that when the 

coating was thick enough and formed a continuous film on the paper, low OTR 

values were obtained. These values were lower than those for the chitosan coating 

itself, which suggests that the greaseproof paper, although it did not itself possess any 

measurable barrier for oxygen, contributed to the low OTR of the coated paper. PE-

extrusion-coated greaseproof paper also exhibit a lower OTR than that predicted 

from the PE-coating (Kuusipalo et al., 1994; Stolpe, 1996; Vähä-Nissi et al., 2001; 

Furuheim et al., 2003; Paper V). The same is true for a paperboard product called X-

board, which was used for the packaging of juice and yoghurt during the 1990’s 

(Gurandsrud, 1998). This paperboard product consisted of a laminate built up of PE, 

paperboard and greaseproof paper, Figure 24. 
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Polyethylene 
Paperboard 
Polyethylene 
Greaseproof paper 
Polyethylene 

  
Figure 24. Schematic structure of X-board. 

 

The chitosan-coated and PE-extrusion-coated greaseproof papers referred to earlier 

can be regarded as laminates. For a laminate consisting of n layers of different 

compositions, the gas flow, Q, which passes through each layer will be the same 

under steady-state conditions and equal to the flowrate through the whole laminate 

(Bhargava et al., 1962). If ∆pi is the pressure difference across the ith layer, Pi the 

permeability coefficient, li thickness, and A the area, the following relationships can 

be written according to Darcy’s law:  
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and for the whole laminate: 
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Substituting these expressions into Equations 17 and 18 yields:  

 

n

n

2

2

1

1

P

l
....

P

l

P

l

P

l +++=     [20] 

 



BARRIER PROPERTIES OF GREASEPROOF PAPER 
 

 45 

Two hypotheses, which are discussed in paper V, have been proposed for the low 

OTR of PE-extrusion coated greaseproof paper, of which the latter also applies to 

the chitosan-coated greaseproof paper discussed in Paper III:  

 

1. The PE-layer undergoes morphological changes when it solidifies, a crystalline 
or transcrystalline layer being formed at the interface between the PE and the 

paper (Furuheim et al., 2003). This crystalline or transcrystalline layer exhibits 

a lower OTR than the PE itself. The model ignores possible barrier properties 

of cellulose.  

 

2. The greaseproof paper provides no oxygen barrier because oxygen can pass 
through its pores, but when the pores are closed by PE or chitosan, the fibre 

layer bonded to the PE or chitosan will contribute to and reduce the OTR of 

the laminate (Stolpe, 1996; Vähä-Nissi et al., 2001). This model presupposes 

that cellulose in the fibre material has a lower OTR than PE (Pauly, 1989).  

 

For the first hypothesis put forward by Furuheim et al. (2003), the following 

expression can be written:   
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l ++=    [21] 

 

where l is the thickness of each layer, P is the permeability, index PE denotes 

polyethylene, index tot is for the whole laminate, index GP greaseproof paper and 

index int the crystalline or transcrystalline layer at the interface between the PE and 

the paper. Because the permeability of greaseproof paper >> that of PE >> that of 

PE-extrusion coated greaseproof paper, Furuheim et al. (2003) simplified Equation 

21 to:  
  

  
int

int

P

l

P

l =      [22] 

 

Figure 25, shows a schematic picture of a coated greaseproof paper according to the 

second hypothesis put forward by Stolpe (1996) and Vähä-Nissi et al. (2001). Here, 

the permeability of the laminate is dependant on the coating plus the surface layer in 

contact with the coating. Regions of the coating over the pores are considered not to 
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contribute to the permeability. If the area fraction in contact with the coating is x, the 

expression for the hypothesis of Stolpe (1996) and Vähä-Nissi et al. (2001) is: 

 

SL

SL

PE

PE

P

L
x

P

L

P

L +=     [23] 

 

where the index PE is polyethylene layer and SL  is the surface layer of the base 

paper.  

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 25. Schematic cross-section of the laminate of PE-layer and the surface layer of the 
greaseproof paper on the upper surface of the paper. 

 

 

A commonly used device for determining the oxygen transmission rate is the Mocon-

apparatus (Flodberg, 2002). A schematic illustration of the principle of this device is 

shown in Figure 26. The sample to be tested is mounted in an isolated diffusion cell 

which is purged with nitrogen gas until steady state and the background leakage of 

oxygen is measured. One side of the sample is then exposed to oxygen (99.95%) at 

atmospheric pressure. Nitrogen gas is led in on the other side and it acts as a carrier 

gas. The oxygen which permeates through the sample is transported by the nitrogen 

to a coulometric sensor, where the amount of oxygen in the gas stream is measured.  
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Figure 26. Schematic picture for coulometric measurement of OTR. 

 

 

Water vapour transmission 

 

Many undesirable reactions such as the autoxidation of lipids, vitamin degradation, 

enzymatic reactions and microbial reactions which reduce the shelf life of foods are 

controlled by the presence of moisture (e.g. Robertson, 1993). In addition, the texture 

and crispness of some food products are affected by moisture. The maximum 

moisture content allowed for snack foods such as potato chips is low, 2%, (Gavitt, 

1994). Therefore, a low water vapour transmission rate (WVTR) through packaging 

materials is required.  

 

WVTR can be measured at different temperatures and relative humidities (RH). 

There are a number of standardised test conditions such as 25°C and 75% RH which 

is referred to as “Temperate climate”, and 38°C and 90% RH which is referred to as a   

“Tropical climate”. In this study the test conditions 23°C and 50% RH was used. The 

method used was the traditional cup method (ISO 2528:1995) with silica gel at the 

bottom of the cups. This method assumes a moisture gradient of 50% to 0% RH 

from the outside of the sample to the inside of the cup, Figure 27.  
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Figure 27. Schematic picture of the gravimetric cup used for water vapour transmission rate 
determination. 
 

Nilsson et al. (1993) have thoroughly studied the WVTR through open paper grades 

such as LWC-paper, liner, sack paper, cardboard, newsprint, filter paper and writing 

paper and they concluded that the WVTR was governed by gas diffusion, as the 

dominating transport mechanism through the pore system in these papers up to a 

relative humidity of approximately 50%. They also report a correlation between the 

air permeance and the WVTR. In Paper III, a similar correlation was obtained for 

greaseproof papers with air permeances > 1 nm/Pa s, both uncoated and coated with 

chitosan, Figure 28. The greaseproof papers studied in Paper III were, however, 

considerably denser than those in the study of Nilsson et al. (1993), so that transport 

mechanisms other than gas diffusion are probably involved in the transmission of 

water vapour through greaseproof papers. Studies by Stolpe (1996) on greaseproof 

papers with extremely low air permeances suggest that the WVTR was faster than 

predicted by the air permeance.  

 

Sample, 50% RH 

Silica gel, 0% RHSilica gel, 0% RH
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Figure 28. Water vapour transmission rate (WVTR) as a function of air permeance for the 
uncoated papers and the chitosan-coated papers with porous coatings. The WVTR-values are 
single values.  
 

Water vapour does not however behave like other gases such as inert atmospheric 

gases. The flow rate of gas through paper is inversely proportional to the square root 

of the molecular weight of the gas (Corte, 1958), but the flow rate of water vapour is 

faster than predicted by its molecular weight. In addition, when the WVTR is 

measured as a function of the difference in relative humidity across the paper, the 

influence of the relative humidity on the WVTR is greater than expected. It is 

suggested that this increase in transmission rate is caused by surface diffusion (Corte, 

1958). Water vapour is strongly adsorbed by the hydroxyl groups of cellulose.  

 

Although greaseproof paper itself exhibits a low WVTR compared with other paper 

grades such as the kraft paper used in Paper III, it is not low enough for packaging 

applications where a barrier for water vapour is required. To obtain such a barrier, the 

paper must be equipped with a coating, e.g. an extrusion coating (Stolpe, 1996) or a 

dispersion coating (Kimpimäki, 1998; Andersson and Järnström, 2002) consisting of a 

suitable polymer.  To obtain a satisfactory WVTR using dispersion coating, a coat 

weight of 3-5 g/m² is needed (Andersson and Järnström, 2002). Oxidised 

hydrophobised starch has been used as a surface sizing agent on paperboard. A coat 

weight of 4.6 g/m² yielded only a minor decrease in WVTR with values greater than 

260 g/m² d (Jonhed et al, 2007). The high WVTR obtained by coating with starch is 

due to its hydrophilic character which increases the value of the solubility coefficient, 

cf. Equation 16, and in this way the permeability of the starch coating. Starch shares 

this property with other natural polymers, e.g. chitosan (Olabarrieta et al. 2001). This 
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was demonstrated in Paper III where it was found that the WVTR did not decrease 

further with increasing coat weight, Figure 29. This holds true for greaseproof papers 

with low porosity.  
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 29. Water vapour transmission rate (WVTR) of chitosan-coated papers. The WVTR-values 
are single values. 
 

Thus, the chitosan-coated greaseproof paper in Paper III exhibited a poor WVTR, 

but as already mentioned a superior barrier towards oxygen. This contradiction is 

common for natural polymers, but also for many synthetic polymers. For instance, 

ethyl vinyl alcohol (EVOH) which is a polymer used when there are high demands on 

low oxygen permeability (Zhang et al., 1999), but the WVTR for EVOH film 

increases with increasing relative humidity (Zhang et al., 2001). 

 

 

Nitrogen and carbon dioxide permeability 

 

Many foods products require specific atmospheric conditions to sustain their 

freshness and overall quality during storage and they are therefore packed with a 

protective gas inside the packaging. Nitrogen and carbon dioxide are commonly used 

protective gases (van Tuil et al., 2000). To ensure that the protection gas stays inside 

the package, the packaging material must provide a barrier for this gas.  
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On the chitosan-coated greaseproof paper in Paper II not only oxygen permeability, 

but also nitrogen and carbon dioxide permeabilities were measured. The 

permeabilities are given in Table 3. 

 
Table 3. Oxygen, carbon dioxide and nitrogen permeability for the densest base paper in the 
study at a coat weight of 5.2 g/m². The thickness of the coated papers was 85 µm.  
 

Permeability O2 CO2 N2 
(cm3 mm / m² d 0.1 MPa)    

 3.6 71 490 
 

As is evident in Table 3 the permeability, for the papers coated with chitosan, was 

rated: nitrogen > carbon dioxide > oxygen. The differences between the values for 

the different gases are due to differences in solubility and by differences in molecular 

size. The bond length for carbon dioxide is 232 pm, for nitrogen 110 pm and for 

oxygen 121 pm (Lide, 1999). The shorter the bond length, the smaller the molecule 

and the higher the permeability. A comparison of the permeability with the bond 

length suggests: 1) that the higher permeability for nitrogen than for carbon dioxide 

was due to the shorter bond length in nitrogen and 2) that the higher permeability for 

nitrogen and carbon dioxide than for oxygen was due to the higher solubility of 

nitrogen and carbon dioxide in chitosan (Makino & Hirata, 1997).  

 

 

Light barrier 

 

Due to the extensive beating of the pulp, the opacity of greaseproof paper is low 

compared to that of other paper grades. To increase the opacity and thereby the light 

barrier, fillers can be added to the pulp furnish. A light barrier is required in many 

packaging applications because of the effect of light on the free radical reactions 

involved in fat oxidation in the packed food product (Robertson, 1993). Oxidation 

lowers the nutritional value of fat, and toxic compounds from the fat can be 

produced and these compounds can destroy fat-soluble vitamins. For the packaging 

of butter, lamination of greaseproof paper with aluminium foil is the traditional way 

to meet the demand for a light barrier. Greaseproof paper can also be metallised to 

increase the light barrier. A similar way to increase the light barrier for greaseproof 
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paper is to laminate it with metallised PET-film. This laminate is used for packaging 

of butter, where an extremely efficient light barrier is required (Junkkarinen, 2000). 
 
 

Other barriers 

 

High-protein blended cereals are packed in multi-wall paper bags and in order to 

protect the cereals from attacks by insects, the bags are treated with permethrin. Bags 

with and without greaseproof paper as a component of the bag material were tested 

with respect to permethrin migration into the cereals. In the bags containing 

greaseproof paper, the migration was prevented for more than 28 months whereas in 

the bags without greaseproof paper, permethrin up to 0.72 ppm was found in the 

cereals after 12 months of storage (Highland et al., 1984). 

 

Greaseproof paper can be used for the wrapping of tea, coffee, cocoa, biscuits, cake, 

cashew nuts, cheese and other food items (Trivedi, 1992). In addition, according to 

Trivedi (1992), greaseproof paper is used as wrapping for soap cakes, razor blades, 

detergents, medicines, metal components and surgical ancillaries. 
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Conclusions 

 

The most important findings in the work summarised in this thesis are: 

 

• Compared at a given air permeance, less energy is needed to produce 

greaseproof paper with sulphite pulp than with sulphate pulp. Calendering 

reduced the porosity but not the air permeance. (Paper I). 

 

• To obtain a barrier against oxygen by coating with chitosan, the coat weight 

must exceed 5 g/m². However, that coat weight could not be obtained on a 

pilot scale although the coating was performed using GRAVURE TWIN-

HSM which is a technique which permits high coat weights. Only 0.1 g/m2 

was achieved. (Paper II). 

 

• Greaseproof paper exhibits superior coating hold-out. This is especially true of 

the densest greaseproof paper, which besides being dense also exhibits a 

contact angle against water >90º. Coating hold-out is absolutely necessary in 

coating with water-borne coatings if the objective is to upgrade the paper to 

provide a gas barrier. (Paper III): 

 

• Considering the high porosity of greaseproof paper, it exhibits a surprisingly 

low air permeance. The pores are however small, <0.30 µm, and the fraction 

of closed pores is considerable. The porosity is also considerably lower at the 

surfaces than in the bulk, suggesting that there are closed surface layers. The 

open area of the surfaces was estimated to be < 1%. (Paper IV). 

 

• PE-extrusion-coated greaseproof paper exhibited a lower value of the OTR 

than the PE-coating itself, despite the fact that the greaseproof paper provides 

no barrier against oxygen. Measurement of the OTR at 0%, 50% and 90% RH 

showed that only the OTR of the coated paper was affected by the RH, not 

that of the PE-coating. This supports the hypothesis that the paper 

contributes to the oxygen barrier, when the paper is bonded to the PE. (Paper 

V). 
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Influence of paper properties  

and polymer coatings on barrier  

properties of greaseproof paper 

Greaseproof paper has a dense structure and therefore provides a natural barrier against 
materials like fat and oils. The barrier is obtained by extensive refining of the pulp. This 
refining is however a costly operation, not only in terms of direct costs for the refining but 
also in terms of indirect costs because the energy consumption for the drying of the paper 
is affected by the refining. A full-scale trial was performed to investigate the role of the pulp 
with respect to the energy demand and the barrier properties of the final papers. Paper made 
of 100% sulphite pulp with a low degree of refining exhibited the lowest energy consumption 
at a given level of air permeance. In addition, the effect of refining on the air permeance was 
compared with that of calendering. The calendering affected the air permeance less than the 
refining. The papers produced in the full-scale trial were later used as substrates for coatings 
and for detailed studies of the paper structure. Coating with chitosan was examined on a 
bench-scale and on a pilot scale. The studies showed that greaseproof paper can be upgraded 
with an oxygen barrier, but also that suitable coating techniques are lacking for the applica-
tion of the coating in a sufficient amount. The influence of the base paper on the barrier 
properties of chitosan-coated paper was investigated in another study, in which it was found 
that greaseproof paper possesses a unique coating hold-out which cannot be met by other 
types of paper with a more open structure. It was also found that the coated paper had a lower 
oxygen permeability than the chitosan coating itself, and this indicates that the dense surface 
layer of greaseproof paper contributed to the oxygen permeability of the coated paper. The 
pore volume fraction of the greaseproof paper was found to be approximately 40% and it is 
therefore surprising that its air permeance is so low. To bring understanding to this question, 
the structure of greaseproof paper was studied using several methods. It was found that the 
structure was dominated by very small pores with a median diameter of <0.3 µm. The frac-
tion of closed pores was also substantial. A porosity gradient was also found, indicating that 
the papers used in the study had a closed surface. The hypothesis that the surface layer of the 
paper contributed to the oxygen barrier was tested in an experiment in which greaseproof 
paper was extrusion-coated with polyethylene. The oxygen permeability was measured at 0%, 
50% and 90% relative humidity, and the permeability was found to increase with increasing 
moisture content. Because only the cellulose layer in the paper and not the polyethylene layer 
in the coating is affected by moisture, this result supports the hypothesis that the surface layer 
of the paper contributed to the oxygen barrier properties of the coated paper.




