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Abstract 
 
The barrier properties of greaseproof paper are achieved by extensive beating of the 
fibres. This treatment results in high costs for energy, both as beating energy and 
drying energy. A full-scale trial has been performed to investigate the role of the pulp 
with respect to energy demand and the barrier properties of the final papers. The 
paper made of 100% sulphite pulp with a low degree of beating showed the lowest 
energy consumption at a given level of barrier properties such as air permeance, 
grease resistance and water vapour transmission rate.  
 
The papers produced in the full-scale trial have been used as substrates for coating. 
Greaseproof paper has a closed surface and should therefore be a good base paper 
for barrier coatings.  
 
Chitosan has been used as a barrier coating because of its good oxygen barrier 
properties. Moreover, chitosan is a renewable material. Coating trials on a bench-scale 
showed that greaseproof paper can be upgraded to provide a good oxygen barrier. 
The oxygen barrier could not be achieved on a pilot-scale using the metered size 
press technique, because of the low coat weight applied.  
 
The influence of the base paper on the barrier properties of chitosan-coated paper 
has been investigated. It was found that greaseproof paper is better than a paper with 
a higher porosity. The coating seemed to stay more on the surface of the greaseproof 
papers and to form a continuous coating layer with better barrier properties.    
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Introduction 

 
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 
high amount of calcium in the white liquor. This resulted in a sulphite pulp which 
after a long beating time gave a grease-resistant paper. The special properties of 
greaseproof paper are mainly due to the high degree of beating which creates many 
bonding sites on each fibre, which in turn create a paper of high density. Greaseproof 
paper has a closed surface structure with a small number of large surface pores 
(Stolpe, 1986). This suggests that greaseproof paper with its closed surface structure 
can be an excellent substrate for a barrier coating. 
 
Other types of paper with properties similar to greaseproof paper are glassine paper 
and vegetable parchment. Glassine paper is supercalendered and therefore has a high 
density. 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 become almost melted together. The reaction between the acid and the 
cellulose is interrupted by dilution with water and finally the paper sheet is 
consolidated by a drying process. This treatment results in a dense sheet structure 
with a small number of pores (Giatti, 1996). An alternative to these paper grades is 
“imitation greaseproof”, where fluorochemicals are used as coating material on 
papers with a more open structure than greaseproof paper to achieve grease 
resistance, (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 foodstuff there are some other end use 
areas where grease resistance is required. Greaseproof paper can also be used as a 
protective layer on textile cores. Untreated yarn contains 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. Today, these end-use areas have been extended, 
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among which the most important are baking paper and baking cups. Other end-use 
areas are pet-food bags, pan liners, release papers for floor tiles and graphic papers.  
 
Because the grease resistance is achieved by a high degree of beating, this treatment 
involves high costs for beating energy. In addition, an increased degree of beating of 
the pulp leads to a slower dewatering of the furnish on the wire, and thus a higher 
moisture content in the press section and when the paper web enters the drying 
section of the paper machine. This leads to a high energy demand in the drying 
section. Another and even more important consequence of the beating is that the 
capacity in the drying section can be a limitation on the machine speed. 
  
In essence, packaging materials 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, 1994). A 
low oxygen transmission rate is one of the main requirements of many food 
packaging materials (Paine and Paine, 1992). Laminated, extrusion- or dispersion-
coated greaseproof papers have good aroma and oxygen barrier. Multilayer structures 
containing aluminium foil or ethylene vinyl alcohol give good oxygen and aroma 
barrier in packages such as juice cartons (Kuusipalo, 2003). In extrusion coating, 
synthetic polyethylene is a common coating material. Extrusion coating has to be 
performed off-line and thus 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 production of greaseproof paper is a costly and an energy demanding process 
both through beating energy and drying energy. The role of the pulp in the 
production with respect to energy consumption has therefore been investigated. The 
influence of the pulp on the barrier properties on the final paper is also of greatest 
interest. In paper I, the objective was to find the most economical way to produce a 
greaseproof paper with suitable barrier properties using different furnishes and 
different degree of beating. These papers have then been used as a substrate for 
further coatings.  
 
In Paper II, the objective was to upgrade the barrier properties of greaseproof paper 
to obtain a material with good oxygen barrier properties and good grease resistance. 
The water barrier property of the coated paper was also investigated. The coating 
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material should be renewable with good barrier properties and water-based. Chitosan 
meets these requirements and it has therefore been chosen as the coating material in 
this study.  
 
The influence of the base paper on the final barrier properties was studied in Paper 
III. There is lack of information regarding the influence of the base paper on the 
barrier properties of coated papers. It was therefore motivated to investigate the 
barrier properties of different aqueous barrier-coated papers. Greaseproof paper has 
a closed surface structure with a small number of large surface pores (Stolpe, 1986) 
and should therefore be a good base paper for a barrier coating. However, the closed 
surface of greaseproof paper is achieved by extensive beating and the production of 
this paper is therefore very costly. For comparison, a cheaper paper with very open 
structure and low porosity has been used as a base paper in this study, to see whether 
it is possible to obtain barrier properties, such as barrier against oxygen, water vapour 
and grease using a cheaper base paper? Chitosan has been used as a coating.  
 
The thesis begins with a review of the main barrier properties which are important 
for greaseproof paper. The requirements with respect to the base paper and the 
coatings necessary to achieve these barrier properties are also reported. In addition, 
the important steps in the production of greaseproof paper are summarised.  
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Barrier Properties 

 
The natural barrier property of greaseproof paper is its resistance to grease, fat or oil. 
Additional barrier properties such as a barrier against water and air are important 
when greaseproof paper is used for other end-uses such as baking paper, baking cups, 
pet-food bags, pan liners, release papers for technical lamination, graphic papers and 
papers for textile cores. To further extend the use of greaseproof paper, barrier 
properties against gases such as water vapour and oxygen are needed. 
 
 

Porosity 

 
A low porosity of the base paper is one of the most important requirements to obtain 
good barrier properties with dispersion coatings (Kimpimäki, 1998). The porosity of 
the base paper affects properties such as coating holdout and sorption behaviour. 
These properties are important when greaseproof is coated with an aqueous coating. 
A common aqueous coating on greaseproof paper is a silicone coating. The coating 
holdout in silicone coating is improved by a low porosity and low density of the base 
paper (Farrand and Ferguson, 1977; Duraiswamy et al., 2000). The penetration depth 
for a starch solution, which is also a common coating on greaseproof paper, is also 
influenced by the porosity of the base paper (Bergh and Thomin, 1976). 
 
A common description of fluid penetration into porous materials is based on a flow 
mechanism and the bulk filling of pores, where the pores are considered to be 
cylindrical pores (Lucas, 1918; Washburn, 1921). The development of this model 
included the assumption of varying numbers of straight parallel capillaries of differing 
radii. This is called the distribution capillary model. However, the pores in the paper 
are not actually formed like straight cylinders but twist and turn through the sheet. 
This means that the pores are longer than the thickness of the paper. An adaptation 
to the distribution capillary models has been suggested by Purcell (1949) who used a 
factor called the tortuosity, T, which is defined as: 
 

TZL =      [1] 
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where L is the total length of a pore and Z the thickness of the sheet.  
 
There are different distribution models. A Gaussian distribution function has been 
used in one model (Tollenaar and Blokhuis, 1949). In this model, the porous 
structure was described by introducing three parameters, the most frequent pore 
radius, a density factor and a factor determining the standard deviation of the pore 
radius. The Gaussian distribution function of the pore radius was calculated from 
measurements of the height of absorption of petroleum distillate into paper strips. 
The capillary volume and a Gaussian distribution of the pore radius were calculated. 
The dioxane method was used by Corte (1958) to measure the pore size distribution 
in the paper. In this method it is possible to detect irregularities in the porous 
structure of the sheet.   
 
However, paper is a three-dimensional structure and a three-dimensional model was 
proposed by Corte (1966). The model consists of several two-dimensional planes on 
top of each other and this model was supported by Radvan and Dodson (1966). The 
distribution of a small portion, 1-5%, of dyed fibres in a transparent sheet was 
studied. Micrographs of cross-sections of the paper were then examined. An 
improvement of Cortes three-dimensional structure model has been proposed by 
Görres et al. (1989). Both models describe paper as a superposition of fibre layers. In 
the model proposed by Görres et al., the layer weight is defined by certain fibre 
properties such as width, thickness, coarseness and wet fibre flexibility.   
 
The mercury intrusion method has been widely used to measure the pore size 
distribution of papers (Corte, 1982). In this method, mercury is forced into 
progressively smaller pores starting from 10 µm at atmospheric pressure. Results 
obtained by this method can also be related to new techniques such as X-ray 
microtomography (Huang et al., 2002).  
 
 

Air permeance 

 
Air permeance is a common indirect method to describe the pore structure of paper. 
In the production of greaseproof paper, the method is used to predict the barrier 
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properties of the final paper. The method is used because it is faster than direct 
barrier tests. 
   
The relationship between q  the air flow per unit area (m/s) through a sheet, and 

p∆ the pressure drop can be estimated by application of Darcy’s law: 
 

Z
pKq

η
∆=        [2]  

 
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

−
=       [3]    

  
where ε is the pore volume fraction, S the effective surface area per unit particle 
volume and κ  the Kozeny constant (usually ≈ 5). A more precise value for the 
constant, 5.55, is suggested by Fowler and Hertel (1940). 
 
The flow rate of inert liquids through paper considered as a model system of parallel 
capillaries can be described according to the Poiseuille equation:  
 

L8
prq

4

η
∆π=      [4] 

 
where q is the volume flow (m3/s), r is the pore radius (m), ∆p is the pressure 
difference between the two sides of the sample, η is the fluid viscosity (Pa s) and L is 
the length of the effective capillary. This equation is a special case of Darcy’s law and 
is valid for flow when the capillaries are filled with the liquid. This is true even when 
including air in the comparison (Corte, 1982). 
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The air permeance used for quality control in the regular production of greaseproof 
paper is, according to the standard SCAN-P 26:78, defined as: 
 

pA
uS
∆

=      [5] 

where S is the air permeance, u is the average air flow in m3/s, A is the area of the 
paper sample in m² and p∆ is the difference in the air pressure, in Pa, between the 
two sides of the paper.  
 
 

Grease resistance 

 
The grease resistance results from the relative absence of pores in the paper (Stolpe, 
1996; Giatti, 1996) and it is mainly determined by the largest pore size in the paper 
(Corte, 1982).  
 
Highly beaten papers have small pores and a narrow pore size distribution (Corte, 
1958). 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. Taking the largest pore as a 
simple capillary tube of length Z (thickness of the paper) and radius r, the movement 
of a viscous fluid under the influence of an external pressure p and a capillary 
pressure 2γ cos θ/ r is described by: 
 

dt
r
cos2p

Z8
rdZ²rdv

4







 +== θγ

η
ππ   [6] 

 
or 
 

dt
r
cos2p

8
rZdZ

2







 += θγ

η
   [7] 

 
Integration yields the “strike-through time”, t: 
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)r/cos2p²(r
²Z4t

θγ
η

+
=    [8] 

 
The relation between grease resistance and air permeability on greaseproof paper and 
glassine papers was studied by Corte (1958). Pork lard was used for the grease 
resistance test and two different pressures were applied. A linear correlation between 
log t and log air permeability was found. 
 
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 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 the TAPPI T 454 method, coloured turpentine is used as a model 
substance and no pressure is applied. This method is less realistic but much faster. 
Another fast 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 more difficult to holdout. The performance is rated by the 
highest numbered solution which does not darken the sheet after 15 seconds. The 
method is useful for fluorochemical-treated papers, but it is not applicable to pure 
greaseproof papers.  
 
 

Water absorbency 

 
When a coating is applied to greaseproof paper from an aqueous dispersion or 
solution, it is important that the coating remains on the surface and is not absorbed 
into the paper. Baking papers based on greaseproof paper are generally coated with 
an aqueous silicone emulsion or a chromium stearate solution. In addition to the 
release properties, these chemicals also improve the barrier against water. This is of 
importance, especially when frozen dough is used in the baking.  
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Water absorption in paper has been described by a capillary transport mechanism 
(Lucas, 1918; Washburn, 1921). The integrated form of the Lucas-Washburn 
equation can be written: 
 

t
2
cosrh2

η
θγ=     [9] 

 
where h is the distance travelled, 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 sorption time. This means that sorption into a paper 
should be proportional to the square root of time if the capillary model is valid.  
 
The sorption of water in paper is, however, more complex due to the swelling of the 
fibres. Additional mechanisms for water transport in paper have been proposed by 
Nissan (1949) and these are: 
 

• Diffusion transport of vapour in the pores 
• Capillary transport of liquid in the pores 
• Surface diffusion in the pores 
• Liquid movement through the fibres 

 
Capillary penetration at zero pressure into uniform capillaries requires wetting 
(Leskelä and Simula, 1998). Wetting occurs when the contact angle of water to the 
paper is below 90°. In processes such as coating and printing, where liquid transfer 
occurs under a nip pressure, the liquid is forced to contact with a solid and wetting 
will always occur. At zero pressure, a wetting delay is observed for sized paper before 
the water begins to be absorbed (Bristow, 1967). The presence in the paper of resins 
and fatty acids leads to an increase in the wetting delay.  
 
Water absorption through the fibres causes swelling of the fibres and thus of the 
paper. The rate of water transport through the fibres may differ from that through 
the pores. A comparison between the liquid volume absorbed and the observed 
volume increase gives an indication of how large a quantity of the liquid is associated 
with sorption into the fibres and how large a quantity is sorbed into the pore system 
(Bristow, 1971).       
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Probably the most important mechanism for greaseproof paper is fibre sorption. This 
is due to the absence of large surface pores (Stolpe, 1996) and the high swelling 
potential of the highly beaten fibres.  
 
 

Barrier to gases 

 
The general transport mechanism for a gas through a barrier of polymeric material 
starts with sorption of the gas molecules to the surface and then dissolution in the 
polymer matrix. The next step is a diffusion step, a random walk through the polymer 
matrix from the side with the higher concentration or higher partial pressure of the 
gas. The diffusion of a dissolved permeant in a barrier polymer can be viewed as a 
series of jumps from one cavity to another within the polymer matrix. Finally, the gas 
molecules desorb from the other side of the barrier material.  
 
Non-polar hydrocarbon polymers such as polyethylene have excellent water vapour 
barrier properties (Robertson, 1993). There is often a contradiction between water 
vapour barrier and barrier to other gases. To obtain a good all-round barrier material, 
i.e. a gas barrier and a water vapour barrier, the polymer must have some general 
properties. A high glass transition temperature (Tg) gives low mobility of the 
segments, less voids in the polymer matrix and a more tortuous structure. Further, 
high chain stiffness and high chain packing ability will increase the crystallinity of the 
polymer and thus lower the permeability. Also, the bonding attraction between the 
chains restricts their mobility and thus decreases the permeability. The inertness to 
the permeant is important. Moisture absorbed by the polymer has a plasticizing effect 
and can lower the Tg of the polymer and thus increase the permeability (Robertson, 
1993).   
 
 

Water vapour transmission 

 
Many undesirable reactions such as autoxidation, vitamin degradation, enzymatic 
reactions and microbial reactions that reduce the shelf life of foods are controlled by 
the presence of moisture (Robertson, 1993). In addition, the texture and crispness of 
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some food products are affected by moisture. Therefore, a low water vapour 
transmission rate (WVTR) through a packaging material is desirable.    
 
Nilsson et al. (1993) studied the influence of the air permeance on the WVTR in open 
paper grades such as LWC-paper, liner, sack paper, cardboard, newsprint, filter paper 
and writing paper. It was concluded that the WVTR was controlled by gas diffusion 
through the pore system in these paper grades.  
 
Water vapour does not behave like other gases such as air, which are inert. The flow 
rate of a 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 
with different relative humidities on the two sides of the sample, the WVTR is found 
to be faster than expected with respect to the drop in relative humidity. This 
additional transfer is caused by surface diffusion. Water vapour is strongly adsorbed 
by the hydroxyl groups of cellulose.  
 
The WVTR of papers with low air permeances has been studied by Stolpe (1986). He 
suggests that the WVTR is governed not only by gas diffusion through the pore 
system as proposed by Nilsson et al. (1993) but also by another factor related to the 
pulp. This other factor might be the surface diffusion suggested by Corte (1958) to be 
the driving force for water vapour transmission through dense papers like 
greaseproof paper. 
 
Due to the dense structure of greaseproof paper, the WVTR is lower than in other 
papers with a more open structure. Despite this lower WVTR for greaseproof paper, 
it is not low enough for use as a packaging material to protect from water vapour. To 
obtain a barrier on paper-based packaging materials, different types of latex can be 
applied by dispersion coating (Kimpimäki, 1998). Barrier dispersion coatings are 
applied as an aqueous dispersion of fine polymer particles on the surface of the paper 
to form a solid film after drying. Typical values for the coat weight are 4-15 g/m² 
depending on the product application. However, a minimum coat weight of 3-5 g/m² 
is necessary to achieve a satisfactory barrier against water vapour (Andersson and 
Järnström, 2002).  
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Oxygen permeability 

 
Low oxygen permeability is one of the main requirements for a food packaging 
material (Paine and Paine, 1992). If the oxygen permeability of the packaging material 
is too high, this can lead to the development of oxidative reactions where proteins 
and lipids degrade and lead to spoilage of the food (Robertson, 1993). In addition, 
microorganisms present in the food can start to grow at certain oxygen contents. 
Greaseproof paper itself is a poor oxygen barrier because of the pores in the paper, 
even though the pores are relatively few and small compared to those in other paper 
grades. To obtain an oxygen barrier with greaseproof paper some additional coating is 
needed to create a dense and impermeable barrier layer. Extrusion coatings on 
greaseproof paper with polyethylene have given low oxygen transmission rates 
(Kuusipalo et al., 1994; Furuheim et al., 2003). Low oxygen transmission rates have 
also been achieved with aqueous polymer dispersions, styrene-acrylate and styrene-
butadiene latex (Vähä-Nissi et al., 1999). 
 
Commonly used synthetic oxygen barrier materials for food packaging application are 
ethylene-vinyl alcohol copolymers (EVOH), polyesters, polyamides and aluminium 
(Gällstedt, 2004). A selection of synthetic oxygen barrier materials and their oxygen 
transmission rates are listed in Table 1. 
  
Table 1. Oxygen transmission rates (OTR) of 50 µm film at 23 °C (cm3/m² 24 h bar) of various 
polymers (Savolainen et al., 1998). 

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

 
The crystallinity of the barrier material is important because the crystallites are usually 
impermeable and increase the tortuosity (Hedenqvist and Gedde, 1996). Besides 
crystallinity, the polarity of the barrier material is also important for the oxygen 
barrier. An increase in the polarity of the material leads to a lower oxygen 
permeability (Robertson, 1993). Many renewable materials, such as proteins, 
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polysaccharides and waxes, have a potential as packaging materials because of their 
oxygen barrier properties, which are due to their strong hydrogen bonds and 
crystalline structure. Chitosan has been used in this study to achieve an oxygen barrier 
on greaseproof paper because of its high content of hydrogen bonds and high 
crystallinity (Laleg and Pikulik, 1991). 
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Material Properties 

 
Greaseproof paper can be produced from both sulphite and sulphate pulp. There are 
structural differences between these 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 properties 
which affect the paper production conditions as well as the barrier properties of the 
final paper are reviewed in this chapter.  
 
 

Fibre structure  

 
Fibres with high a hemicellulose content such as fibres from sulphite pulps have a 
porous surface structure, whereas sulphate pulp fibres have a lower hemicellulose 
content and a more compact surface structure (Duchesne et al., 2001). A high content 
of hemicellulose may decrease the beating resistance of the pulp (Giertz, 1958; 
Rydholm, 1965; Wågberg and Annergren, 1997). In addition, there is a difference in 
the lignin structure between sulphite pulp and sulphate pulp. The presence of lignin 
increases the beating energy required and sulphate pulp lignin increases the beating 
energy more than sulphite pulp lignin (Goring, 1971; Page, 1989). These differences 
in the fibre structure probably affect both the paper production conditions and the 
final paper properties.  
 
Another factor which affects the production conditions is the crystallinity in the 
fibres. In sulphite pulp, the degree of polymerisation of the hemicellulose is about 
half that of sulphate pulp (Annergren et al., 1963). 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 beating rate. More energy is absorbed by pulps containing amorphous regions. 
Thus, sulphate pulp beats more slowly than sulphite pulp (Page, 1983). Therefore, the 
difference in crystallinity between unbeaten sulphite pulp and sulphate pulp is one of 
the factors which can explain the different beating rates of the two pulps. 
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Swelling 

 
Stone & Scallan (1965) postulated 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). Also, it has been shown by Stone et al. (1968) that 
the walls of sulphite fibres continue to swell throughout the beating process. Sulphate 
fibres on the other hand swell only at the beginning of the beating process.  
 
The effect of beating on the primary wall has been investigated and it was found that 
the primary wall was removed more quickly in sulphite pulp than in sulphate pulp 
(Giertz, 1958). 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.  
 
Furthermore, charges on the fibres and the fines are very 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 changed by 
different process steps during the preparation of the fibres. Most of the charges in the 
wood emanate from the hemicelluloses in the wood (Wågberg and Annergren, 1997). 
During beating, both the drainage resistance (SR) and the water retention value 
(WRV) increased with increasing total charge of the pulp fibre. In other words, the 
swelling increased with the charge of the pulp, but the increase in WRV with 
increasing charge is probably due to a difference in hornification between the pulps 
(Laine and Stenius, 1997).  
 
Hornification of the fibres occurs during drying and is believed to affect the fibre 
properties which are of importance during beating. 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 is suggested that the stiffening of the fibres is due 
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to an increase in crystallinity as a result of a 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 permeability 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. This total amount of water in the pores is termed the fibre 
saturation point (FSP). Stone et al., (1968) have shown that dried and rewetted pulp 
has a much lower FSP than never-dried pulp. Thus, the porous structure of the wall is 
much more compact after drying and rewetting.  This is supported by measurements 
performed with cyclohexane thermoporosimetry, a technique suitable for measuring 
internal fibrillation (Wang et al., 2002; Maloney and Paulapuro 1999). Dried and then 
beaten softwood pulp contained less non-freezing cyclohexane than the never-dried 
unbeaten softwood pulp. The results from these experiments showed that, even 
though the pore volume in fibres of previously dried pulp can be recovered by 
beating, some closed pores are not reopened by beating. This is an indication of the 
fact that all the pores in the dried pulp are not reopened. Thus, this means that 
beating does not completely reverse hornification. 
 
 

Chitosan 

 
Chitosan has been used in this study because it is a renewable polymer which exhibits 
excellent oxygen-barrier properties. 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. Chitosan has a cationic character while cellulose 
has an anionic character. This means that there is an attraction between the chitosan 
and the cellulose and thus a good adhesion, which is a prerequisite for good barrier 
properties. Studies on films of chitosan have shown that a good barrier against 
oxygen (Gällstedt et al., 2001) and grease can be achieved (Kittur et al., 1998). 
Moreover, it exhibits antibacterial and fungicidal properties (Luyen and Rossbach, 
1992; Shahidi, et al., 1999; Outtara, et al., 2000). One disadvantage of a chitosan 
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coating is its lack of resistance to water and water vapour. However, the barrier 
properties of chitosan films against water can be improved by treatment with a buffer 
solution (Gällstedt and Hedenqvist, 2004). Chitosan has a promising potential as a 
packaging material, but many questions and problems still have to be solved before it 
can be commercially used as a replacement for synthetic polymers in paper coating. 
 
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, it is bleached in a 
solution of KMnO4 or oxalic acid. Chitin is insoluble in water, organic acids, dilute 
acids and alkali. By derivation to chitosan, which is soluble at pH<6.2 (Chenite et al., 
2001), it can be dissolved for use as a water-based coating. Chitin is transformed to 
chitosan by deacetylation of the chitin molecules. The mechanism of the 
deacetylation is hydrolysation of the acetamido groups (-NHCOCH3), which are 
transformed to amino groups (-NH2). 
 
 

 
Figure 1. Chemical structure of chitosan. 
 
Several studies on the use of chitosan in combination with cellulose have been 
reported. Chitosan in combination with cellulose has been laminated to a 
polycaprolactone film and this has been found to be suitable as a biodegradable 
packaging material for fresh foodstuffs (Makino and Hirata, 1997). A study on 
composite films from a mixture of chitosan and cellulose showed that good oxygen 
barrier was obtained (Hosokawa et al., 1990). Chitosan has also been tested as wet-
end additive in paper and paper board and the mechanical properties were reported 
to be improved (Laleg and Pikulik, 1991; Mucha and Miskiewicz, 2000). The retention 
of fines has been improved by the addition of chitosan to a pulp suspension (Li et al., 
2004). Surface treatment on printing paper with a 1 % chitosan solution in acetic acid 
has been found to improve the strength properties (Lower, 1984). Chitosan has been 
used as a coating on copy paper and an oxygen permeability of 1.1 cm3 /m² d was 
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obtained at a coat weight of 6.9 g/m² using a bench-scale rod coater when five layers 
of chitosan were applied (Vartiainen et al., 2004). 
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Production of Greaseproof Paper 

 
Beating of the pulp is the most important step in the production of greaseproof paper 
to achieve its natural barrier properties. The highly beaten pulp affects the process 
steps such as dewatering, pressing and drying. Some important process parameters 
are reviewed in this chapter.  
 
 

Beating 

 
Beating influences fibre properties in two different ways: by internal and by external 
fibrillation (Giertz, 1980). Internal fibrillation makes the fibres flexible and their 
bonding surface increases (Lumiainen, 2000), and this results in a dense and fairly 
transparent paper. External fibrillation results in the formation of fines.  
 
Normally, conical refiners are used in the production of greaseproof papers. The 
fibres are beaten in several stages. Six beating stages were used in this study (Paper I). 
When more than one type of fibre is used they can be beaten either in separate or in 
mixed beating systems. As an example, the mixed pulp with sulphite and sulphate 
fibres used in this study was separately beaten in one stage before the machine chest 
and mixed beaten in four stages after the machine chest before entering the head-box 
of the paper machine. 
 
The beating energy demand in greaseproof paper production is high, about five times 
higher than for copy paper (Fellers and Norman, 1991). For the different pulps used 
in this study the beating energy was in the range of 200 to 430 kWh/tonne. As a 
measure of the effect of the beating the drainage resistance measured as Schopper 
Riegler (SR) is commonly used. The unbeaten pulps in this study had a value of 14 SR 
and the beaten pulps were in the range of 52 to 82 SR.         
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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 
2.  
 

 
 
 
Figure 2. Greaseproof paper machine (redrawn from Stolpe, 1996), total length of machine 75 m 
and wire section length 15 m.   
 
Due to the high degree of beating of the pulp, the drainage on the wire is slow. As a 
consequence, the solids content before the press section is fairly low, typically 15% 
for greaseproof paper (Stolpe, 1996) compared to 20% for other paper grades (Fellers 
and Norman, 1991). The press section in a typical greaseproof machine (Figure 2) has 
three roll nips. Because of the low solids content before the press section, the solids 
content of greaseproof paper after the press section is also low. As a comparison, 
greaseproof normally has a solids content of 25% after the press section (Stolpe, 
1996) whereas other grades typically have 40% (Fellers and Norman, 1991).    
 
Cylinder dryers are normally used in greaseproof paper machines. After the coating 
unit, which is normally a size press, infra-red dryers can be used. Due to the high 
moisture content of the paper web before the dryer section, this is very long and the 
machines are usually run at low speeds, typically 250 m/min. (Stolpe, 1996).  
 
The drying energy is perhaps even more important than the beating energy in the 
production of greaseproof paper because of the high moisture content of the paper 
web before the dryer section. In this study, the drying energy was calculated to be 
approximately 1900 to 2500 kWh/tonne, whereas the beating energy was in the range 
of 200 to 430 kWh/tonne.  
 
 

15% 
solids 

25% 
solids

size 
press

size 
press 
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Coating 

 
Greaseproof paper is generally coated with starch, carboxymethyl cellulose (CMC), 
polyvinylalcohol (PVOH), fluorochemicals or sodium alginate to improve the barrier 
properties. A commonly used coating method is the size press. Factors that 
determine the size press pick-up have been studied using starch as a size press 
solution (Dill, 1974; Hoyland, 1977). The most important factors are: 
 

• The level of internal sizing 
• The viscosity of the size press solution 
• The porosity of the base sheet 
• Machine speed 

 
The mechanism that governs the pick-up at the size press is described by an equation 
containing three terms: an immobilisation term; an absorption term; and a 
hydrodynamic term (Hoyland, 1977). The first term accounts for the sizing solution 
immobilised on the surface due to surface roughness. In this term, only the diffusion 
of the water from the sizing solution into the paper is considered. The absorption 
term determines the quantity of liquid picked up by the paper. This term is derived 
from the Lucas-Washburn equation and accounts for the capillary absorption of the 
sizing solution into the paper. Both these two terms are found to depend on the 
degree of beating of the pulp in the base paper. The hydrodynamic term is a measure 
of the quantity of sizing solution which is metered onto the surface of the sheet at the 
exit side of the nip.  
 
Another coating technique similar to the size press is the Metering Sized Press (MSP), 
which consists of two rolls (transfer rolls) in contact with each other on which a pre-
metered amount of the coating is dosed, usually with a smooth or wire-wound rod. 
The coating 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 is one of the most 
frequently used processes to apply an aqueous coating to a paper substrate (Klass, 
2002). A variant of the MSP is the TWIN-HSM gravure technique, where the 
solution is applied onto the transfer roll with the help of an engraved roll. Using this 
technique, coating with starch solutions at 5-18% solids a dry coat weight of 0.7-4.0 
g/m² can be obtained (Klass, 2002). To achieve a satisfactory barrier against water 
vapour with a barrier dispersion coating, a minimum coat weight of 3-5 g/m² is 
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necessary (Andersson and Järnström, 2002). For coatings with renewable polymers 
such as chitosan a different coating technique may be necessary. A higher coat weight 
can be obtained using curtain coating (Schweizer, 2002). 
 
The development of curtain coating started in the 1950’s. Thereafter the method was 
used for the production of photographic film and photographic printing paper. In the 
1980’s curtain coating was used 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 and thermal paper (Schlichtling, 
2004).    
 
In curtain coating, a uniform liquid film is applied to the paper. The coat weight 
applied depends on the web speed, the adjustable curtain flow and the solids content 
of the coating colour used. The coat weight is not influenced by thickness variations 
in the base paper. As a result, more uniform coat weight profiles are achieved in both 
the cross direction and machine direction and a good coverage is obtained 
(Schlichtling, 2004).   
 
 

Calendering 

 
Greaseproof paper is calendered in-line using a machine stack to achieve the smooth 
surface which is important especially for paper used for lamination with aluminium 
foil. A smooth surface is also important for greaseproof paper when it is to be used 
for graphical purposes. In the past, calendering was used to replace part of the 
beating needed to achieve the greaseproofness (Vähä-Nissi, 1998). However, not all 
end use areas for greaseproof paper need a calendered paper. 
 
Glassine paper is produced when greaseproof paper is further calendered off-line 
using a supercalender. The paper has a high density, low opacity and a glossy surface. 
Supercalendering is also used for release papers. Good silicone holdout is achieved by 
high density and smoothness (Ehrola et al., 1999).  
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Experimental and Methods used in the Papers 

 
 

Production of greaseproof paper 

 
Six papers with different fibre furnish compositions and different degrees of beating 
were produced on PM3 at Nordic Paper Seffle AB, Säffle, Sweden. The pulps used 
were bleached wet sulphite pulp, produced on site, and bleached dry sulphate pulp 
“Robur Flash TCF” from, Rottneros AB, Vallvik, Sweden. Usually the papers 
produced on PM3 are coated with CMC using a size press and calendered. During the 
trial, the size press was operated with water and the papers produced were not 
calendered. The target value of the grammage was 45 g/m² and the target value of the 
machine speed was 190 m/min. About 10 000 m of each paper was produced. 
During the trial, the degree of beating (Schopper-Riegler, SR) of the furnishes was 
measured (ISO 5267-1:1999), and the beating energy and the pressure of the steam 
for the drying cylinders were also recorded for each trial.  
 
Table 2. Plan for the trial production of paper. 

Trial no Pulp composition Beating 
1-1 100 % sulphite Low 
1-2 100 % sulphite High 
2-1 50 % sulphite, 50 % sulphate Low 
2-2 50 % sulphite, 50 % sulphate High 
3-1 100 % sulphate Low 
3-2 100 % sulphate High 

 
The papers from the full-scale trial were used as substrate for the coating with 
chitosan.  
 
 

Bench-scale coating 

 
Bench-scale coating of the papers was carried out using a rod coater for sheets, K101 
Control Coater, RK Print Coat Instruments Ltd, Roystone, UK. The coat weight was 



EXPERIMENTAL AND METHODS 
 

 25

varied by varying the diameter of the wire on the rod. The coated sheets were dried 
under ambient conditions. 
 
 

Pilot-scale coating 

 
The pilot-coated material was produced at BTG-UMV Coating Systems, Säffle, 
Sweden. The technique used was TWIN-HSM gravure. In this technique, the 
chitosan solution was applied onto the transfer roll with the help of an engraved roll. 
The specifications of the engraved roll used were 43 lines/cm and 39.5 cm3/m². The 
machine speed was 200 m/min and the speed of the gravure roll was 190 m/min. 
The dryer section of the pilot coater consisted of one infra-red dryer and three air-
dryers. 
 
 

Calendering 

 
In the study of the impact of calendering on the barrier properties, the uncoated 
papers produced were calendered using a sheet-feed soft-nip laboratory calendar 
from Gradek Oy, Turku, Finland. The calendering was carried out under two 
different line loads, 100 and 200 kN/m, at ambient temperature. The web width was 
30 cm and the speed 34 m/min. 
 
 

Test methods 

 
 

Grease resistance  

 
Grease resistance was measured according to Tappi T-454. In this test, turpentine oil 
is applied on a pile of sand on top of a paper sample. The penetration time for the 
turpentine through the paper oil is measured.  
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Air permeance 

 
Air permeance was measured according to SCAN-P 26:78 in the range of 0 - 65 
nm/Pa s. The measuring pressure was 20 kPa for the range 0 - 2 nm/Pa s and 2 kPa 
for the range 2 - 65 nm/Pa s. Air permeance values exceeding this range were 
measured according to SCAN-P 60:87.  
 
 

Water Vapour Transmission Rate 

 
The water vapour transmission rate (WVTR) was measured according to SCAN-P 
22:68. Silica gel was used as desiccant and the test climate was 23 °C and 50% RH.  
 
 

Water absorption 

 
Water absorption (Cobb) during 60 seconds was determined according to ISO 535. 
The Cobb value is defined as the amount of water in g/m² that is absorbed over the 
test area under a water pressure of 10 mm during a specified time.  
 
 

Oxygen permeability 

 
The oxygen permeability tests were performed with a Mocon Ox-Tran Twin 
apparatus, Minneapolis, USA, in accordance with ASTM D 3985-95 and the test 
conditions were 23 °C and 0% relative humidity. 
 
 

Grammage 

 
The grammage of the papers was measured according to ISO 536:1995. 
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Thickness 

 
Thickness was measured using an STFI-thickness tester.   
 
 

Porosity 

 
The porosity or void volume fraction of the paper was calculated from measured data 
of the thickness, Z , grammage, w , of the paper, and the density of cellulose, ρcell, of 
1550 kg/m3 (Lindsay and Brady, 1993) using the expression: 
 









−=
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w1
ρ

ε     [10] 

 

 Tear strength 

 
The tear strength of the papers was measured according to ISO 1974:1990. 
 
 

Tensile strength 

 
The tensile strength of the papers was measured according to ISO 1924-2:1994. 
 

Roughness 

 
The Bendtsen roughness of the papers was measured according to SCAN-P 21:67. 
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Atomic force microscopy 

 
The surface texture of the coated paper was studied using atomic force microscopy 
(AFM) in the phase imaging mode. The instrument used was a MultiModeTM 
Scanning Probe Microscope from Digital Instruments Inc., Santa Barbara, CA. The 
measuring signal was evaluated using Nanoscope III software. 
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Summary of the papers 

 

Paper I: The relationship between energy requirement and barrier properties 
in the production of greaseproof paper by Henrik Kjellgren and Gunnar 
Engström 

  
In this study, the energy requirement for the production of greaseproof paper was 
surveyed in a full-scale trial with furnishes based on 100% sulphite pulp and 50/50 
sulphite/sulphate pulp. Each type of pulp was refined to two Schopper-Riegler levels. 
The papers produced were calendered at two line-loads using a soft-nip laboratory 
calender and tested with respect to air permeance, water vapour transmission rate, 
grease resistance, tear strength and tensile strength. During the trial, the freeness 
(Schopper-Riegler, SR) of the furnish was measured and the beating energy and the 
pressure of the steam for the drying cylinders were recorded. Data for freeness (SR) 
of the furnishes and the air permeance of the final sheets are presented in Table 3. 
   
Table 3. Freeness for the furnishes and air permeance for the final sheets. 

Furnish Initial freeness Freeness Air permeance 

 SR SR nm/Pa s 

100% sulphite 14 52 3.1 
100% sulphite 14 67 1.5 
50/50 sulphite/sulphate 14 63 49.3 
50/50 sulphite/sulphate 14 82 1.2 

 
The least energy-demanding (beating + drying) furnish was 100% sulphite pulp of 
low freeness (Figure 3). The paper produced with this furnish exhibited roughly the 
same water vapour transmission rate and grease resistance as the paper based on the 
same furnish of high freeness. The papers based on a 50/50 sulphite/sulphate furnish 
exhibited poorer barrier properties.  
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Figure 3. Air permeance as a function of total energy. 
 
The air permeance of greaseproof paper is normally controlled not only by beating 
the pulp but also by surface coating with e.g. starch or CMC. A question which was 
raised was: Which process is the most energy-efficient to achieve a given air 
permeance value, beating or surface coating? Calculations led to the conclusion that 
the energy needed to dry a coating layer was one third of the energy consumed by the 
higher beating for uncoated greaseproof paper to achieve a given air permeance 
value. Surface coating may thus be economically favourable to improve the barrier 
properties.  
 
No general relationship was found between the air permeance and the void volume 
fraction. Instead, three relationships appeared depending on how the volume fraction 
was varied; by varying the furnish composition, by varying the beating or by varying 
the calendering. The sheets made of 100% sulphite pulp exhibited the lowest value of 
d (pore diameter). The beating had the strongest influence on d for these sheets based 
on 100% sulphite pulp. The calendering had only a marginal affect on d. 
 
The main conclusion from this study was that sulphite pulp required the least total 
energy to achieve a given air permeance value.  
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Paper II: Barrier and surface properties of chitosan-coated greaseproof paper 
by Henrik, Kjellgren, Mikael Gällstedt, Gunnar Engström and Lars Järnström 

 
The greaseproof papers from the full-scale trial with different air permeances (Table 
4) were coated with chitosan, both on a bench-scale and on a pilot-scale to study the 
conditions necessary to obtain a packaging material with good oxygen barrier and 
high grease resistance. Chitosan is a renewable polymer which exhibits good oxygen 
barrier properties, good barrier against grease, antibacterial and fungicidal properties.  
 
Table 4. Composition of base papers used for coating trials. 

Paper no Pulp composition Beating Air permeance 
(nm/Pa s) 

1 100 % sulphite High 1.5 
2 100 % sulphite Low 3.1 
3 100 % sulphate High 200 
4 100 % sulphate Low 660 

 
The air permeance at the different coat weights is shown in Table 5 for the four base 
papers coated on a bench-scale. At the lowest measurable value of air permeance 
(0.001 nm/Pa s), the pores in the base papers were sealed and a continuous chitosan 
film was beginning to develop. It is evident in Table 5 that this occurred at different 
coat weights for the different base papers. 
  
Table 5. Air permeance of the papers at different coat weights. 

 Paper no 
 1 2 3 4 

Coat weight Air permeance 
g/m² nm/Pa s 

0 1.5 3.1 200 660 
1.2 0.20 0.70 32 260 
1.4 0.039 0.081 11 36 
1.9 0.050 0.20 1.4 26 
2.4 <0.001 <0.001 1.7 24 
3.9 <0.001 <0.001 0.15 1.022 
5.2 <0.001 <0.001 <0.001 <0.001 

 
When the chitosan coating had formed a continuous film, it was evident that the 
coating layer controlled the barrier properties of the composite. At a coat weight of 
2.4 g/m², only the two base papers with the lowest AP-values yielded measurably low 
OP-values. 
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Figure 4. Oxygen permeability (23 °C, 0% relative humidity) at two different coat weights, 2.4 g/m² 
(□) and 5.2 g/m² (■), as a function of the air permeance of the base paper. Error bars denote 
standard deviations. 
 
The grease resistance improved when the coat weight was increased, and the air 
permeance decreased. At air permeance values lower than 0.1 (nm/Pa s), all the 
papers exhibited the same high grease resistance value. The base paper affects the 
grease resistance only up to the coat weight at which the air permeance of the 
material is below the measurable range.  
 
The most important conclusion from this study was that greaseproof paper can be 
upgraded to give a superior oxygen barrier with a chitosan coating provided the coat 
weight exceeds 5 g/m². However, that coat weight could be achieved only on papers 
coated on a bench-scale. On a pilot-scale, the maximum coat weight was 0.1 g/m². 
The coating on a pilot-scale was performed using the metered size press technique. 
To increase the coat weight, the solids content of the solution must be increased 
considerably. A coating technique which yields higher coat weights may also be 
necessary.  
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Paper III: Influence of base paper on the barrier properties of chitosan coated 
papers by Henrik Kjellgren, Gunnar Engström and Mikael Gällstedt. 

 
Three different greaseproof papers with different porosities and a paper with a very 
open structure and a considerably higher porosity were used as base papers for 
chitosan coatings. The pulp composition, porosity and contact angle for water after 
one second of these base papers are given in Table 6. The papers were coated on a 
bench-scale using a rod coater for sheets. The barrier properties investigated were 
oxygen transmission rate (OTR), grease resistance and water vapour transmission rate 
(WVTR). The objective of the study was to investigate the influence of the base paper 
on these barrier properties.  
 
Table 6. Composition of base papers used for coating trials. 

 Paper Porosity Contact angle 
A 50/50 sulphite/sulphate 0.4 93.2° 
B 50/50 sulphite/sulphate 0.46 80.9° 
C 100 % sulphate 0.47 75.0° 
D 100 % sulphate 0.61 25.0° 

 
Different mechanisms determine the coating penetration, depending on the porosity 
of the base paper. When diffusion is the dominating mechanism, only the water in the 
chitosan solution diffuses into the paper and the chitosan remains on the surface. For 
paper D, which has the lowest contact angle and the highest porosity, the capillary 
penetration is the dominating mechanism. This is supported by measurement of sheet 
absorption rates of the base papers where the time for a 4 µl drop to penetrate the 
sheet was recorded. In the case of papers A, B and C the drop remained on the paper 
after 20 seconds, whereas on paper D the drop disappeared after approximately 1.5 
seconds. It is evident that the chitosan solution will penetrate paper D more than the 
other paper because of the lowest contact angle θ (Table 6) according to the Lucas-
Washburn equation: 
 

h4
cosr

dt
dh

η
θγ=        [11] 

 
where h is the distance travelled, r is the capillary radius, γ is the surface tension, θ is 
the contact angle between the liquid and the capillary wall and η is the fluid viscosity. 
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In Figure 5, the oxygen transmission rate (OTR) for the two coat weights is plotted 
against the porosity of the base papers. There is a correlation between the porosity of 
the base paper and the OTR for the coated sheets.  Lower values of the oxygen 
transmission rate are achieved at higher coat weights.  
 
For a pure chitosan film, an OTR value of 1.2 ml/m² d atm has been obtained. The 
thickness of the film was 40 µm. Estimated from the grammage of the base papers 
and the chitosan coat weight, the theoretical thickness of the highest coat weight layer 
should be approximately 4 µm or a tenth of the thickness of the total thickness of the 
pure film, provided all the coating remains on the surface of the paper. If the OTR of 
the pure film is increased ten times, the theoretical OTR value of 6.0 g/m² would be 
12 ml/m² d atm for a perfect coating. Paper A yielded a lower value than 12 ml/m² d 
atm, whereas the other papers yielded a higher value. This means that only if a very 
dense base paper is used is there a positive contribution from the paper to the oxygen 
barrier.  
 

1

10

100

1000

10000

0.38 0.40 0.42 0.44 0.46 0.48

Porosity

O
TR

 (m
l/m

² 2
4h

 a
tm

)

A, 3.4 g/m²

A, 6.0 g/m²
B, 3.4 g/m²

B, 6.0 g/m²
C, 6.0 g/m²

 
Figure 5. Oxygen transmission rate as a function of porosity of the base papers. 
 
The main conclusion from this study is that base papers with a low porosity and 
dense surface are required to obtain satisfactory barrier properties such as oxygen 
barrier and grease resistance. The water vapour transmission rate is not improved by 
a chitosan coating when the pores in the base paper are closed, due to the hydrophilic 
character of the chitosan layer.    
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Conclusions 

 
The most important findings of this work may be summarised as follows: 
 
The papers made of 100% sulphite pulp in the mill trial required the least beating 
energy to reach a given air permeance value.  
 
Furnish composition and beating, on the one hand, and calendering, on the other 
hand, affected the air permeance in different ways. The former affected both the pore 
volume fraction and the pore dimensions whereas the latter mainly affected the pore 
volume fraction. 
 
At a given air permeance value, both the water vapour transmission rate (WVTR) and 
the grease resistance were slightly better for the 100% sulphite than for the 50/50 
sulphite/sulphate furnish. 
 
Calendering had an obvious positive effect on the WVTR and on the grease 
resistance, but it had no effect on the strength properties.  
 
Greaseproof coated with chitosan at coat weights exceeding 5 g/m² gives a superior 
oxygen barrier. To obtain that coat weight, the solid content of the chitosan solution 
has to be increased considerably.  
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ABSTRACT 

The energy requirement for production of greaseproof paper was surveyed in a full-scale 
trial with furnishes based on a 100% sulfite pulp and 50/50 sulfite/sulfate pulps refined to 
two freeness levels. The papers produced were then calendered at two line-loads using a 
soft-nip laboratory calender and tested with respect to air permeability, water vapor 
transmission rate, grease resistance, tear strength and tensile strength. The least energy-
demanding (beating + drying) process was observed in the production of the paper based 
on 100% sulfite pulp of low freeness. This paper exhibited approximately the same water 
vapor transmission rate and grease resistance as the paper based on the same furnish but 
high freeness. The papers based on a 50/50 sulfite/sulfate furnish exhibited poorer barrier 
properties. The mechanical properties of all the papers produced were in agreement with 
the specifications for standard greaseproof paper. Beating was found to be an energy 
demanding way of improving the barrier properties and results showed that the same or 
better barrier properties can be achieved with calendering or surface coating with lower 
energy input. It was also found that the furnish composition and beating, and calendering 
affected air permeability in different ways. The former affected both the pore volume 
fraction and the pore dimensions, while the latter mainly affected the pore volume 
fraction.  

APPLICATION STATEMENT 

Shows both product- and process-specific relationships between energy requirement and 
barrier properties in the production of greaseproof paper. 

INTRODUCTION 

Traditionally, greaseproof paper was used for wrapping butter and other fatty foodstuffs. 
Today, these end-use areas have been extended to include new ones, among which the 
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most important are baking paper and baking cups. Other end-use areas are pet-food bags, 
pan liners, release papers for technical lamination, graphic papers and papers for textile 
cores. A common feature in all these end-use areas is that they require paper with 
superior barrier properties.  
 
To meet this demand, greaseproof paper is produced from highly beaten pulp which gives 
a dense paper with extremely fine pores [1]. To further improve barrier properties, 
greaseproof paper is generally coated with film formers, such as, carboxymethyl cellulose 
(CMC), starch, and polyvinyl alcohol (PVOH) in conjunction with fluorochemicals or 
sodium alginate, using a size press. 
 
In the past, calendering was used instead of the beating to achieve the necessary barrier 
properties [2]. Today, calendering is used mainly for release paper grades where there is a 
strong demand for silicone hold-out. For such grades, smoothness is also an important 
property, therefore to meet the demands for hold-out and smoothness, greaseproof papers 
are calendered [3]. 
 
Beating is an energy-demanding process. It leads to a high Water Retention Value 
(WRV) of the furnish which in turn leads to a high moisture content after the press 
section. Since the energy requirement for drying is proportional to the difference between 
the moisture content of the final paper and that after the press section, increased beating 
also increases the high energy requirement for drying. Increased beating can also reduce 
the production capacity of the paper machine, if the machine speed is limited by drying 
capacity.   
 
Greaseproof paper can be produced from either sulfite pulp or sulfate pulp. The energy 
required to beat these pulps to a given freeness level differs, sulfite pulp being the least 
energy-demanding [1, 4, 5]. Another difference between these pulps is the degree of fiber 
swelling, which is higher for sulfite pulp [6]. High fiber swelling leads to a high WRV-
value [7], and therefore to high energy requirement during drying, but the high fiber 
swelling improves the conformability of sulfite fibers leading to a dense sheet [8].  
 
The high energy requirement in the production of greaseproof paper is costly and the 
choice of pulp for this use is not quite well documented. There is a lack of information 
about this energy requirement in the literature. Such knowledge would be valuable, not 
only for the energy- and cost-optimization of the production, but also to show the most 
economical way to achieve given barrier properties in the sheet. Studies on the 
relationship between energy requirement and barrier properties are therefore motivated.  
 
To study the relationship between energy consumption and production of greaseproof 
papers, we performed an industrial trial on PM3 at Nordic Paper Seffle AB, Säffle, 
Sweden, in which paper was produced from two furnishes: (1) 100% sulfite and (2) 50/50 
sulfite/sulfate, each beaten to two freeness levels, and then calendered. The objective of 
the trial was to generate knowledge of the influence of furnish composition, beating and 
calendering on: (1) the energy requirement for beating and drying, and (2) the pore 
structure and barrier properties of the final sheets.  



 

 3

 
The results showed that, for a given water vapor transmission rate and grease barrier, 
100% sulfite pulp was the least energy-demanding furnish and the sheets studied had 
dense surface layers.  

EXPERIMENTAL 

Mill trial 

Four papers with different softwood fiber furnishes and variable freeness levels were 
produced on PM3 at Nordic Paper Seffle AB, Säffle, Sweden. The pulps used were a 
bleached wet sulfite pulp produced on site, and a bleached dry sulfate pulp “Robur Flash 
TCF” from Rottneros AB, Vallvik, Sweden. Papers produced on PM3 are usually coated 
with CMC, using a size press, and calendered. During the trial, the size press was 
operated with water and the papers were uncalendered. The target grammage value was 
45 g/m² and the machine speed was 190 m/min. About 10 000 m of each paper was 
produced. During the trial, we measured freeness (Schopper-Riegler, SR) of the furnish, 
(ISO 5267-1:1999) and recorded the beating energy and pressure of steam for the drying 
cylinders.  
  
Calendering 
 
The papers produced were calendered offline using a sheet-feed soft-nip laboratory 
calender from Gradek Oy, Turku, Finland. The calendering was performed at two 
different line loads, 100 and 200 kN/m, at ambient temperature. The web width was 30 
cm and the calendering speed was 34 m/min. 
 
Testing 
 
We tested the barrier properties of the papers produced for paper thickness (ISO 
534:1988), air permeability (SCAN-P 26:78), water vapor transmission rate (SCAN-P 
22:68), and grease resistance (TAPPI T-454). Conditions for the water vapor 
permeability test were 23°C and 50% RH. The mechanical properties of the papers were 
tested with respect to tear strength (ISO 1974:1990) and tensile strength (ISO 1924-
2:1994).  
 

RESULTS AND DISCUSSION 

Data for freeness (SR) of the furnishes and the air permeability of the final sheets are 
presented in Table 1. 
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Table 1.  Freeness for the furnishes and air permeability of the final sheets. 
 

Furnish Initial 
freeness Freeness Air permeability, 

 SR SR nm/Pa s 

100% sulfite 14 52 3.1 
100% sulfite 14 67 1.5 
50/50 sulfite/sulfate 14 63 49.3 
50/50 sulfite/sulfate 14 82 1.2 

 
Beating 
 
Sulfite pulp is known to be easy to beat and demands less energy to reach a given SR-
value than sulfate pulp [1, 4]. It is evident from Table 2 that the 50/50 sulfite/sulfate 
needed approximately 50% more energy than the 100% sulfite to achieve a given SR-
value.  
 
Table 2.  Freeness SR, beating energy, drying energy and total energy for the 

furnishes. 
 

Furnish Freeness Energy, kW·h/metric ton 

 SR Beating Drying Total 

100% sulfite 52 208 1991 2199 
100% sulfite 67 252 2440 2691 
50/50 sulfite/sulfate 63 338 1933 2270 
50/50 sulfite/sulfate 82 433 2136 2570 

 
During production of greaseproof paper, beating is not controlled to a given SR-value. 
Instead it is controlled to meet a certain air permeability value, since air permeability is 
used as a measure of barrier properties of the final sheet. A relevant basis for evaluation 
of the energy requirements during beating of different furnishes is therefore a targeted air 
permeability value. 
 
In Figure 1, the air permeability is plotted against the beating energy. The permeability 
intervals for 100% sulfite pulp and 50/50 sulfite/sulfate pulp overlap, which makes it 
possible to directly compare the beating energy requirements for these two furnishes. The 
energy requirement was approximately 250 kW·h/metric ton for the 100% sulfite pulp 
and 430 kW·h/metric ton for the 50/50 sulfite/sulfate pulp at an air permeability of 
approximately 1 nm/Pa s.  
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Figure 1.  Air permeability as a function of beating energy. 
   
Drying 
 
Target moisture content was 6.5%, controlled by the steam pressure in the drying 
cylinders, which was recorded. Knowing the steam pressure, the steam condensation 
temperature was first estimated from a table of steam pressure versus temperature [9]. 
From the steam condensation temperature, the drying rate was then estimated with the 
help of the Tappi Drying Rate Curves [10]. The amount of water evaporated in the drying 
section was then calculated from the drying rate, the machine speed, the web length in the 
drying section, the water applied in the size press (12 g/m²) and the final moisture content 
of the paper. Finally, the moisture content after the press section and the drying energy 
requirement were calculated, assuming 100% energy yield with respect to the 
evaporation. The steam pressure, steam condensation temperature, estimated drying rate 
and calculated solids content after the press section are given in Table 3.  
 
Table 3.  Steam pressure, steam condensation temperature, estimated drying rate  

and solids content after the press section for papers in the trial. 
 

Furnish 
Average 

steam 
pressure 

Steam 
condensation 
temperature 

Drying 
Rate 

Solids after 
press 

  kPa °C kg/m²h % 

100% sulfite low 23 105 10.3 24.6 
100% sulfite high 95 119 12.8 21.2 
50/50 sulfite/sulfate low 9 102 9.9 25.5 
50/50 sulfite/sulfate high 43 109 11.0 24.2 

By analogy with the representation of the beating energy, the air permeability is plotted 
against the drying energy in Figure 2, where it is evident that the papers based on 100% 
sulfite pulp with high freeness required more drying energy than those based on 50/50 
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sulfite/sulfate pulp. The energy consumed in the drying increased with increasing 
freeness for each furnish composition. 
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Figure 2.  Air permeability as a function of drying energy. 
 
 
Total Energy 
 
The total energy requirement for a given air permeability was least for the paper made 
from the 100% sulfite pulp with low freeness, as shown in Fig. 3. Despite the lower 
energy consumption, this paper had almost the same air permeability as the paper made 
from the 100% sulfite pulp and the paper made from 50/50 sulfite/sulfate pulp with high 
freeness. This shows that increasing fiber beating led to a negligible reduction in air 
permeability, within the low air permeability range. 
 
The air permeability of greaseproof paper is normally controlled not only by beating the 
pulp but also by surface coating, for example, with addition of. starch or CMC. Mill 
experience is that 2.7 kg/metric ton of CMC (on a moisture-free basis) decreases the air 
permeability by a factor of three. This was the magnitude of the difference in air 
permeability between papers based on 100% sulfite pulp with low and high freeness, 
respectively. The application of a coating to the paper based on 100% sulfite pulp with 
low freeness should therefore yield a paper with air permeability the same as or lower 
than that of the paper based on 100% sulfite pulp with high freeness.  
 
A question which now arises is: Which process is the most energy-efficient to achieve a 
given air permeability value, beating or surface coating? To answer this question, we 
must estimate the energy requirement of surface coating. We assumed that this energy is 
solely associated with evaporation. 
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During surface coating, a polymer was applied onto paper in the form of an aqueous 
solution of CMC at a concentration of 1%. With that concentration and for a coat weight 
of 0.12 g/m2, equal to 2.7 kg/metric ton, 166 kW·h/metric ton were needed to dry the 
coating. This is one third of the energy consumed by higher beating, 492 kW·h/metric 
ton. Thus, surface coating was favorable in this case.  
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Figure 3.  Air permeability as a function of total energy. 
 

Sheet Properties 

The void volume fraction of the papers, ε, was calculated from its thickness, t , 
grammage, w , and density of cellulose, cellρ  = 1550 kg/m3 [11], according to the 
expression: 
 









−=

cellt
w

ρ
ε 1           (1) 

 
The relationship between the air flow through a sheet, q , and the pressure drop, p∆ , can 
be estimated by application of Darcy’s law: 
 

L
pKq

η
∆=         (2) 

 
where K  denotes the permeability constant (m²), η  the viscosity of air (Pa s) and L  the 
sheet thickness (m).  
 
K can be estimated using the Kozeny-Carman expression [12]: 
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K

εκ
ε

−
=         (3) 

  
whereε is the pore volume fraction, S the effective surface area per unit particle volume 
and κ the Kozeny constant (usually ≈ 5). 
 
Equation (3) is derived for a bed which is built up by random packed particles and is 
based on the assumption that the passages through the bed are of equal-size and whose 
size is equal to the equivalent diameter, d, defined as: 
 

S
d ε=      (4) 

 
Substitution of Eq. (4) into Eq, (3) yields the expression: 
 

2

2

)1( εκ
ε
−

= dK     (5) 

 
In Fig. 4, the logarithm of air permeability is plotted against the void volume fraction. 
There was no relationship between these parameters. Instead, three relationships are 
apparent, depending on how the volume fraction was varied; i.e., by furnish composition, 
by beating or by calendering. The slopes of the different relationships in Fig. 4 are 
different because the permeability constant K (permeability) is affected not only by the 
pore volume fraction ε  but also by the pore diameter d, as it is shown in Eq. 5. If we 
adopt Eq. 5 and analyze the relationships in Fig. 4, we can draw the following 
conclusions about the influence of furnish composition, beating and calendering on the 
pore structure of the sheets at a given pore volume fraction: 
 

1. Sheets made of 100% sulfite exhibited the lowest value of d (finer pores ), 
 
2. Refining had the strongest influence on d for the sheets based on 100% sulfite, 

 
3. Calendering had only a marginal affect on d. 
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Figure 4.  Air permeability as a function of void volume fraction. 

 

Water Vapor Transmission 

In Fig. 5, the water vapor transmission rate (WVTR) is plotted against the air 
permeability. There is no relationship between these parameters, but there are product- 
and process-specific relationships depending on furnish composition, beating and 
calendering, and WVTR increased with increasing air permeability. At a given air 
permeability, the lowest WVTR was obtained with 100% sulfite pulp of high freeness. 

 
Figure 5.  Water vapor transmission rate as a function of the air  

permeability of the papers. 
 
Nilsson et al. [13] have studied the influence of the air permeability on WVTR and have 
shown that, for the measuring conditions used here, with 50% RH on one side of the 
sheet and 0% RH on the other side, the WVTR is governed by gas diffusion through the 
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pore system of the paper. Since the water vapor transmission through paper is a diffusion 
process, it is reasonable to expect that WVTR is more strongly influenced by changes in 
the pore volume fraction than by changes in pore dimensions. 
 
To test this hypothesis, the WVTR is plotted against the pore volume fraction (Fig. 6). 
The data points fall along two lines; one for 100% sulfite and one for 50/50 
sulfite/sulfate, with the lowest values for 100% sulfite. This suggests that, for our case, 
the WVTR was governed not only by gas diffusion through the pore system, as proposed 
by Nilsson et al. [13], but also by another factor related to the pulp. This finding is in 
agreement with a work of Stolpe [14] who reports that the WVTR, at low air permeability 
values, is governed not only by gas diffusion. The other factor may be surface diffusion, 
which has been suggested by Corte [15] to be the driving force for water vapor 
transmission through dense papers. 
   

Figure 6.  Water vapor transmission rate as a function of the void volume fraction of  
the papers.  

 

Grease Resistance 

In Figure 7, grease resistance is plotted against air permeability and, as in Fig. 5, there 
was no relationship between the measured property and the air permeability, but three 
relationships on different levels, depending on furnish composition, beating and 
calendering. At a given air permeability, the highest grease resistance was achieved with 
100% sulfite with high freeness. For papers based on 50/50 sulfite/sulfate with low 
freeness, the test oil penetrated through the sheet immediately and no measurable values 
were therefore obtained for those papers. All the other values were, from a practical 
point, within the same range. Nevertheless, the influence of calendering was clear, grease 
resistance slightly improved with increasing calendering pressure. Similar results have 
been reported by Vähä-Nissi [2]. 
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Figure 7.  Grease resistance as a function of the air permeability of the  

papers. 
 
Mechanical Properties 
 
Tear strength 
 
Tear strength is an important property of greaseproof paper, especially for baking paper 
grades. In Figure 8, the tear strength was plotted against air permeability, the data are 
grouped in two groups, depending on furnish composition. At a given air permeability, 
the highest tear strength was obtained with 50/50 sulfite/sulfate. Beating decreased tear 
strength in the expected manner [16]. Calendering did not significantly affect tear 
strength. All the tear strength values conformed to technical specifications for standard 
greaseproof paper. 
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Figure 8.  Tear strength in the machine direction as a function of the air  

permeability of the papers.    

0

50

100

150

200

250

0.1 1 10 100

Air permeance (nm/Pa s)

G
re

as
e 

re
si

st
an

ce
 (s

)
sulfite low (uncal.)
sulfite low (100 kN/m)
sulfite low (200 kN/m)
sulfite high (uncal.)
sulfite high (100 kN/m)
sulfite high (200 kN/m)
50/50 low (uncal.)
50/50 low (100 kN/m)
50/50 low (200 kN/m)
50/50 high (uncal.)
50/50 high (100 kN/m)
50/50 high (200 kN/m)



 

 12 

 
Tensile strength 
 
In Figure 9, tensile strength is plotted against air permeability. The data showed a 
considerable scatter and it is difficult to discern any relationship, with the exception that 
the 50/50 sulfite/sulfate furnish exhibited the expected behavior; increased beating 
increased tensile strength [16]. At a given air permeability in the vicinity of 1 nm/Pa s, 
100% sulfite and 50/50 sulfite/sulfate exhibited approximately the same tensile strength. 
Calendering did not affect tensile strength in any discernable way. All the tensile strength 
values conformed to technical specifications for standard greaseproof paper. 
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Figure 9.  Tensile strength in the machine direction as a function of the air  

permeability of the papers.   

CONCLUSIONS 

Air permeability is a parameter frequently used to predict the barrier properties of 
greaseproof paper and it is common to produce such paper in relation to a certain target 
value of the air permeability by controlling furnish beating. This work has shown that 
there is no general correlation between barrier properties, such as WVTR, grease 
resistance and air permeability. The interdependence of these variables was both product- 
and process-specific. However, from an industrial perspective, where only furnish 
composition and beating are usually available to control the barrier properties, the air 
permeability is an indicator for barrier properties. Results showed that: 
 

- Papers made of 100% sulfite pulp required less beating energy to meet a given air 
permeability value.  

- Furnish composition and beating, and calendering affected air permeability in 
different ways. The former affected both the pore volume fraction and the pore 
dimension, while the latter mainly affected the pore volume fraction. 
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- At a given air permeability value, both WVTR and grease resistance were slightly 
better for the 100% sulfite than for the 50/50 sulfite/sulfate furnish. 

- At a given air permeability value, the 50/50 sulfite/sulfate furnish yielded a 
slightly higher tear strength than the 100% sulfite furnish. The tensile strength 
was the same for both furnishes. However, all the strength data conformed to 
specifications for standard greaseproof paper.   

- Calendering had a positive effect on WVTR and on grease resistance, but no 
effect on the strength properties.  

 
In connection with the evaluation of the energy requirement to achieve a given air 
permeability value, the question “Which process is the most energy-efficient to achieve a 
given air permeability value, beating or surface coating?” was discussed. It was found 
that surface coating was favorable in the case studied here. Calendering is another 
alternative which would be favorable from an energy viewpoint, provided it could be 
performed in-line.   
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Abstract 

Greaseproof papers with different air permeances were coated with chitosan, both on a 
bench scale and on a pilot scale to study the conditions necessary to obtain a packaging 
material with good oxygen barrier and high grease resistance. The results showed that an 
oxygen transmission rate in the same range as that of poly(ethylene terephatalate) was 
obtained at coat weights exceeding 5 g/m². High grease resistance values were also 
obtained at this coat weight while water resistance was slightly deteriorated due to the 
hygroscopic character of chitosan. However, that coat weight could only be achieved on 
papers coated on a bench scale. On a pilot scale, the maximum coat weight was 0.2 g/m² 
because the solids content of the coating solution used was limited to 1.0 wt%. The 
coating on a pilot scale was performed using the metered size press technique. To 
increase the coat weight, the solids content of the solution must be increased 
considerably. A coating technique which yields higher coat weights might also be 
necessary.  
Keywords: Greaseproof papers; Air permeance; Coatings; Chitosan; Oxygen Barrier 
properties 
 

Introduction 

A low oxygen transmission rate is one of the main requirements of many food packaging 
materials (Paine & Paine, 1992). To meet this demand, paper-based packaging materials 
are laminated with aluminium or extrusion-coated with synthetic oxygen barrier 
polymers. However, the lamination and extrusion processes are performed off-line and 
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are therefore less cost-effective. In-line processes are desirable. Barrier coatings based on 
renewable polymers offer benefits because such polymers can be applied to the paper in-
line in the form of an aqueous solution using conventional coating techniques. In 
addition, the use of renewable oxygen barrier coatings instead of laminates with 
aluminium or synthetic polymers may yield environmental benefits.  
 
Chitosan is a renewable polymer which exhibits excellent oxygen barrier properties due 
to its high crystallinity and the hydrogen bonds between the molecular chains (Kittur, 
Kumar, & Tharanathan, 1998; Gällstedt, 2001). Moreover, it exhibits a good barrier 
against grease (Kittur et al, 1998) and antibacterial and fungicidal properties (Luyen & 
Rossbach, 1992; Shahidi, Arachchi & Jeon, 1999; Outtara, Simard, Piette, Bégin & 
Holley, 2000).  
  
Chitosan has been tested as wet end additive in paper board and the mechanical 
properties of the product were reported improved (Laleg & Pikulik, 1991). The chitosan 
retention was also reported good which is due to the different charges of chitosan and 
cellulose; the former being cationic and the latter being anionic. This charge difference 
can also be expected to yield good adhesion between a chitosan coating and a cellulose 
based substrate. 
  
These properties make chitosan to an attractive polymer for barrier coating of cellulose 
based material for food packaging purposes. Chitosan has definitely a promising 
potential, but many questions and problems still have to be solved before it can be 
commercially used as replacement for aluminium and synthetic polymers. These 
questions are about demands on the chitosan polymer and the cellulose substrate as well 
as on the coating process.   
 
One of the most frequently used processes to apply an aqueous coating to a paper 
substrate is the Metering Sized Press (MSP) (Klass, 2002). The MSP consists of two rolls 
(transfer rolls) in contact with each other on which a pre-metered amount of the coating is 
dosed, usually with a smooth or wire-wounded rod. The coating is transferred to the 
paper in the nip between the transfer rolls, and the two sides of the paper can be 
simultaneously coated. In coating with starch solutions at 5-18% solids, a dry coat weight 
of 0.7-4.0 g/m² can be obtained (Klass, 2002). A higher coat weight can be obtained 
using curtain coating (Schweizer, 2002) which is a coating technique in which the paper 
industry has begun to show a great interest.  
 
In this study greaseproof papers with different air permeances (AP) were coated with 
chitosan on both a bench scale and a pilot scale to study the conditions required to obtain 
a packaging material with a good oxygen barrier. Greaseproof paper was chosen as 
substrate for the coating because it is a dense and well bonded paper on which the coating 
can be expected to form a homogeneous surface. The results showed that good oxygen 
barrier as well as good grease resistance was achieved at coat weights exceeding 5 g/m2. 
The water resistance was however slightly deteriorated at that coat weight. 5 g/m2 could 
only be only being achieved on the material coated on a bench scale. On the material 
coated on a pilot scale the maximum achievable coat weight was considerably less.  
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Experimental 

 

Materials 

 
Greaseproof papers with four different air permeance (AP) levels were used as base paper 
for the coatings. These papers were produced on PM3 at Nordic Paper AB, Säffle, 
Sweden, by varying the type of pulp used and the freeness level of the fibre furnish. Two 
pulps consisted of bleached sulphite produced on site and of bleached sulphate pulp, 
Robur Flash TCF, from Rottneros AB, Vallvik, Sweden. The composition of the base 
papers and their AP-values are found in Table 1.  
 
TABLE 1  
 
The chitosan grade used had a degree of deacetylation of 85% and a relative molecular 
mass of 400 000 g mol-1, received as platelets with a dry solids content of 92%, from 
Fluka, Sigma-Aldrich Sweden AB, Stockholm, Sweden.  
 
Glacial acetic acid puriss 98% from Labassco, Partille, Sweden, was used for the trials on 
a bench scale to protonize the chitosan amine group and make the chitosan soluble in 
water. In the trial on a pilot scale glacial acetic acid of a technical grade 98% from Univar 
AB, Malmö, Sweden, was used.The chitosan solution used in the bench-scale trials was 
prepared by dissolving 3.0 g of chitosan in 250 g water and 3.0 g acetic acid. The solution 
was mixed for 1 hour before use. The chitosan solution used in the pilot trials was 
prepared by dissolving 1.5 kg of chitosan in 150 kg water and 1.5 kg acetic acid under 
continuous stirring. The viscosity of the chitosan solution was measured using a 
conventional controlled-shear-stress rheometer, Paar Physica, MCR 300, Graz, Austria. 
Viscosity measurements were performed with a concentric cylinder geometry at 25 °C. 
The viscosity of the prepared chitosan solution was measured to 449 mPa s at a shear rate 
of 129 s-1. 
 
FIGURE 1 
 
Methods 
 
The base papers were coated with an aqueous chitosan solution having a concentration of 
approximately 1 wt% both on a bench scale and on a pilot scale. The bench scale coatings 
were performed using a rod coater for sheets, K101 Control Coater, RK Print Coat 
Instruments Ltd, Roystone, UK. Six coat weights within the range from 1.2 to 5.2 g/m² 
were applied, where the coat weight was varied by varying the diameter of the wire on 
the rod. The coated sheets were dried under ambient conditions. 
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The pilot-coated material was produced at BTG-UMV Coating Systems, Säffle, Sweden. 
The technique used was TWIN-HSM gravure. In this technique, the chitosan solution was 
applied onto the transfer roll with the help of an engraved roll. The specifications of the 
engraved roll used were 43 lines/cm and 39.5 cm3/m². Two coat weights were produced; 
0.1 and 0.2 g/m². To achieve the higher coat weight, the paper was coated twice. The 
machine speed was 200 m/min and the speed of gravure roll was 190 m/min. The dryer 
section of the pilot coater consisted of one infrared dryer and three air-dryers. 
 
The properties of the coated papers were investigated without calendering prior to testing. 
The papers were stored at 23 °C and 50% relative humidity during 3-20 days before 
testing.  

 

Testing 

The coated material was tested with respect to air permeance, oxygen transmission rate, 
water absorbency, grease resistance and surface texture.  
 
The air permeance tests were performed using the Lorentzen & Wettre Air Permeance 
Tester SE168 low range, Stockholm, Sweden, in accordance with SCAN P-26:78. Papers 
which were outside the measurement range were tested using the Bendtsen Tester 114 
from Lorentzen & Wettre, Stockholm Sweden in accordance with SCAN P-60:87. The 
results are reported as the average of five measurements.  
 
The oxygen transmission rate tests were performed with a Mocon Ox-Tran Twin 
apparatus, Minneapolis, USA, in accordance with ASTM D 3985-95 and the test 
conditions were 23 °C and 0% relative humidity. The results are reported as the average 
of two measurements. 
 
In the water absorbency tests the apparatus used was a Cobb Sizing Tester from 
Lorentzen & Wettre, Stockholm, Sweden. The Cobb60 value was determined in 
accordance with ISO 535. The results are reported as a value from a single measurement.  
 
The grease resistance was measured in accordance with Tappi T-454. The turpentine oil 
was applied on the coated side. The results are reported as the average of five 
measurements. 
 
The surface texture of the coated paper was studied using atomic force microscopy 
(AFM) in the phase imaging mode. The instrument used was a MultiModeTM Scanning 
Probe Microscope from Digital Instruments Inc., Santa Barbara, CA. The measuring 
signal was evaluated using Nanoscope III software. 
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Results 

 

Air permeance 

 
The air permeance (AP) is plotted in Figure 2 versus the chitosan coat weight for the four 
base papers coated on a bench scale. Extrapolation of the curves to zero AP gives the coat 
weight at which the pores in the base papers are sealed and a continuous chitosan film is 
beginning to develop. It is evident in Figure 2 that this coat weight, Wc, is not the same 
for all of the base papers, but that it increases with increasing AP of the base paper. 

FIGURE 2 

In the pilot-scale coating trial, the coat weight obtained was considerably less. The 
highest obtained coat weight was 0.2 g/m². Nevertheless, the AP decreased after coating 
as shown in Figure 3. However, 0.2 g/m² was apparently too low a coat weight to seal the 
pores in the base papers, because the AP values were larger than zero. 

FIGURE 3 

Figure 4 shows atomic force microscope (AFM) images for the base paper and the same 
paper coated on a bench scale. The rough surface structure of the base paper is seen in 
Figure 4a. After coating to a coat weight exceeding Wc the base paper structure can no 
longer be seen, Figure 4b. This shows that the coating had completely covered the base 
paper at that coat weight and that the coating was evenly distributed over the paper. This 
supports the statement made earlier that the pores are sealed and that a continuous film of 
chitosan with excellent fibre coverage was beginning to develop at a coat weight equal to 
Wc.  

FIGURES 4A AND 4B 

 

Oxygen permeability 

Measurable oxygen permeability (OP) values were obtained only for the bench-scale 
coated material at coat weights exceeding Wc. In the case of the pilot-scale coated papers, 
the coat weight was too low to give an oxygen barrier. 

In Figure 5, the OP is plotted versus the AP of the base papers for two coat weights 
exceeding Wc. Evidently the AP of the base paper did not affect the OP-value of the 
coated paper. At 5.2 g/m², the OP-values (0.73-1.75 cm3mm/(day m2atm)) were similar to 
that for PETP (poly(ethylene terephatalate)) (Andrew, 1995). For comparison it can be 
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mentioned that  Gällstedt et al (2001) have reported OP-values of 0.01-2 cm3 mm/(day m2 

atm) at 90-95% RH for chitosan films coated with nitrocellulose lacquer, and that Kittur 
et al. (1998) have reported an OP-value of 0.16x10-5 cm3 mm/(day m2 atm) at 65% RH 
and 27 °C for pure chitosan films.   

FIGURE 5 

When the chitosan coating had formed a continuous film, at a coat weight of 5.2 g/m², it 
was evident that the coating layer controlled the barrier properties of the composite. At a 
coat weight of 2.4 g/m², only the two base papers with the lowest AP-values yielded 
measurable OP-values, and for these the OP-value was slightly lower for the base paper 
with the lowest AP. 

Water absorbency 

The water absorbency expressed as Cobb60-values of the base papers varied over a wide 
range between 25 and 50 g/m². The highest Cobb60-values were obtained on the base 
paper with highest AP-value, paper no 4.  
 
The chitosan coating reduced the Cobb60-values for the base papers having high Cobb-
values, but had little effect on the papers having low Cobb60 values, Figure 6. The results 
show that the chitosan coating did not yield any extra barrier against water absorption. 

FIGURE 6 

Grease resistance 

The grease resistance improved when the coat weight was increased, and the air 
permeance decreased as shown in Figure 7. At air permeance values lower than 0.1 
(nm/Pa s) all papers exhibited the same high grease resistance value.  

FIGURE 7 

Discussion 

The oxygen permeability (OP) measurements showed that chitosan can be used as a 
coating on greaseproof paper to obtain a material with oxygen-barrier properties, 
providing the coating seals the pores in the base paper and forms a continuous and 
homogeneous film. However, these conditions are only fulfilled at coat weights 
exceeding 5 g/m² and, as is evident from the pilot-scale coating trial, this coat weight is 
much higher than can be obtained using conventional application techniques and a 
chitosan of high molecular mass.  
 
The air permeance (AP) of the coated material had a great influence on the grease 
resistance. The base paper affects the grease resistance up to the coat weight Wc, at which 
the air permeance of the material is below the measurable range. This coat weight is not 
the same for all the base papers but increases with increasing AP of the base papers. All 
papers exhibited excellent grease resistance at coat weights exceeding 5 g/m². At lower 
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coat weights, only the coated papers with the lowest air permeance of the base paper 
exhibited excellent grease resistance.  
The coated papers provided no barrier against water absorption. Once the base papers 
were coated it was obvious that the chitosan coating governed the water barrier properties 
of the coated material. 

In the metered size press technique used in the pilot-scale coating trial, the coating was 
applied to the transfer roll using an engraved roll. This application technique is reported 
to give higher coat weights than rod or roll application (Salt et al., 2002), which is the 
most frequently used application technique in metered size press coating. Using starch 
solutions of 5-18% concentration, a coat weight of 0.7-4.0 g/m² can be obtained (Klass, 
2002). 
 
Application with engraved roll occurs volumetric which means that for a certain roll the 
same volume is always applied independent of the concentration of the polymer solution.  
A comparison of our coat weight, 0.2 g/m² at a concentration of 1%, with Klass’s 0.7 
g/m² at a concentration of 5% shows that the wet coat weight was roughly the same in 
ours and Klass’s experiments. 
 
This shows that a coat weight higher than 0.2 g/m² cannot be achieved using a chitosan 
solution of 1.0 wt% in coating with the metered size press. The concentration of the 
solution must be increased considerably in order to obtain a satisfactory coat weight. That 
can be achieved by using chitosan of lower molecular weight. The molecular mass of the 
chitosan used was 400 000 g mol-1, which is about ten times higher than that of the 
starches used for the surface treatment of paper. An alternative coating technique which 
allows higher coat weights might also be needed. Curtain coating may offer that 
possibility (Schweizer, 2002). 
 

Conclusions 

The results show that greaseproof paper can be upgraded to give a superior oxygen 
permeability through coating with chitosan provided the coat weight is exceeding 5 g/m2. 
However, with the chitosan grade used, only 0.2 g/m2 could be achieved using a metering 
size press coating technique, although this technique can yield high coat weights in this 
type of application. The low coat weight was due to the low solids content of only 1.0 
wt% in the coating solution. Concentrated solutions with solids content in the range of 
20% are necessary to meet the demand for a sufficiently high coat weight. This requires a 
chitosan product of lower molecular mass. A coating technique which gives higher coat 
weights might also be necessary. 
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Figure 1. Chemical structure of chitosan. 
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Figure 2. Air permeance as a function of coat weight for papers coated in the bench-
scale coater: paper no 1(□), paper no 2 (■), paper no 3 (∆) and paper no 4 (▲). The 
average pooled standard deviation of air permeance was 11.4% for the analysis. 
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Figure 3. Air permeance as a function of coat weight for papers coated in the pilot-scale 
coating plant:  paper no 1(□), paper no 2 (■), paper no 3 (∆) and paper no 4 (▲).The 
average pooled standard deviation of air permeance was 10.8% for the analysis. 
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Figure 4a. AFM-image (5 µm x 5 µm) of uncoated base paper no 1. 
 

 
 
Figure 4b. AFM-image (5 µm x 5 µm) of base paper no 1 coated with chitosan with a 
coat weight 5.2 m². 
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Figure 5. Oxygen permeability (23 °C, 0% relative humidity) at two different coat 
weights, 2.4 g/m² (□) and 5.2 g/m² (■), as a function of the air permeance of the base 
paper. Error bars denote standard deviations. 
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Figure 6. Cobb values as a function of coat weight for papers coated in the bench-scale 
coater: paper no 1 (□), paper no 2 (■), paper no 3 (∆) and paper no 4 (▲). 
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Figure 7. Grease resistance according to Tappi T-454 as a function of air permeance for 
papers coated in the bench-scale coater. Results from all four types of base papers are 
included in the figure. The maximum grease resistance value in this test is 1800 seconds. 
The average standard deviation was 15.4% for the analysis. 
 
 
Table 1. Composition of base papers used for coating trials. 

Paper 
no Pulp composition Beating  Air permeance 

(nm/Pa s) 
1 100 % sulphite High 1.5 
2 100 % sulphite Low 3.1 
3 100 % sulphate High 196 
4 100 % sulphate Low 658 
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Influence of base paper on the barrier properties of 
chitosan-coated papers 
 
Henrik Kjellgren, Nordic Paper Seffle AB, Sweden, and Gunnar Engström, 
Karlstad University, Sweden 
  
KEYWORDS: Greaseproof papers, Air permeance, Coatings, Chitosan, Oxygen barrier 
properties 
 
SUMMARY: A kraft paper and three greaseproof papers with different porosities were 
coated with chitosan to see whether the cheaper kraft paper can be used as a base paper 
for this coating and whether the final coated paper meets the demand for a low oxygen 
transmission rate. The coating was performed on a bench scale and two coat weights 
were applied: 3.4 and 6.0 g/m2. Besides the oxygen transmission rate, the coated material 
was also tested with respect to air permeance, grease resistance and water vapour 
transmission rate. The results showed that the coated kraft papers did not meet the 
demand for a low oxygen transmission rate. A lower oxygen transmission rate was 
obtained on the greaseproof paper with the lowest porosity, where the coating stayed on 
the surface and formed a continuous film without cracks. The chitosan coating gave a 
high grease resistance on the two densest greaseproof papers. Chitosan provided no 
barrier against water vapour transmission. 
ADRESSES OF THE AUTHORS: Henrik Kjellgren, Nordic Paper Seffle AB, P.O. 
Box 610, SE-661 29 Säffle, Sweden. Gunnar Engström, Karlstad University, Div. of 
Chemistry, Dept. of Chemical Engineering, SE-65188 Karlstad, Sweden. 
Corresponding author: Henrik Kjellgren (henrik.kjellgren@nordic-paper.com) 
 
A low oxygen transmission rate and a low water vapour transmission rate are important 
properties for packaging material intended for the packaging of foodstuffs such as fruit 
juices and food snacks (Paine & Paine, 1992). If the oxygen permeability of the 
packaging material is too high, oxidative reactions can develop where lipids and other 
nutrients degrade and lead to spoilage of the food (Robertson, 1993). Many undesirable 
reactions such as autoxidation, vitamin degradation, enzymatic reactions and microbial 
reactions that reduce the shelf life of foods are controlled by the water activity 
(Robertson, 1993). 
  
To meet the demand for a low oxygen transmission rate and a low water vapour 
transmission rate, paper-based packaging materials are laminated with aluminium or 
extrusion-coated with a polymer such as an ethylene-vinyl alcohol copolymer (EVOH), a 
polyester or a polyamide (Gällstedt, 2004). Coating with a polymer dispersion using 
blade coating has also been reported to yield low oxygen transmission rates and low 
water vapour transmission rates (Vähä-Nissi et al., 1999). A low oxygen transmission 
rate has also been achieved by coating with an aqueous solution of chitosan, which is a 
renewable polymer (Gällstedt et al., 2001; Kjellgren et al., 2004). 
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Coating with aqueous solutions of renewable polymers offer advantages. They can be 
applied in-line and the coated material can easily be re-pulped (Kuusipalo, 2003). 
Moreover, renewable polymers are an environment-friendly alternative to synthetic 
polymers. However, they have a drawback in that it is difficult to meet the desired barrier 
properties. To fully utilize the potential of the polymer it must stay on the surface and not 
penetrate into the base paper. 
 
It is well known that aqueous solutions of polymers penetrate into paper (e.g Bergh and 
Thomin, 1976, Farrand & Ferguson, 1977, Duraiswamy et al., 2000). Greaseproof paper 
is however a dense paper with a closed surface (Stolpe, 1986) and it should therefore be a 
suitable substrate for coating with an aqueous solution. However, these properties are 
costly to achieve and a question has been raised as to whether greaseproof paper is the 
only alternative as substrate or whether a simpler and less costly kraft paper could be 
used in spite of its higher porosity.   
 
To answer this question, we have coated a kraft paper and three greaseproof papers with 
different porosities with an aqueous solution of chitosan at coat weights of 3.4 g/m2 and 
6.0 g/m2 and have measured the air permeance, oxygen transmission rate, water vapour 
transmission rate and grease resistance of the coated papers. The result clearly showed 
that kraft paper cannot be used as a base paper for aqueous coating with chitosan when an 
oxygen barrier is strived for. On the densest greaseproof paper an excellent oxygen 
barrier was obtained. 
 
 
EXPERIMENTAL 
 
Materials 
A kraft paper (wrapping paper) and three greaseproof papers, the latter produced from 
different furnishes with different degrees of beating, were used as base papers for the 
coatings. The kraft paper was produced by Wermland Paper AB, Åtmotfors, Sweden, and 
the greaseproof papers were produced by Nordic Paper AB, Säffle, Sweden. A detailed 
description of the greaseproof paper used is given by Kjellgren and Engström (2004). The 
kraft paper was unbleached and was not pigment filled. Data for the papers are given in 
Table 1. 
 
Table 1 Furnish composition, grammage, Cobb60 and surface roughness of the base papers. 

Paper Furnish composition Grammage, 
g/m² 

Cobb60, 
g/m² 

Surface 
roughness, 
Bendtsen 

ml/min 
Greaseproof     

A Bleached 50/50 
sulphite/sulphate 45 32 1190 

B Bleached 50/50 
sulphite/sulphate 45 36 1000 

C  Bleached 
Sulphate 45 51 1000 

Kraft     
D  Unbleached sulphate 43 82 920 
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The chitosan grade used had a degree of deacetylation of 85% and a relative molecular 
mass of 40 000 g mol-1. It was received as platelets with a dry solids content of 92%, 
from Fluka, Sigma-Aldrich Sweden AB, Stockholm, Sweden. Glacial acetic acid puriss 
98% from Labassco, Partille, Sweden, was used to protonize the chitosan amine group 
and make the chitosan soluble in water. The chitosan was prepared as a solution with a 
concentration of 8.0%. Figure 1 shows the structure of chitosan. 
 

 

Figure 1. Chemical structure of chitosan. 
 
 
Methods 
The base papers were coated at two different coat weights with an aqueous chitosan 
solution using a rod coater for sheets, K101 Control Coater, RK Print Coat Instruments 
Ltd, Roystone, UK. Two coat weights, 3.4 and 6.0 g/m² were applied, the coat weight 
being governed by the diameter of the wire on the rod. The coated sheets were dried 
under ambient conditions. 
 
The porosity or the void volume fraction of the papers ε  was calculated using the 
expression (Lindsay and Brady, 1993): 
 









−=

cellt
w1

ρ
ε     (1) 

 
where t  denotes the thickness, w  the grammage, and ρcell the density of cellulose (1550 
kg/m3 ). The sheets were dried 105°C for at least 4 hours before the measurements. 
 
The water absorption rate and the contact angle between water and the base papers were 
measured at 23°C and 50% using a FTA 200 Dynamic Contact Angle Analyzer from 
First Ten Ångstroms, Portsmouth, VA, USA. The surface roughness and the water 
absorbency, Cobb60, of the base papers were determined according to SCAN-P 21:67 and 
ISO 535 respectively. The barrier properties of the coated papers produced were tested 
with respect to air permeance (SCAN-P 26:78 and SCAN-P 53:84), water vapour 
transmission rate (SCAN-P 22:68), grease resistance (TAPPI T-454), and oxygen 
transmission rate (ASTM D 3985-95). The test conditions for the water vapour 
permeability test were 23°C and 50% relative humidity (RH) and for the oxygen 
permeability test 23°C and 0% RH.  
 
The void volume fraction ε (porosity), the surface roughness, and Cobb60, values for the 
base papers are given in Table 1.  
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RESULTS AND DISCUSSION 
 
Coating penetration 
The porosity and the contact angle for water on the base papers are given in Table 2, 
where it is evident that the greaseproof papers (A-C) exhibited a significantly lower 
porosity and a higher contact angle than the kraft paper (D). The roughness of the papers 
was approximately the same, Table 1. 
 
Table 2. Porosity and contact angle against water on the base papers. 
 

Base paper Porosity, % Contact angle, 
degrees 

A 40 93 
B 46 81 
C 47 75 
D 61 25 

 
The absorption a drop of water (4 µl) into the base paper is shown as a function of time in 
Figure 2. During the time interval studied, only the kraft paper absorbed the whole drop. 
The fact that the greaseproof papers did not absorb any water is linked to their high 
contact angles for water, and consequently the small contact area between the water and 
the paper.  
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Figure 2. Water absorption as a function of time. 
 
The absorption of the chitosan solution into the paper during its process of consolidation 
on the base paper can be assumed to be governed by its contact angle against the paper 
and the porosity of the paper. This contact angle is not known, but it can be assumed to 
be rated in the same way as the contact angle for water since the chitosan solution was an 
aqueous solution. Since a low contact angle and a high porosity promote absorption, it is 
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reasonable to assume that the chitosan solution penetrated most deeply into base paper D 
and least into base paper A. 
 
Closing of surface pores 
The coating reduced the air permeance as is shown in Table 3 and this reduction can be 
interpreted in terms of a closure of the surface pores. For paper A, which is the densest 
greaseproof paper, the air permeance drop to a value < 0.001 nm/Pa s at both the coat 
weights. This value is the lower detection limit for the method used and we define this as 
being the value at which the coating had sealed the surface pores in the base paper. 
 
The air permeance of the kraft paper at the highest coat weight 6.0 g/m2 was 
approximately the same as that of the base paper B and substantially higher than that of 
base paper A, which indicates that the surface pores in the kraft paper remained fairly 
open after the coating. 
 
Table 3. Air permeance of the base papers before and after coating with chitosan.  

Coat weight, 
g/m2 Air permeance, nm/Pa s 

 A B C D 
0 1.2 49 660 69000 

3.4 <0.001 0.004 1.7 24000 
6.0 <0.001 0.002 0.084 45 

 
Grease resistance 
Figure 3 shows the grease resistance plotted against the air permeance. It is evident that 
the coated greaseproof papers (A and B) with the lowest air permeance values , ≤ 0.004 
nm/Pas, cf. Table 3, exhibited superior grease resistance with values out of the range of 
the test method used (>1800 s). On the coated kraft paper, the grease penetrated through 
the sheet immediately (0 s). For the three papers with grease resistance values within the 
range of the test method, the rating in grease resistance agreed with the rating in air 
permeance. The air permeance is traditionally used in quality control to rate greaseproof 
papers with the respect to their grease resistance. 
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Figure 3. Grease resistance as a function of air permeance. 
 
Oxygen transmission rate 
Only those coated sheets having an air permeance value ≤ 0.008 exhibited measurable 
oxygen transmission rates (OTR). The base papers for those sheets were the two densest 
papers A and B. No oxygen barrier was obtained on the coated kraft paper.  
 
Figure 4 shows the OTR plotted against the porosity of the base paper, and it is evident 
that the OTR increased with increasing porosity of the base paper and decreased with 
increasing coat weight. 
 
The OTR of a chitosan film cast from an aqueous chitosan solution with a thickness of 40 
µm was 1.2 ml/m² d atm. The chitosan brand and the dissolution procedure were the 
same as for the coatings. 
 
The lowest OTR, 3.6 ml/m² d atm, was obtained for base paper A which had the lowest 
porosity, coated with 6.0 g/m² chitosan. If the penetration into this base paper is assumed 
to be negligible, so that all the chitosan remained on the surface, the thickness of that 
layer, assuming a density of 1500 kg/m3 for chitosan, is 4 µm.  
 
If the OTR value is directly proportional to the thickness, the value of 1.2 ml/m² d atm 
obtained for a 40 µm film correspond to a value of 12 /m² d atm at 4 µm. The 
experimental value for the coated paper A is 3.3 times lower than this value. We do not 
believe that this difference is due to natural scatter in the material but that it is a real 
difference. We believe that, in a coated greaseproof paper, not only the chitosan film but 
also the interface between the chitosan film and the base paper influences the OTR. The 
OTR for cellulose fibres can be assumed to be high. Cellophane is reported to have an 
OTR-value of 2.0 ml/m² d atm at a thickness of 30 µm. 
 
The low OTR for base paper A at a coat weight of 6.0 g/m² probably indicates that the 
chitosan formed a continuous and impermeable film on that base paper. In the case of 
base papers B and C, the air permeance values indicate that the film was not fully 
impermeable. We believe that this may also apply to base paper A at a coat weight of 3.4 
g/m², although this is not evident from the air permeance data.   
 



 

 7

1

10

100

1000

10000

0.38 0.40 0.42 0.44 0.46 0.48

Porosity

O
TR

 (m
l/m

² 2
4h

 a
tm

)

A, 3.4 g/m²

A, 6.0 g/m²

B, 3.4 g/m²

B, 6.0 g/m²

C, 6.0 g/m²

 
Figure 4. Oxygen transmission rate as a function of porosity of the base papers. 
 
 
Water vapour transmission rate 
The water vapour transmission rate (WVTR) for the sheets with AP values ≤ 0.084, 
exhibited the same rating as the OTR, as shown in Figure 5, indicating that the WVTR 
and the OTR were both influenced in the same manner by the coating. However, the 
WVTR values were very high. Coating layers of chitosan and many other renewable 
polymers are sensitive to water vapour due to their high content of hydrogen bonds 
(Olabarrieta et al., 2001). Therefore, an increase in the coat weight of chitosan would not 
yield any further barrier against water vapour transmission. 
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Figure 5. Water vapour transmission rate as a function of porosity for the coated papers with a 
closed surface. 
 



 

 8 

For the sheets with AP values ≥ 1.2 there was a unique relationship between the WVTR 
and the porosity, Figure 6. This suggests that the transmission was controlled by gas 
phase diffusion through the pores (Corte, 1958). 
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Figure 6. Water vapour transmission rate as a function of porosity for the base papers and the 
coated papers with porous coatings. 
 
 
Conclusions 
 
The following conclusions can be drawn 
 

 On base paper A (greaseproof paper), which was the densest base paper and 
the base paper which exhibited the highest contact angle against water, the 
coating remained on the surface and formed a continuous film without cracks 
at a coat weight of 6.0 g/m2. This coated sheet exhibited a superior oxygen 
barrier with an OTR-value which was lower than that of a chitosan film of 
the same thickness as the coating. It is suggested that his lower OTR-value is 
due to a contribution from the cellulose in the interface between the coating 
and the base paper.  

 
 On base papers B and C (greaseproof papers), a partial oxygen barrier was 

also obtained.  
 
 All the papers that exhibited an oxygen barrier also exhibited a high grease 

barrier.  
 

 On base paper D (kraft paper), neither an oxygen barrier nor a grease barrier 
was obtained. 

 
 Coating with chitosan yields no barrier against water vapour. 
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The barrier properties of greaseproof paper are achieved by extensive beating of the 
fibres. This treatment results in high costs for energy, both as beating energy and 
drying energy. A full-scale trial has been performed to investigate the role of the pulp 
with respect to energy demand and the barrier properties of the final papers. The 
paper made of 100% sulphite pulp with a low degree of beating showed the lowest 
energy consumption at a given level of barrier properties such as air permeance, grease 
resistance and water vapour transmission rate. 

The papers produced in the full-scale trial have been used as substrates for coating. 
Greaseproof paper has a closed surface and should therefore be a good base paper 
for barrier coatings. 

Chitosan has been used as a barrier coating because of its good oxygen barrier 
properties. Moreover, chitosan is a renewable material. Coating trials on a bench-scale 
showed that greaseproof paper can be upgraded to provide a good oxygen barrier. 
The oxygen barrier could not be achieved on a pilot-scale using the metered size press 
technique, because of the low coat weight applied. 

The influence of the base paper on the barrier properties of chitosan-coated paper 
has been investigated. It was found that greaseproof paper is better than a paper with 
a higher porosity. The coating seemed to stay more on the surface of the greaseproof 
papers and to form a continuous coating layer with better barrier properties.   
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