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Abstract 
 
This thesis reports on an investigation of the mechanisms of edge wicking in 
retortable paperboard. Retortable board is used for packaging preserved food, a 
process which requires that the package and its contents be sterilised by exposure to 
high temperature steam for up to three hours. The board used must thus have higher 
water repellence than traditional liquid packaging. Water vapour that condenses on 
the cut edges on the outside of the board causes particular concern. 
 
The paperboards studied were made from refined and unrefined bleached softwood 
kraft pulp and from refined unbleached softwood kraft pulp in one or two plies with 
different sizing levels and structures. Samples of each of the boards were immersed in 
a water bath at 95 °C. Other samples from the same boards were exposed to a 
combination of saturated steam at 130 °C and condensed steam in a special apparatus 
developed for this purpose. The board samples were placed on a cooling plate to 
simulate the temperature gradient when a container of cold food is sterilised with 
heated steam. Still other samples were exposed to heated steam in the absence of 
condensation by hanging them freely in the apparatus. 
 
The extent of edge wicking in the boards was determined by gravimetric 
measurements and also by near-infrared (NIR) spectroscopy, a technique that yields 
more information about the moisture content profiles and the mechanisms of liquid 
sorption. The moisture content profiles of boards exposed to saturated steam in the 
absence of condensation show more uniform water uptake. This phenomenon can be 
explained by rapid vapour phase transport throughout the pore structure, followed by 
slower water uptake in the fibres. By contrast, in samples exposed to both heated 
steam and condensed steam, there was both liquid sorption in the fibre network and 
rapid vapour phase transport of the steam. The moisture content in those samples was 
much higher close to the edge and lower behind the liquid frontier.  
 
The edge wicking of high temperature water was greatest in board that was not fully 
sized, in low density board, and in board made from unrefined pulp. The greater edge 
wicking in board made from unbleached pulp can be accounted for in terms of its 
greater swelling potential. In the low density board and the board made from 
unrefined pulp, the lumens at the unsized edge and the weaker bonding strength are 
suggested to affect the results. Capillary sorption takes place in lumens and 
delaminated bonds at the edge and then any further propagation takes place entirely 
by fibre diffusion. Capillary sorption may also be important in damaged areas where 
broken fibre-fibre bonds are exposed to liquid. The weaker bonded area in low density 
board therefore also contributes to water sorption.  
 
Edge wicking in the boards placed on the cooling plate and exposed to a combination 
of saturated and condensed steam was of a different nature. For these samples, density 
was not an important factor. The difference is due to the different mechanism at work 
in this case, where the relative area of the edge exposed to condensed steam was 
larger in the high density boards than in the low density boards. In the high density 
boards, condensed steam was sorbed in the structure by diffusion in the fibre 
structure, whereas in low density boards, the dominant effect was vapour phase 
transport in the void spaces followed by water uptake in the fibres.



  

Sammanfattning 
 
I denna avhandling behandlas mekanismerna för kantinträngning av kondenserat vatten och 
vattenånga i autoklaverbar kartong. Denna typ av kartong används till förpackningar av 
konserverad mat, vilket medför att förpackningen med dess innehåll steriliseras med 
vattenånga vid höga temperaturer och ångtryck i upp till tre timmar. De skurna kanterna är 
mycket känsliga för exponering av den kondenserande vattenångan under autoklaveringen, 
framför allt den skurna kanten som sitter vertikalt på ena sidan av förpackningen. 
 
Olika typer av kartongprover har undersökts; prover tillverkade av mald och omald blekt 
barrvedssulfatmassa samt mald oblekt barrvedssulfatmassa med olika hydrofoberingsnivåer 
och densiteter. Prover från varje kartong placerades i ett vattenbad med temperaturen 95 °C. 
Andra prover från respektive kartong exponerades för en kombination av mättad vattenånga 
vid 130 °C och kondenserat vatten i en speciell provutrustning. Dessa kartongprover 
placerades på en kylplatta för att simulera proceduren då en förpackning med kall mat 
autoklaveras. Kantinträngningen i fritt hängande prover som enbart exponerats för den heta 
vattenångan har också studerats. 
 
Kantinträngningen i kartongproverna har bestämts gravimetriskt och med nära infraröd (NIR) 
spektroskopi, en teknik som visat sig ge mer information om provernas fuktprofiler och 
mekanismerna för sorption av vatten i pappersstrukturer. Fuktprofiler i fritt hängande prover 
som enbart exponerats för mättad vattenånga är mer jämna jämfört med prover som placerats 
på kylplattan som har betydligt högre fukthalt vid den skurna kanten. Detta beror på att i det 
förstnämnda fallet sker en snabb diffusion av vattenånga genom porstrukturen mellan fibrerna 
följt av en långsammare diffusion in i fibrerna. I proverna placerade på kylplattan sker 
vattentransporten både genom diffusion vid kanten in i fibernätverket av det kondenserade 
vattnet samt ångtransport i porerna av den mättade vattenångan. Fukthalten i dessa prover var 
högre närmast den skurna kanten och lägre en bit in i provet. 
 
Kantinträngning av vatten hos prover placerade i vattenbad var störst i kartongprover med låg 
hydrofoberingsgrad, låg densitet samt kartong tillverkad från omald massa. Kantinträngningen 
var dessutom högre i kartong av oblekt massa jämfört med kartong av blekt massa då den 
förstnämnda kartongen har större svällningspotential. Kartongprover med låg densitet och 
prover från omald massa uppvisade störst kantinträngning vilket sannolikt beror på lumen vid 
den ohydrofoberade kanten samt svagare fiber-fiber bindningar. Detta innebär att kapillär 
sorption sker i lumen och mellan delaminerade fiberbindningar vid den ohydrofoberade 
kanten. Fortsatt sorption sker via diffusion i fibernätverket. Kapillär sorption kan också ske i 
skadade områden med uppbrutna fiber-fiber bindningar. 
 
Mekanismen för kantinträngning i kartongprover placerade på kylplatta och exponerade för en 
kombination av mättad ånga och kondenserat vatten skiljer sig från prover exponerade för 
vatten. Hos de förstnämnda proverna var densiteten inte kritisk eftersom en större del av den 
skurna kanten i dessa prover exponerades för vattenånga och en mindre del, den närmast 
kylpattan, exponerades för det kondenserade vattnet. Ark med högre densitet exponeras i 
högre grad för det kondenserade vattnet och ark med låg densitet, för den mättade 
vattenångan. Vattenånga transporteras snabbt i porerna mellan fibrerna följt av en 
långsammare diffusion in i fibrerna medan det kondenserade vattnet transporteras genom 
diffusion i fibernätverket. 
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Introduction 
 
In 2001 Tetra Pak launched a retortable paperboard-based carton (Tetra Recart). This 
carton is intended for new applications of liquid packaging board (LPB), in particular, 
for the packaging of preserved food ( Hedlund 2005). This use requires the package 
and its contents to be sterilised by exposure to high temperature steam for up to three 
hours. There is thus a need for LPB with higher water repellence than in the past. Of 
particular concern is the water vapour that condenses on the cut edges of the board.  
 
LPB has traditionally been used to package liquids, especially milk and juice. For this 
purpose, its important properties are purity and cleanliness, high bending stiffness, 
high z-directional strength, surface smoothness and high water repellence. The board 
is a coated or uncoated multi-ply product made from virgin fibres. The pulps are 
unbleached chemical pulp, bleached chemical pulp and chemithermomechanical pulp 
(CTMP). The pulps used in the outer plies have a high modulus of elasticity, whereas 
the pulp in the middle ply has high bulk. The board is coated with polyethylene on 
both sides. Cartons filled with juice also have a barrier of aluminium foil.  
 
Because LPB requires high sizing, the board is internally sized with alkyl ketene 
dimers (AKD). Paper and board sized with AKD are produced under neutral or 
alkaline conditions, which have a positive effect on the strength properties of the 
packaging. The covalent bonds between the AKD and the fibre surface result in very 
strong adhesion, durability and repellence to aggressive liquids such as lactic acid and 
high temperature H2O2 (Eklund and Lindström 1991). Internal sizing reduces the rate 
at which liquid penetrates the paper structure, but does not prevent vapour 
penetration. Water molecules are transported by wicking in the pores, vapour phase 
transport, and diffusion in the fibres, resulting in fibre swelling. 
 
In-plane wetting, or edge wicking, is one of the most critical parameters for LPB, for 
it can affect both the filling of cartons and their end use. Before filling, the paper roll 
is sterilised in a bath of H2O2. During this process, liquid can penetrate the board at 
the raw edges created when the laminated paper roll was cut when being converted. If 
there is high edge wicking, the cartons may burst during filling, allowing the contents 
to leak out into the sterile zone causing production losses. In the end-use of the 
product, excessive edge wicking causes quality problems and the packaging material 
may lose its fresh look.  
 
The edge wicking in retortable cartons used in the preservation process, during which 
heated steam condenses on the edge of the cartons, is of a different nature, as will be 
shown below.  
 
 
Preservation of foods by heat sterilisation 
 
Heat sterilisation preserves food by killing all forms of micro-organisms and 
denaturing harmful enzymes after the food has been packed in a retort. The container 
and its contents are sterilised, and at the same time the food is cooked. The 
temperature needed to sterilise food depends on such factors as the humidity and 
acidity of the environment, the initial microbe count, the duration of the heating and 
the composition of the food (Kyzlink 1990). Figure 1 shows the temperature curves 
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for sterilisation of a comminuted meat-vegetable mixture. As can be seen in the 
figure, the process takes 110 minutes and involves a heating phase, a sterilisation 
phase and a cooling phase. The maximum temperature of the bath is 121 ºC, and the 
highest temperature at the centre of the can is 112 ºC. 

10

30

50

70

90

110

130

0 20 40 60 80 100 120

Time from the start of heating, min

Te
m

pe
ra

tu
re

, 
0 C

Temperature curve of bath Temperature curve at centre of the can

 
Figure 1. Temperature curves for sterilisation of comminuted meat-vegetable mixture 
(freely adapted from Kyzlink 1990) 
 
Lagerström (2001) patented a method of sterilising fibre-based containers that contain 
food products without damaging the container. The sterilisation is done using moist 
heat at pressures between 0.5 and 1.1 bar above atmospheric pressure and at 
temperatures between 110 and 121 °C. Liquid sorption in the board layers is 
minimised in the cooling phase by first cooling the containers with air to a critical 
temperature of between 70 and 95 °C and only then cooling them with water. 
 
During steaming, the outer parts of the packing board are heated, creating a heat pipe 
in the board. Moisture then condenses on the outer surface of the board. As shown in 
Paper 3, the extent to which the cut edge is exposed to condensed steam or heated 
steam is critical for the mechanisms of water sorption in the edge. During cooling, the 
heat-pipe effect is, of course, reversed.
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Objectives 
 
The primary objective of this project was to investigate the interplay between the 
structural and chemical characteristics of sized boards and to determine how these 
factors affect their resistance to edge wicking when exposed to high steam 
temperatures and pressure. Intermediate goals were to develop a method of measuring 
the in-plane wetting profile of hard-sized board structures and to develop a test 
apparatus that could simulate the preservation procedure. 
 
Paper 1 shows that the in-plane wetting profile of a board can be measured using 
near-infrared (NIR) spectroscopy in combination with multivariate analysis using a 
moving NIR probe and registering the spectra in series. The method provides more 
information about the mechanisms of liquid sorption and more detail about the 
moisture content profiles of dense and sized boards than methods based only on 
gravimetric measurements.     
 
Paper 2 describes a test apparatus that simulates the processes that occur when a 
container with food is sterilised with high temperature steam. The apparatus permits 
study of edge wicking in board materials exposed to temperatures up to 140 ºC. By 
placing a board on a cooling plate creates a heat pipe effect in the z-direction of the 
board, resulting in water condensing at the edge. The board can also be hung in the 
chamber, exposing it to the heated steam.  
 
Paper 3 reports on the factors affecting edge wicking in board samples exposed to 
heated water in a water bath or to a combination of steam and condensed steam in the 
test apparatus developed in Paper 2. Sixteen boards made from either refined or 
unrefined bleach pulp, or from refined unbleached pulp, in one or two plies with 
different sizing levels and structures were investigated. The results show that the 
diffusion of water in the fibre network structure explains edge wicking in boards 
subjected to liquids, but that a different explanation is required for edge wicking 
during high temperature sterilisation. There are markedly different effects when a 
board is exposed to heated steam or to water or, as in the current experiments, to a 
mixture of steam and condensed water. The various edge wicking mechanisms are 
discussed.   
 
 
Theory of edge wicking 
 
Sorption of aqueous liquid in paper structure   
Four mechanisms may be involved in the sorption of water in a paper structure 
(Salminen 1988; Swanson 1989; Eklund and Lindström 1991): 
  

• capillary penetration in the pores between fibres 
• diffusion through fibres and bonds 
• surface diffusion on the fibres 
• vapour phase transport 
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Capillary penetration can be described by the Lucas-Washburn equation (Salminen 
1988; Ekström and Lindström 1991): 
  

t
rPr

l E

η
θγ
4

cos2 2+
=     (1) 

 
where l is the penetration length, t is the time of penetration, and PE is the external 
pressure on  the paper. The equation includes two variables that are related to the 
paper: r, representing the pore size, and θ, representing the contact angle between the 
paper and the liquid. Terms relating to the liquid are the surface tension, γ, and the 
viscosity, η. 
  
The magnitude of the effect of each mechanism during sorption depends on the 
temperature, the chemical composition and the vapour pressure of the liquid. It also 
depends on the network structure of the paper and the chemical properties of the 
fibres.  
 
Aqueous sorption in internally sized paper 
When paper is internally sized, as are liquid packaging boards, hydrophobic groups 
are introduced onto the fibre surfaces and the contact angle between liquid and paper 
increases. From Equation 1 it is clear that when the contact angle is > 90 º, no 
spontaneous penetration of the pores can take place if there is no external pressure on 
the paper. Thus in hard-sized paper such as liquid packaging board (LPB), the 
mechanism of liquid sorption is diffusion in the fibres rather than capillary penetration 
resulting in swelling of the fibres and expansion of the paper structure (Bristow 1971; 
Wedin et al. 2006).  
 
The most important sizing agents for liquid packaging are alkyl ketene dimers (AKD), 
sometimes used in conjunction with alum rosin. The sizing mechanism of AKD 
involves charge attraction between the anionic cellulose and the cationic AKD, 
leading to particle retention on fibres in the wet section. In the dryer section, the AKD 
particles spread over the available fibre surface. The last step in the mechanism 
involves the formation of a covalent bond through the reaction of AKD and cellulose 
forming β-keto ester chemical bonds (Lindström and Söderberg 1986a, 1986b; 
Ödberg et al. 1987; Reynolds 1989; Roberts 1997). The covalent bond between AKD 
and cellulose provides the strongest possible adhesion to the fibres. The board resists 
aqueous penetrants and permits long-term exposure to liquids without loss of sizing. 
In the studies reported in this thesis, the paperboards are exposed to high temperature 
water and steam, which is also expected to increase the mobility of the anchored AKD 
molecules.  
 
In-plane edge wicking 
The extent of sizing in LPB is usually quantified by a test of the board’s edge 
wicking, that is, the amount of water sorbed under specified conditions. Edge wicking 
is the in-plane sorption of aqueous liquid and is very different to what is measured by 
common water sorption tests, such as the Cobb test.  
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When the edges of boards are cut in the converting process, unsized fibre cross-
sections are created. Figure 2 shows the cut edge of a dense, hard-sized board that has 
been prepared for testing of the edge wicking.  
 
The extent of sizing in the fibre lumens is dependent on the penetration and deposition 
of dispersed particles of AKD. Lumens are therefore expected to be less sized than 
fibre surfaces. Fibre-fibre bonds are also non-sized as no spreading of AKD can take 
place in these areas. AKD cannot spread between two cellulosic surfaces because this 
would require the cleavage of high energy cellulose surfaces. On the other hand, 
swelling of the fibres opens up fibre-fibre bonds, and may create unsized surfaces that 
will permit local edge wicking.  
 
Unless a board is still warm after cutting, there is little scope for diffusion of 
unreacted AKD to cut surfaces. A board may also be delaminated when it is cut after 
the lamination process. If the cutting tools are not sharp enough, they may open up 
edge cracks that make it easier for liquid to penetrate.  
 

 
  
Figure 2. Cut edge of a dense, hard-sized board made from one-ply unbleached pulp 
(the bottom ply) and one-ply bleached pulp (the top ply). Scale 1:200.  
 
Recent work by Loeb (2005) has shown that if the edges are cut when they are still 
warm (as they are immediately after the extrusion of polyethylene), unreacted AKD 
will spread on the edges and size them. The contact angle on the edges where this 
occurs is above 90 º, whereas the contact angle on cold cut edges is below 90 º. These 
results indicate that the cut edge facilitates water sorption into the cell wall of fibres 
near the edge. When these fibres start to swell, liquid diffuses along the fibre cell 
walls. In an interlocked structure, factors that restrict the swelling of fibres and the 
bond strength will play a crucial role in this process. If relaxation of stresses during 
swelling opens up the structure, and if the bonding areas are weak, the resultant 
cracking will expose unsized bond areas. For fully sized board, however, fibre 
diffusion is the dominating liquid transport mechanism.
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Edge wicking mechanisms in boards subjected to hot water or to steam 
Edge wicking in boards exposed to liquids may be explained by the diffusion of water 
in the network structure, but edge wicking during high temperature sterilisation is a 
different matter. It makes a considerable difference whether a board is exposed to 
steam or to water or, as in the experiments reported in this thesis (Paper 3), to a 
mixture of steam and condensed water. Edge wicking during steaming takes place at 
the very edge of the board. As indicated earlier, this freshly cut edge is not sized, 
although it may have undergone a post-sizing process if the cutting took place 
immediately after lamination. Sizing operations do not affect vapour sorption in the 
paper, for sizing is strictly an operation to decrease the rate of liquid penetration. 
Water vapour, however, diffuses in the pores as well as in the fibres, and diffusion in 
pores is a much faster process than diffusion in fibres (Bandyopadhyay et al. 2002; 
Leisen et al. 2002). The diffusion of water in fibres is an exothermal process and, at 
the same relative humidity, fibres are expected to sorb a lower amount of water at 
higher temperatures.  
 
 
Paper 1: Use of NIR spectroscopy to study edge wicking  
 
Paper 1 reports on the use of NIR spectroscopy to determine the in-plane wetting, or 
moisture content profile, of a board. A moving probe registers spectra in a series, and 
these are then subjected to multivariate analysis. NIR spectroscopy has already been 
shown to be a useful tool to determine the moisture content of cellulose (Berthold et 
al. 1998) and of paper (Bizet et al. 1995; Neimanis et al. 1999; Olsson and Salmén 
1999). The spectral region investigated by NIR spectroscopy covers wavelengths 
from approximately 700 nm to 2500 nm, and comprises combination and overtone 
bands resulting from molecular vibrations (Osborne et al. 1993). Since the NIR 
spectra are non-selective and contain overlapping peaks, multivariate analysis is used 
to extract and process the information. The most commonly used method is partial 
least squares (PLS) regression (Wold et al. 2001).  
 
Materials and Methods 
Two two-ply commercial paperboards were used, as well as one one-ply laboratory-
made board. The commercial boards were made from unbleached and bleached kraft 
pulp, and the laboratory board was made from bleached kraft pulp. The sizing agent 
was AKD. 
 
To be able to measure moisture content with NIR spectroscopy, the spectra must be 
calibrated. This calibration was done on samples with moisture contents between 5% 
and 50%, using gravimetric measurements as references. The measurements were 
made with an IR spectrometer equipped with a near-IR fibre-optic probe. The 
wavelength region was 833-2498 nm, and the spectral resolution was 16 cm–1. The 
calibration samples, measuring 62 × 50 mm, were each placed in a pouch of 
laminating film and sealed in a laminator before the measurements were taken. The 
same procedure was followed for the samples used to study edge wicking (see below). 
Partial least square models were created using the NIR spectra as the x matrix and the 
moisture content as measured gravimetrically as the y matrix. To investigate the 
predictive ability of the PLS model, test sets of new samples were selected. Since the 
moisture content profiles in the study were measured using a moving NIR probe and 
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register spectra in a series with one scan per spectrum (see below), the same technique 
had to be used when doing the calibration.  
 
Two different trials were set up to verify the method. The first trial compared 
moisture content profiles determined using the NIR technique with the average 
moisture content in the same samples measured gravimetrically. In the second trial, 
the moisture content profiles of exposed edge wicking samples were determined. The 
boards in the latter group were prepared by conditioning 62 × 50 mm samples at 23 ºC 
and 50% RH, laminating them, and then cutting a circular hole 12 mm in diameter in 
the middle of the board to allow for edge wicking.  
 
The moisture content profile of samples was determined by placing each sample on a 
plate and moving the NIR probe at a constant speed over the sample (see Figure 3). 
During this movement, one spectrum was registered every 0.15 cm.   
  
        
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic diagram of the apparatus for measuring the moisture content 
profile (edge wicking) of a sample, using NIR spectroscopy 
 
 
Results and discussions 
The moisture content profiles in paperboard with different moisture content were 
determined using the NIR technique and the PLS models. Comparison of these results 
with the average moisture content measured gravimetrically showed very good 
correlation between them, confirming that NIR spectroscopy is a useful tool for the 
measurement of the moisture content of paper. 
  
An example of the use of the NIR technique to evaluate edge wicking is shown in 
Figure 4. A commercial liquid packaging board was immersed in water at 23ºC for 
between 0.5h and 336 h (2 weeks). The moisture content profiles in the diagram show 
that the edge wicking of water in dense, hard-sized boards at low temperatures seems 
to be a very slow process. After 72 h (3 days and nights) not even the area closest to 
the edge was completely soaked, and after one week the liquid front had moved only 
one cm into the sample. 
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Figure 4. Moisture content profiles of a commercial liquid packaging board immersed 
in water at 23ºC for between 0.5 and 336 h 
 
 
Paper 2: Test apparatus to simulate the preservation process 
 
Paper 2 describes a test apparatus for evaluating edge wicking in sized boards used as 
packaging for preserved food. The apparatus is shown in Figure 5. It comprises one 
large mixing chamber with a capacity of 60 litres and a much smaller test chamber, 
with a capacity of 1.7 litres. These chambers are connected. Saturated steam or a 
mixture of saturated steam and pressurised air can be mixed in the mixing chamber. A 
shuttle valve between the two chambers closes automatically when the lid of the test 
chamber is opened, and at the same time the test chamber is emptied from steam so 
that the test samples in the chamber can be handled. The maximum pressure permitted 
in the apparatus is 4.0 bar, which corresponds to a saturated steam temperature of 
above 140 ºC.   
 
In the test chamber, samples are placed on a cooling plate to simulate the temperature 
gradient occurring in the preservation process (see Figure 6). The cooling plate is 
attached to the lid of the test chamber by the inlet and outlet pipes for the cooling 
water passing through the lid. The sample is fastened in place with a water-repellent 
material, so that the only exposed area is the circular cut edge in the middle of the 
sample. Samples can also hang freely in the chamber, suspended by a clamp.    
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Figure 5. A photograph and a schematic diagram of the experimental apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. A photograph and a schematic diagram of the test chamber with a test 
sample placed on the cooling plate 
 
Materials and methods 
The materials evaluated in the apparatus were a commercial board used for canned 
food and a laboratory-made board, the same grades as that used in Paper 1. The 
commercial boards were made of two plies, one of unbleached kraft pulp and one of 
bleached kraft pulp, while the laboratory board was made from a single ply of 
bleached kraft pulp. The boards were fully sized with AKD. 
 
The edge wicking, K (kg/m2 edge surface), was determined by conditioning the samples at 
50% RH and 23 ºC for 24 hours and determining their thickness before sealing each 
sample in a pouch of laminating film. A circular hole, 12 mm in diameter was then cut 
in the middle of each sample to allow edge wicking. The edge wicking was 
determined gravimetrically using the following formula: 
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,    (2) 

 
where a is the weight (g) of the sample after exposure and b the weight (g) of the 
sample before exposure (conditioned at 23ºC and 50% RH), d is the diameter of the 
stamped-out hole in the middle and t is the thickness (mm) of the sample. 
 
The NIR technique developed in Paper 1 was also used to measure the moisture 
content profiles in some of the samples. 
 
In a demonstration experiment, the board samples were placed on the cooling plate of 
the apparatus and exposed to saturated steam at 112 ºC, 120 ºC and 130 ºC for 10, 20 
and 40 minutes respectively. The temperature of the inlet water to the cooling plate 
was also varied between 24 ºC and 70 ºC. In another experiment, the samples were 
hung in the test chamber exposed to saturated steam at 130 ºC for from 5 to 80 
minutes. 
 
 
Results and discussion 
When a sample on the cooling plate is exposed to saturated steam, there is a 
spontaneous heat transport from the surroundings to the cooling plate, driven by the 
temperature gradient. Film condensation occurs on the surface, with the condensate 
wetting the surface and forming a continuous film. The cut edge of the sample is thus 
exposed to the condensed water film on the metal surface of the cooling plate. The 
thickness of this film was estimated using the classical film condensation theory 
described by Nusselt (Holman 2002). The estimated thickness was in the order of  
100 µm, meaning that only the lower part of the cut edge of each sample was exposed 
to condensed water, and that the larger part was exposed to saturated steam. 
 
Figure 7 shows the liquid front in samples of the commercial board after exposure to 
saturated steam at 130 ºC. Samples 1 to 4 were exposed to the steam for 10 minutes, 
samples 5 to 8 for 20 minutes, and samples 9 to 12 for 40 minutes. A visual wetting 
frontier has been marked on the samples. Two frontiers are marked in sample 6 
because the two layers of unbleached and bleached pulp had delaminated from the cut 
edge to the inner marked frontier. The wetting frontiers are slightly oval due to the 
fibre orientation; the vertical orientation corresponds to the machine direction of the 
board. Irregularities in the oval shape are probably due to structural irregularities in 
the samples, the cause of which is not yet understood.
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Figure 7. Samples showing wetting frontiers of the commercial board exposed to 
saturated steam at 130 ºC with a cooling water temperature of 45 ºC. Samples 1 to 4 
were exposed for 10 minutes, samples 5 to 8 for 20 minutes, and samples 9 to 12 for 
40 minutes. 
   
Figure 8 is a graphic presentation of the edge wicking results for the samples shown 
in Figure 7 exposed to 130 °C as well as samples exposed 112 °C and 120 °C. It 
shows that the higher the steam temperature, the larger the edge wicking in the board. 
For example, the mean value of the edge wicking in the samples exposed to steam at a 
temperature of 130 ºC for 40 minutes (samples 9–12 above) was 35 kg/m2 , whereas 
that of the samples exposed at only 112–120 ºC for the same time was around 15 
kg/m2. 
 
The edge wicking in the commercial board made of two plies (see Figure 7-9) was 
much larger than in the laboratory board made from a single ply. The reason why the 
edge wicking was larger in the commercial board is an open issue but relaxation of 
residual stresses in the board may cause delamination in the weaker zone between the 
layers. 
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Figure 8. Edge wicking in the commercial board, placed on a cooling plate and 
exposed to saturated steam at 112, 120 and 130 ºC  
 
Figure 9 compares the moisture content profiles of the commercial board exposed to 
saturated steam at 130 ºC on a cooling plate under the same conditions as in the test 
described above and when  hanging freely in the test chamber. The free hanging 
samples were not exposed to condensation and show more uniform water uptake. 
Clearly, the vapour phase transport is fast throughout pore structure, and the water 
uptake into the fibres occurs on a much longer time-scale. By contrast, the samples 
placed on the cooling plate were also affected by water condensation at the cut edge, 
thus these boards were subjected to liquid sorption as well as rapid vapour phase 
transport of saturated steam. The liquid sorption may form a barrier to rapid vapour 
phase transport into the structure as illustrated by the cross-over of the moisture 
contents of the samples far from the edge.   
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Figure 9. Moisture content profiles in the commercial board, exposed to saturated 
steam at 130 ºC while resting on a cooling plate (samples �, �, �) or hanging 
(samples �, �, �) for 10, 20 and 40 minutes. The edge wicking values are shown in 
the legend. 
 
 Paper 3 – Sizing and structural properties of boards for 
canned food  
 
Paper 3 deals with critical factors affecting the edge wicking in retortable 
paperboards. Samples of sized paperboards were immersed in heated water at 95 ºC, 
and other samples from the same boards were exposed to heated steam at 130 ºC in 
the test apparatus developed in Paper 2. In this apparatus, the samples were placed on 
a cooling plate to simulate the temperature gradient when packaging containing cold 
food is exposed to heated steam. 
 
Materials and methods 
Laboratory sheets with different paper structure and sizing levels were made using the 
French Formette Dynamique sheet former. The pulps used in the study were beaten 
and unbeaten bleached softwood kraft pulps as well as beaten unbleached softwood 
kraft pulp. Four series of sheets were made: 
 

• Sheets of one ply as well as two plies made from both bleached and 
unbleached pulps. 

• Sheets from bleached pulp with different amounts of AKD added. 
• Sheets from bleached pulp with different apparent densities. 
• Sheets made from unbeaten bleached pulp as well as beaten bleached pulp. 
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All sheets had a grammage of approximately 240 g/m2 and the sheet densities were 
between 499 kg/m3and 792 kg/m3. A standard 4 kg/ton of AKD was added to all 
sheets, except those in the series with varying amounts of AKD.  
 
The sheets were subjected to two different methods of edge wicking: immersion in 
water (method 1) and exposure to heated steam on a cooling plate (method 2). The 
equation used to determine the extent of edge wicking is kg/m2 edge surface. This 
equation makes it clear that the density of the board affects edge wicking. A low 
density board will show less edge wicking than a high density board of the same 
grammage. Therefore the edge wicking of boards with different densities was 
recalculated in Figures 10 and 11 and is expressed in g/m instead of kg/m2 edge surface. 
 
The swelling behaviour of the boards when exposed to different relative humidities or 
soaked in a water bath was also studied before and after heat treatment at 150 ºC for  
6 hours. It has recently been shown that heat treatment of the bulky middle layer (e.g. 
CTMP) of liquid packaging board reduces the rewet pore volume to the same extent 
as long-term storage, but with a favourable reduction in the size of the large pores 
(Åvitsland 2005).  
  
Results and discussions 
Figures 10 and 11 present the recalculated edge wicking in the same boards immersed 
in water heated to 95 ºC or placed on a cooling plate and exposed to saturated steam at 
130 ºC. Three of the board samples in the figures were made from refined bleached 
kraft pulp with different densities and the fourth sample was made from unrefined 
bleached kraft pulp. The added AKD in the samples was 4.0 kg/ton. The Cobb60 

values of all the samples in figures were very similar, varying between 18.3 and 19.4 
g/m2.  
  
When the samples were immersed in heated water (Figure 10), the board made from 
unrefined pulp and the low density board had much larger edge wicking than the other 
boards. The differences in edge wicking in the samples exposed in the autoclave were 
far less pronounced, although the board with the lowest density had slightly higher 
edge wicking and the board made from unrefined pulp slightly lower edge wicking 
compared to the others (Figure 11). 
  
The differences in the edge wicking behaviour of samples immersed in water and 
those exposed to saturated steam on a cooling plate can most likely be explained by 
the different mechanisms at work. When cut boards are immersed in hot water, the 
open lumen area close to the edge and delaminated bonds are suggested to be critical 
for capillary edge wicking. The fibres at the cut edge start to swell and water is 
transported in the cell walls of the fibres into the structure. The swelling of the fibres 
may open up fibre-fibre bonds, exposing non-sized fibre surfaces. By contrast, the 
boards placed on a cooling plate are exposed to a a combination of condensed and 
heated steam, and edge wicking takes place both by rapid vapour phase transport and 
by edge-wicking from the area where the steam has condensed. Classic film 
condensation theory as described by Nusselt (Holman 2002) states that a continuous 
condensation film will be created at the edge closest to the cooling plate. In Paper 2, 
the thickness of this film was estimated to be of the order of 100 �m. This figure can 
be  compared to the 480 �m thickness of the boards made from unrefined bleached 
pulp and the 315 �m of the densest boards made from refined bleached pulp. The 
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difference between the thickness of the condensation film and the thickness of the 
boards means that effectively only the lower part of the board edge is exposed to 
condensed water, while the larger part is exposed to saturated steam. In a low density 
board, fewer fibres will be in contact with the condensed water, and consequently 
there will be less wicking of liquid water in the cell wall of the fibre network. Water 
diffusion in the fibre network may also be slower in the board made from unrefined 
pulp because there area of fibre-fibre bonding is less.   
 
The NIR technique was used to determine the moisture content profiles in one sample 
of each type of board in Figure 11. The results shown in Figure 12 confirm the above 
hypothesis about the mechanism of edge wicking. The profile of the unrefined sample 
is very flat because the mechanism at work is vapour sorption in the voids followed 
by fibre diffusion. In the more dense structures, a relatively larger area is exposed to 
condensed water and the edge-wicking close to the cut edge increases. 
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Figure 10. Edge wicking of board samples (recalculated to g/m) made from bleached 
kraft pulp with different densities (through different wet-pressing) and of a board 
made from unrefined pulp immersed in water at 95 °C. The AKD addition was  
4.0 kg/ton. 



 16  

0

1

2

3

4

5

6

     516 kg/m3;          
22 ºSR

     737 kg/m3;          
22 ºSR

     792 kg/m3;          
22 ºSR

     499 kg/m3;          
13º SR

E
dg

e 
w

ic
ki

ng
, g

/m

mean

 
 
Figure 11. Edge wicking of board samples (recalculated to g/m) made from bleached 
pulp with different densities and of board made from unrefined pulp exposed to 
saturated steam on a cooling plate. The AKD addition was 4.0 kg/ton.  
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Figure 12. Moisture content profiles of representative samples with different 
densities, of a sample made from unrefined pulp and of a sample with a low amount of 
AKD. The edge wicking in the samples is shown in the legends.   
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The sizing effect of different levels of AKD (from 0.5 kg/ton to 6.0 kg/ton) in samples 
exposed in the autoclave is shown in Figure 13. The edge wicking in samples with 0.5 
and 0.75 kg/ton is much higher than in the other samples. The samples to which only 
0.5 kg/ton was added were almost completely soaked (Cobb60 value=30.3 g/m2), 
while the sizing effect for the other samples to which from 1.0 kg/ton to 6.0 kg/ton 
AKD was added were more similar to each other (Cobb60 values of between 19.7 and 
21.4 g/m2).  
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Figure 13. Edge wicking of board samples made from bleached pulp with different 
amounts of AKD. The density of the samples was 715–749 kg/m3. 
 
Heat treatment of the board samples affected both the moisture uptake and the 
expansion in the z-direction. Heat-treated samples immersed in water showed lower 
moisture uptake and less expansion in the z-direction than untreated references. The 
reduction was larger in boards made from unbleached pulp than in boards made from 
bleached pulp. Since the boards used for canned food are exposed to high temperature 
steam in a retort, the effect of the temperature on the board is probably also an 
important factor affecting edge wicking. 
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Conclusions 
  
The research reported in this thesis shows that the mechanisms of edge wicking in 
highly sized boards differ from those at work in common water sorption tests. It has 
also been shown that the mechanisms of edge wicking in retortable boards depend on 
whether the edges are exposed to liquid water, saturated steam or a combination of the 
two. 
 
Liquid sorption in highly sized paper takes place by diffusion through fibres and 
bonds. Capillary penetration in the pore structure is impossible for fully sized board 
without some external pressure. This finding is confirmed by the Cobb values for 
boards made from refined bleached kraft pulp, refined unbleached kraft pulp, and 
unrefined bleached kraft pulp, with different levels of sizing and sheet structure. The 
amount of sizing in the boards and the swelling properties of the fibres were the most 
important factors affecting the results. The edge wicking of the same boards exposed 
to liquid water at 95 ºC, was of a different nature and is also controlled by 1) the 
unsized fibre lumen; 2) the unsized cut edges of the fibres; 3) unsized fibre-fibre 
bonds; 4) cutting defects, resulting in delamination and exposure of unsized fibre-
fibre bonds; 5) weak bonding between layers, opening up free fibre-fibre surfaces, 
when residual stresses relax in contact with water. 
 
The liquid edge wicking was much larger in low density board and board made from 
unrefined pulp, as well as in board that was not fully-sized or was made from 
unbleached pulp with a larger swelling potential. In the low density board and board 
made from unrefined pulp, the open lumen area and delaminated bonds close to the 
edge are suggested to be critical for capillary edge wicking. Further propagation is 
entirely by fibre diffusion, followed by fibre swelling. Capillary sorption may also be 
important in damaged areas where broken fibre-fibre bonds are exposed to liquid. The 
weaker bonding area in low density board is therefore also critical.  
 
Edge wicking in the boards exposed to the combination of saturated steam and 
condensed steam created on the cooling plate was of a different nature compared to 
liquid edge wicking. For those samples, the board density was not critical. This is 
explained by the fact that the relative part of the edge exposed to condensed steam 
was larger in the high density boards than in the low density boards. In the high 
density boards, more condensed steam was sorbed in the structure by diffusion in the 
fibre structure, whereas in the low density boards, vapour phase transport in the void 
spaces followed by water uptake in the fibres was the dominant effect. These effects 
are apparent from the more flat moisture content profiles, in particular in the board 
made from unrefined pulp, revealed by using the NIR technique and from the higher 
moisture content close to the edge in the more dense board compared to the low 
density board. 
 
It was also noted that there was no difference in edge-wicking between the bleached 
and unbleached board subjected to heated steam, whereas edge wicking was larger in 
the unbleached board when subjected to hot water. This difference is probably related 
to the fact that heat treatment has a favourable effect in decreasing the swelling of the 
network and that this effect was larger for the board made from unbleached pulp. 
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