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ABSTRACT 
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This work aimed to find out the suitability of foam as medium in application 
of thin liquid films. This consists of research over phenomena related to foam 
physics and behaviour. Solutions and mixtures to be foamed, foaming agents, 
foam generation and application methods were evaluated. 
 
Over the evaluated solutions and mixtures coating paste and CMC did not 
foam well. Latex and PVA solutions were foamable and the best solution for 
foam use was starch. PVA and casein can be used as foaming agents, but the 
best results were achieved with sodium dodecyl sulphate (SDS). SDS works 
well with starch solutions producing fine and stable foam. 
 
Foaming was done with simple mixers where pressurized air was fed to the 
solution. The foaming works fine when enough shear force is used together 
with sufficient foaming agent concentration. 
 
Foam application with curtain, rod and cylinder methods with a gap between 
the application device and paper were not usable because of high coating 
amount. Coating amounts were smallest with the blade method which 
achieved 0.9 g/m2 starch layer. Although some strength decrease was expected 
because of the foaming agent, it dit not have significant effect. 
 
The targeted coating amount of 0.5 g/m2 was not achieved due to the 
limitations with the methods. More precise foam application methods are 
needed. Continuous foam generation and feed to the paper surface with 
controllable device such as application teeth could improve the results. 
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Työn tavoitteena oli selvittää vaahdon käytön soveltuvuutta väliaineena 
ohuiden nestekerrosten levitykseen. Siihen sisältyy vaahdon fysiikan ja 
käyttäytymisen tutkimista. Vaahdotettavia liuoksia ja seoksia, 
vaahdotusaineita sekä vaahdon muodostamista ja sen levittämistä arvioitiin. 
 
Vaahdotettavista liuoksista ja seoksista päällystyspasta ja CMC eivät vaahtoa 
hyvin. Lateksi- ja PVA-liuokset vaahtoavat mutta parhaat tulokset saavutettiin 
tärkkelysliuoksella. PVA ja kaseiini ovat käyttökelpoisia vaahdotusaineita, 
mutta parhaat tulokset saatiin natriumlauryylisulfaatilla (SDS). SDS 
muodostaa tärkkelysliuoksen kanssa hienojakoisen ja stabiilin vaahdon. 
 
Vaahdotus tehtiin yksinkertaisilla sekoittimilla joihin oli yhdistetty paineilman 
syöttö. Vaahdotus toimii hyvin kun käytetään riittävää leikkausvoimaa ja 
vaahdotusaineen konsentraatiota.  
 
Vaahdon levitys verho- sauva- sekä sylinterimenetelmällä joissa on rako 
vaahdon levityslaitteen ja paperin välillä eivät soveltuneet käyttöön liian 
suuren päällystysmäärän vuoksi. Päällystysmäärä oli pienin terämenetelmällä, 
millä saavutettiin 0,9 g/m2 päällystysmäärä. Vaikka vaahdotusaineen oletettiin 
heikentävän paperin lujuuksia, sillä ei ollut merkittävää vaikutusta. 
 
Tavoiteltua 0,5 g/m2 päällystysmäärää ei saavutettu menetelmien rajoitteiden 
vuoksi. Alempaan määrään pääseminen tarvitsee tarkempia vaahdon 
levitysmenetelmiä. Jatkuva vaahdon tuotanto ja ohjattu levitys paperin 
pinnalle esimerkiksi levitysrattaiden avulla voisi parantaa tuloksia.
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1  INTRODUCTION 

The interest on thin liquid films on coating has increased since they can be 

used for cost efficient improvements. Thin layers can be used for closing the 

paper surface or by changing the surface chemically. Surface improved 

cheaper base papers like supercalendered can possibly be used instead of more 

expensive coated papers, which can generate more value for paper makers 

through lower production costs. When paper is coated or sized, also the 

coating coverage is important. This target combined with the aim for thin 

layers sets requirements for the coating application and media.  

As the applied water with the coating substance has to be evaporated, 

technologies that use less water are more economic. One possible solution to 

achieve these targets beneficially is substituting the dilution water partly with 

air, i.e. using foamed media. Foams can provide several advantages compared 

with conventional coating methods, but as foam generation and use are 

sensitive processes the applications have to be optimized individually. Surface 

chemistry is an important part of the phenomena. There are varieties of 

methods for foam use including chemicals and process devices. Research is 

needed to gather information about possibilities of foam use.  

LITERATURE PART 

2  SC PAPER 

Supercalendered (SC) papers are made 70-90 % of mechanical pulp and 10-30 

% of chemical pulp without any coating. The pigments are instead used as 

fillers, which can have a share of up to 35 % of the weight. Mechanical pulp is 

either pressurized or conventional groundwood (PGW and GW) or 

thermomechanical pulp (TMP). PGW can be used for better optical properties 

and TMP for strength. Chemical pulp is needed for strength. SC papers are in 

the middle range of mechanical pulp containing magazine papers. Newsprint 
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is the lower quality grade and coated papers are in the higher quality grade. 

These groups are divided also in more specified grades which have quality 

differences originating from furnish quality and mineral use. Higher quality 

grades have more chemical pulp, fillers and coatings. /1/ 

SC papers are divided into SC-A+, SC-A, SC-B and SC-C grades. As the 

quality is improved, also the paper price rises. SC papers are used when the 

lower quality compared to LWC can be accepted. SC papers are suitable 

because of their lower price when the printing quality is good enough. SC 

papers have become more attractive also because of decreased quality 

differences between higher quality SC's (SC-A and SC-A+) and Ultra Low 

Weight Coated (ULWC) papers. Further SC papers can be divided according 

to their use as rotogravure and offset papers. Rotogravure is the dominating 

grade as 80 % of SC papers are made for rotogravure printing. SC rotogravure 

has finer mechanical pulp, higher filler content (up to 35-36 %) and it is 

heavily supercalendered to achieve smooth surface, gloss and density. These 

properties are chosen for rotogravure printing, which has higher surface 

smoothness requirements than offset printing. In offset printing filler contents 

are between 15 and 30 %. Clay is the main filler used and also talc can be 

used in rotogravure grades. PCC can be used to improve brightness. Catalogue 

SC paper is an improved version of rotogravure where opacity, gloss and 

printing smoothness are important because of demanding pictures. /1/ 

Main basis weights for SC papers are 52, 56 and 60 g/m² and the entire scale 

is from 39 to 80 g/m². As the upper quality papers in coated paper grades have 

higher price, a possibility for improving the qualities of cheaper SC paper to 

achieve competing properties with lower price are tempting. This is why SC 

paper is a good target for quality improvements. /1/ 

The target of coating paper is to improve looks and printing properties. This is 

achieved by smoother paper surface by filling the surface pores. Even paper 

surface also limits the absorption of inks which is another reason for improved 
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printing quality. Other influences of coating are increase of gloss (especially 

the gloss of the the printed area), increased opacity and brightness and 

decreased stiffness and mechanical strength. These changes of properties are 

at the same basis weight when uncoated and coated papers are compared. /2/ 

Another method for paper quality increase is the surface sizing. The target is 

to improve surface strength and printing properties. Surface sizing reduces 

linting tendency during printing. /3/ 

3  CHEMICALS AND MIXTURES USED FOR SURFACE 

TREATMENT 

The paper surface is treated by coating or sizing to improve several properties 

of the paper and especially the surface properties of the paper. The optical 

properties, smoothness, printing quality, printability and the mechanical 

properties are most important. The surface strength has a major role of 

mechanical properties. The surface treatment can be done also to achieve 

other features like barrier coatings. The barrier properties are needed if the 

substance should resist well penetration of liquids or gases. The basic solution 

is to form a non-porous polymeric film such as polyethylene onto the surface 

of paper or paperboard. Another possibility is to add hydrophobising agents to 

the strength addition component in surface sizing. /4/ 

3.1  Starch 

Starch can be obtained from e.g. potato, corn, wheat, tapioca and barley. 

Starch is commonly used because it is cheap compared to other binding 

substances. Starch consists of glucose monomers which form a polymer. It is 

chemically near cellulose. The main difference between starches is the relative 

amounts of two starch polymers. Starch polymers in granules are branched 

amylopectin and straight-chained amylose. Common starches (wheat, potato, 

corn and tapioca) used by paper industry have roughly 20-30 % amylose and 

70-80 % amylopectin. These polymers are fully amorphous and the degree of 
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polymerization (DP) varies depending on the plant. Cereal seed starches have 

lower DP than potato or tapioca starch. Depending on the main source group, 

tubers and roots or seeds, the side material that comes with the starch is 

different. For example potato starch has phosphorus and starch derived from 

cereal seeds has fats and proteins. /5, 6/ 

Starch granules have to be cooked before their use and used in dissolved form 

to achieve the ability of binding with hydrogen bonds. Cooked starch does not 

keep in good condition for a long time because bacterial growth can use it as 

food. This is why a starch solution has to be handled carefully. /5/ 

Starch has to be modified before use to make it suitable for coating. Coating 

sets requirements for starch properties at the solution, on coating and after the 

coating. Unmodified starch can retrogradate, which means that it is very 

viscous and gel can be formed even at very low concentration because the 

polymers try to bind again to each others and form irreversible gels. There are 

several modification methods, common methods can be grouped either to 

substitution or degradation. /5/ 

3.2  Polyethylene glycol 

The mechanical pulp containing paper can be treated with polyethylene glycol 

(PEG) to prevent yellowing. The yellowing can be reduced to half by sizing 

the paper first with cationic or oxidized starch and sizing the PEG on the 

starch sized paper. This is achieved with 2 to 4 g/m² addition of the starch and 

PEG combined. The starch sizing before is needed to form a film to limit the 

PEG penetration. If only PEG is used the paper's mechanical properties 

impair. /7/ 

3.3  Latex 

Latex is used as a binder in coating colours. The function is to bind the 

coating pigments particles to each others and to the paper web. Latex particles 
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in solution transform to a film during the drying of the paper web. There are 

different latex compositions available such as polyvinyl acetate, styrene-

butadiene and styrene-butyl acrylate. These latexes are often modified with 

for example monomers methyl methacrylate (MMA) and acrylonitrile (VCN). 

Also the latexes can be functionalized with monomers containing hydroxyl 

groups (-OH), carboxylic acids (-COOH), amides (-CONH2) or others. /4, 8/ 

3.4  PVA 

Polyvinyl alcohol (PVA or PVOH) is a vinyl acetate origin product. Vinyl 

acetate is polymerized using radical initiator and methanol as solvent and 

chain transfer agent. Methanol and the initiator amount and type used are used 

for molecular weight control of the reaction product polyvinyl acetate. This 

product is then hydrolyzed with methanol and sodium hydroxide to form 

polyvinyl alcohol. The degree of hydrolysis or the residual acetyl group 

content can be controlled by the reaction temperature, time and concentration 

of the sodium hydroxide. Other variables of PVA like residual acetyl group 

distribution, branching, average length and tacticity affect the properties less 

than molecular weight and degree of hydrolysis. /9/ 

Higher molecular weight and concentration in solution increase the viscosity 

while higher temperature and lower degree of hydrolysis decrease it. PVA is 

used for surface sizing because it has good adhesion to fillers and fibers, it 

produces good films and it is fully soluble to water. PVA improves especially 

the surface strength and dimensional stability of the sized paper or 

paperboard. Also the use of PVA benefits other mechanical and barrier 

properties. The picking and dusting in printing decrease as PVA is a good 

binder between fibers and particles. The barrier properties of PVA sized 

papers reduce the water absorption. /9/ 
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3.5  CMC 

Carboxy methyl cellulose (CMC) is a sodium salt of chemically modified 

cellulose. Cellulose is first reacted with sodium hydroxide to form alkali 

cellulose which is further transformed to CMC by reacting with 

monochloroacetic acid or its sodium salt. CMC is useful in coating colour as 

rheology modifier (thickener) and as a water retention aid because of its 

hydrophilic nature. CMC also lubricates the coating blade and is a good 

optical brightener carrier. For sizing medium viscosity CMC grades are used 

because they have good film formation tendency while low viscosity grades 

are used in coating colours. The viscosity of CMC depends on the solution dry 

solids concentration and the molecular weight. Roughly molecular weight 

below 105 g/mol CMC is used for coating and higher molecular weight CMC 

is used for sizing. /10/ 

3.6  Coating colour 

Several paper grades are coated with mixtures that contain different mineral 

pigments and many other chemicals that are needed in the slurry like binders, 

thickeners and addition chemicals. The aim is to improve the looks and 

printability of paper. Clays and calcium carbonates are very common coating 

pigments. Other pigments include titanium dioxide, gypsum, talc, satin white, 

plastic pigment and aluminium hydroxide. /11/ 

Several techniques exist for the application of coating colour. The process is 

called coating when the aim is to achieve higher coat weight of pigments with 

the size solution. The amount of coating can vary and the products can be 

separated with that basis to for example light weight coated (LWC) and 

medium weight coated (MWC) papers. For very low pigment amounts (1-2 

g/m²) pigmentation process can be used where pigments are added in small 

amounts to the surface size solution. /11/ 
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3.7  Foaming tendency of chemicals related to papermaking 

industry 

The foaming properties of different coating or sizing compositions vary a lot. 

Latex solutions foam already at below 1 % solutions producing foam with 

satisfactory stability. PVA also foams already at low concentrations with 

moderate stability and little bubble size. Casein and gelatine protein solutions 

foam well at low concentrations (below 0,5 %) but with higher concentrations 

both the foam forming and stability impair. Soy protein foams also and can be 

used as foaming agent /12/. Resin glue foams only little with poor stability at 

1 % concentration, but higher concentration of 5 % and higher wax content 

the solution foams more and the foam is more stable, but has larger bubbles. 

Alginate, vegetable glue, ketene dimer, wax dispersion, fluor chemical, CMC 

and starches do not foam at all or only very little. These are results from 

foaming tests where air is supplied through a sinter to chemical solution 

containing cylinder. The foaming properties evaluation is done with foaming 

time required to produce certain volume of foam and with foam stability 

observations. /13, 14/  

4  METHODS FOR COATING THIN LIQUID FILMS 

Thin coating layers can be made by non-convential and possibly dry methods 

or with modified aqueous methods /15/. There are several possible techniques. 

Foam coating is presented in its own separate chapter. 

4.1  Spray coating 

Spray technique has major difference to conventional coating methods since 

the coating device has no contact to the web. Spray coating has advantages in 

machine rebuilds as it can be assembled to existing paper machines without 

the need of space extension. Both sides of the web can be coated 

simultaneously (figure 1). The spray coating process can be used to decrease 

investment and production costs. Spray coater use requires different properties 
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of the coating color due to nozzle wear and the optimal droplet size formation. 

/16/ 

 
Figure 1. Double side spray coating /17/. 

Round-shaped coating pigments cause less wear at the nozzles. Too small 

droplets may have too low impact speed to the web so they do not attach well 

enough. The minimum droplet size is about 40 µm. The speed of the droplet 

has to be high enough for securing proper coating adhesion by good impact. 

With wood containing papers for CSWO printing the spray coating suits well 

as the coated and printed paper surface has good looks although the gloss may 

be at little lower level than with for example blade coating. /16/ 

4.2  Curtain coating 

Curtain coating is a one-side coating method where a coating paste is casted 

with control onto the paper surface /18/. The amount of the coating paste 

applied can be controlled by adjusting the pumping speed and the die slot 

diameter. The viscosity, density and other properties of the colour and the 

height of the curtain can be adjusted.  
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Curtain coating can be used for coating thin layers to uneven surfaces at high 

speed and it does not use any recirculation. The curtain falls usually 5-30 cm 

from the slot to the paper web. High pressure removes air from the gap 

between the curtain and paper web. The free falling coating colour is anyway 

challenging because it must be well controlled to avoid curtain breaks and 

disturbances. At very high speed environment the curtain stability is 

problematic as the air currents may split the film by disrupting the curtain. Air 

flows can be restricted with blades. /19, 20, 21/ 

The multiple curtain coating can be done with slot dies by using separate 

chambers for the coating colours in one applicator or using two application 

units like in the Voith DF system (figure 2). /22/ 

 
Figure 2. Double curtain coating with Voith DF /22/. 

The coat weight of the applied coatings can be usually from about 2 g/m² to 

15 g/m² and it can go as low as 1.0 g/m² with silicone run at 400 m/min in 

pressure sensitive product manufacture. /22, 23/. 

4.3  Metering size press 

4.3.1  Roll metered size press 

The size is applied with an application roll for which the feed is metered with 

a metering roll. Gate-roll size press suits well for the size application of small 

amounts to newsprint. The viscosity of the solution affects the size metering 



13 

because it is based on hydrodynamic forces. This leads to limited size 

penetration to the paper. High viscosity is needed for thick film application 

and therefore the size remains on the surface of the paper. Size metering of the 

system is based on a size pond on a metering roll nip where one roll transfers 

the size film to the application roll which presses the solution to the paper web 

(figure 3). /3/ 

 
Figure 3. Gate-roll size press /3/. 

At high speeds the gate-roll system has a disadvantage in runnability as the 

size solution mists after the nip between application and transfer rolls. This 

problem can be avoided by using short-dwell metering heads instead of the 

outermost metering roll. This configuration is a gate-roll inversion coater. The 

original gate-roll has otherwise good runnability as it has few web breaks. /3/ 

4.3.2  Application head metered size press 

Short-dwell type applicators in film presses are commonly used. There are 

different variations of the configuration. A sealing blade can be used to 

control the amount of return flow. The metering chamber applies the size to 

the press roll which transfers the size film to the paper web. One short-dwell 

type applicator with sealing blade is illustrated in figure 4. /3/ 
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Figure 4. Short-dwell metering applicator of a film press /11/. 

The size film quality is easier controlled with a perforated blade sealing, but it 

needs lower size flow rates. Main reasons for the sealing are to avoid air 

intrusion into the chamber and to reduce the need of size solution circulation. 

Air is a problem if it gets into the chamber as it causes streaky size film. /3/ 

4.4  Blade metered sizing 

Blade metering has been developed for substituting a size press. This kind of 

metering can de done for both side application and it can be used with roll 

application to the other size as with the BillBlade unit (figure 5). The size or 

coating solution is fed as a pond before the blade and roll gap. /3/ 
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Figure 5. Metering with blade and roll in BillBlade system /3/. 

This kind of system made possible a configuration of simultaneous coating 

and surface sizing of opposite sides of paper web. The limitation was the 

speed, 600 m/min, as it could not be used for coating at high speeds at the roll 

side. Higher speeds would need lower dry solids content and at high speeds 

the film split. /3/ 

There are other versions of blade using metering for enhanced properties like 

the TwoStream system, where the paper goes upward in system like in the 

BillBlade method, but it has pressurized ponds. Pressurization allows the 

control of flow velocities, hydraulic pressure and volumes of the applied 

solution. Also TwinBlade and MirrorBlade systems can be used, which have 

two blades. TwinBlade has hard blades and MirrorBlade soft blades. /3/ 

Higher speeds of 900 m/min have been able with wood-containing papers 

using a VACPLY blade metering unit. It has a vacuum chamber which 

reduces the excessive size penetration to the web and adjusts the blade by 

pressure difference. The size remains on the surface of the paper. The size 

solution is fed with a fountain nozzle or a roll (figure 6). /3/ 
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Figure 6. Vacuum based blade metering with nozzle feed in the VACPLY unit 
/3/. 

4.5  Nozzle metered sizing 

Nozzle metering (figure 7) can be used for one-side surface sizing of wood-

containing base papers with low speed. The speed has to be slow but the 

advantages of nozzle metering are smaller linting tendency than with blade 

and press units and a very low penetration of size into the paper which has 

made effective reduction of surface roughness possible even without 

precalendering. These systems can be used for low size amount applications 

below 2 g/m². /3/ 

 
Figure 7. Nozzle metering of size solution /3/. 
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4.6  Wet end coating methods 

Coating at wet end has been tried several times, but the early methods have 

been too unstable or expensive /15/. An on-machine method that coats the 

topside first at the first couch roll is patented by Racine and Fournier /24/. The 

couch roll has a suction box which draws some of the coating onto and 

through the web. The web is supported with wires between the web and the 

suction boxes as shown in figure 8. This system can be used for chemical 

application also. The method was invented for the use of recycled fibers in 

newsprint production. This method could make the coating less expensive and 

avoid the linting problem that the recycled furnish caused. /24/ 

 
Figure 8. On-machine wet end coating method by Racine and Fournier /24/. 

A different method is patented by Schmidt-Rohr, Gallina et. al. that uses a 

sieve belt supporting both sides of the web. The coating is applied through the 

supporting belt. The web is on a roller that has a suction area at the coating 

point. This structure can be used to apply coat weights of 1-10 g/m² per side. 

/25/ 

Also a method of substituting filler use has been invented. This system is used 

for concentrating the fillers and coatings onto the surface of the web. The 

coating device is at the press section. /26/ 
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4.7  Ultrasonic aerosol coating 

A patent by Kinnunen uses an aerosol forming technique for the coating /27/. 

The paper or board web is coated with a variation of spray that is made with 

an ultrasonic atomizer below the web that is on a roll. The ultrasonic atomizer 

(device 9 in figure 9) is purposed to transform the surface of the coating paste 

flow to very little droplets that can attach to the web and form a smooth and 

thin coating layer. The amount of coating can be adjusted more easily than 

with conventional methods. The droplet attachment to the web can be further 

improved using an electric field between the coating medium and the web.  

 
Figure 9. An ultrasonically operating coating applicator /27/. 

The method provides homogenous droplet size distribution. The distance 

between the coating mix flow and web, cross-directional profile of the 

coating, the frequency of the ultrasonic system and the coating flow can be 

adjusted. Coating color recovery is simple as the droplets that do not attach to 

the web are forced back to the coating medium flow by the moving air layer 

near the web. The method suits better for slim coating layers. /27/ 

4.8  Possible foam coating advantages in comparison 

Foam coating can be described as a process where the medium to be coated is 

transferred as a mixture of a solution and air. The foam is formed using 
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foaming agents and devices. The foam is purposed to collapse evenly on the 

paper surface. As foam coating can be designed to achieve a thin layer at the 

paper surface, most of the presented methods may lead to deeper size 

penetration. Especially methods that use cylinder nip or blade can make the 

solution to penetrate deeper. If the size can be left to the top of the surface, the 

needed amount is lower. This is not as important with pigment coating 

mixtures where the solution has to be attached to the paper matrix to achieve 

proper coating layer strength. Commonly the methods are not designed for 

applying very thin coating layers, which may lead to difficulties. These can be 

need of extra dilution, thin layer controlling problems or impossible running 

with higher speeds. More modern methods like spray and curtain coating 

require precise controls of the process and solution. Foam can also be used 

with higher dry solids concentration than with spray without nozzle blocking 

problems. Foam coating has also an advantage related to air. In foam coating 

air is mixed to solution on purpose whereas other methods require prevention 

of air mixing. Foam also does not splash as easily as solutions and it causes 

less web breaks as the mixture density applied to paper web is low. /3, 19, 20, 

21, 22, 23, 35/ 

5  FOAM 

Foam is a colloidal and microheterogenic system where gas is dispersed into a 

liquid or solid medium. The reasons for making and using foams are usually 

related to its ability to form large surface area or volume of a low amount of 

substance. The foam form can also help the application of the substance as it 

is even more diluted in means of substance concentration in mixture volume. 

Thus the amount of transferred substance can be controlled better in low 

amounts. For even application amount results the foam composition has to be 

homogenous.  

Foam can be evaluated with different measures. Air content can be expressed 

as percentage of air in the mix or as an expansion rate or blow ratio of the 
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volume change. Blow ratio expresses how much foam has been formed from a 

solution, i.e. ratio of 1:5 means that the original solution volume has been 

expanded to five-fold volume of foam. /28, 29/ 

Droplet forming time is the time when foam is disintegrated to a point where 

the first droplet percolates from the foam. Period of decay of foam is the time 

when half of the foamed liquid has become liquid again. Wetting ability of 

foam has to be suitable for the purpose. Blow ratio, droplet forming time, 

period of decay of foam, foaming agent mixture and the target surface itself 

affect the wetting ability. The wetting ability can be measured (figure 10). 

This method has been used for measuring foam wetting ability for textiles. 

/29/ 

 
Figure 10. Metering principle of wetting ability of foam /29/. D is the 
diameter of the wetted area, d is the diameter of the foam G holding glass and 
T is for the textile. The foam is let to collapse onto the textile without moving 
it. 

5.1  Foam structure 

Foam that consists of gas dispersed into liquid has two main types. The type 

depends on the share of gas content. With smaller gas share the structure has 

spherical gas bubbles distinguished from each others by relatively thick liquid 

films (figure 11 (a)). With high gas share the foam converts into a polyhedral 

form that has thin liquid films separating the bubbles (figure 11 (b)). /29, 30/ 
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Figure 11. Spherical (a) and polyhedral (b) form of foam /30/. 

The stability of the spherical-bubble foam depends mainly on the viscosity of 

the liquid. The polyhedral form of foam has an ordinary structure where three 

liquid films form a 120° angle that is called the Plateau border (figure 12) 

/29/. 

 
Figure 12. The Plateau border of three liquid films /29/. 

The bubble size and shape of foam depends on the components of solution, 

production method, percolation and disintegration of the foam. Spherical 

bubbles are involved with thick film walls where the foam percolation is 

relatively slow. Foams have higher water content right after formation, but 

they start to dry. The drying happens by gravity accelerated liquid draining via 

foam films. This leads to decreased foam density. Also the foam form changes 

during drying. Over 26 % liquid in foam phase the foam has spherical bubbles 

whereas drier foams have polyhedral structure. The bubble size depends on 

the production method and the external pressure (figure 13). /29, 31/  
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Figure 13. Effect of external pressure to bubble size /29/. 

Inside the foam gas diffuses from the smaller bubbles to the bigger ones 

because inside the smaller bubbles the gas pressure is higher. This leads to 

immediate beginning or percolation after foam forming with both foam types. 

The polyhedral form can keep its form for longer time. /29/ 

5.2  Foam generation 

Foam can be generated with different methods that introduce gas or air to the 

solution of a surfactant. The solution can consist either only of the surfactant 

or surfactant and other substances. The surfactant amount is important. The 

gas can be mixed to liquid by mechanical stirring, blowing air through a 

nozzle or the gas can be generated chemically. Foam can be formed also by 

condensation. This means degassing a supersaturated liquid by temperature 

rise or pressure reduction. This is an easy method, but more expensive than 

mixing methods. This kind of foam generation is used for example in 

sparkling drinks. /28, 29, 30/ 

The foam has to be homogenous when it is applied and all the constituents 

have to be able to mix to each others to achieve even results on the target 

surface. Best homogeneity of foam can be achieved with mechanical mixing 

of gas to the solution. Mechanical mixing with high shear forces effectively 

increases the surface are between gas and liquid phases. Simple arrangement 

is a long tube where the liquid is fed with turbulent speed. The tube can be 
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filled with beads or other suitable filling media that helps the thin film 

formation of liquid that helps the foam formation.  /28, 29, 30/ 

In the foam formation the surfactant molecules seek their way to the gas-

liquid interfaces from the liquid when gas is mixed to liquid. At the bubble 

formation in the rising gas moment the surfactants organize. The polar head of 

the molecules direct to the water phase and the hydrophobic heads direct to 

the gas phase. /30/ 

Foam generation is influenced by many factors and therefore the system 

cleanliness is important, as the amount of foaming materials in solution can be 

very small to cause foaming. Foam lifecycle has generally four different 

stages, which are illustrated in figure 14. The first stage is the gas injection to 

the liquid so that the liquid has some bubbles. The bubbles then transform into 

spherical foam, which later turn to polyhedral foam when the films separating 

bubbles become thinner. When the films become too thin and have too large 

area they begin to break and the foam turns back to liquid stage. /32/ 
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Figure 14. Foam lifecycle from gas introduction to foam breaking /32/. 

5.3  Foam generators 

As mechanical mixing is the common method for foam generation and mixing 

can be done with different manners, also foam generators with different 

techniques exist.  

5.3.1  Gas injection to solution through a porous medium 

Very simple arrangement to make foam is to inject gas into a solution through 

a porous substance such as sinter, filter, wood or rock (figure 15). These kinds 

of foamers are commonly used for aquarium water cleaning purposes. /13, 31, 

33, 34/ 
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Figure 15. Simple foam generator where foam is formed with gas injected 
through a porous medium /34/. 

5.3.2  Gas injection to solution by nozzle 

Another injection type foam generator is the Fennofoam foamer (figure 16) by 

Kemira Oy that mixes air and solution through a nozzle with high turbulence 

/36/. The solution and air go through a wire and the foam is formed in a 

chamber. Foam is transported from the chamber through a pipe to nozzle. This 

kind of foam generation is based to turbulence induced mixing which creates 

more gas-liquid surface area with help of surfactants. 
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Figure 16. Fennofoam foamer schematic /36/. 

Some foam generators work as foam applicators also (figure 17). In this 

device the foam is formed by injecting air through a pipe (point 7 in figure 17) 

to circulating solution. /13/ 
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Figure 17. Schematic of foam generator and applicator /13/. Foam is formed 
by turbulence in the pipe where air is injected in point 7. Point 3 is where the 
foam reaches the paper. 

The foam is formed at the lower part of the foaming chamber. When enough 

foam has been formed, it can be applied to the lower surface of paper web 

/13/. The foam is applied to the paper through a gap. The paper is run at the 

top of the container to left as the arrow in figure 17. Figure 18 is the outside 

view of the foam coater. As the foam is applied to paper web against gravity, 

this kind of system does not easily transfer extra liquid to the paper web. As 

foam collapses, the liquid accumulates and falls by gravity. 

 
Figure 18. Picture of foam coater /13/. 

Figure 19 shows the foam generator and applicator in use on a Dixon research 

coater before the paper line is assembled on the foam applicator. The foam 

application could be done with 70 m/min speed. /13/ 

 
Figure 19. Foam coater in use /13/. 
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5.3.3  Mixing of gas to solution with a rotor-stator system 

One effective method for foam generation is a stator-rotor mixer. Example of 

this kind of mixer is Top Mix generator produced by Hansa Industrie Mixer 

GmbH (figure 20). The smallest mixer is for continuous foam generating at 

20-120 l/h production rate. The solutions can be both of higher or lower 

viscosity and for many purposes like in the plastic, leather finishing, food and 

textile industry. /33/ 

 
Figure 20. Top Mix foam generator /33/. 

Foam generating is controlled with adjustable rotor speed and flows of air and 

solution to the stator-rotor mixing head (figure 21). The important feature for 

all foam generators to achieve effective production of foam is the ability to 

mix with high enough shear forces. Mechanical force introduced to mixture of 

gas and solution is needed to grow the surface area effectively. Effective 

function leads to smaller bubbles and therefore better stability of foam. /31, 

33/ 
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Figure 21. Stator-rotor system for foam generating /35/. 

Example of foam generated with this kind of mixer is a homogenous 8 % fines 

solution (figure 22). Sodium lauryl sulfate at 1 % of the solution weight has 

been used as surfactant. Foaming agent is needed to produce foam from fines 

solution, without any surfactant only a non-uniform mixture of fines and air is 

formed. /35/ 

 
Figure 22. Fines foam using Top Mix foam generator with 1 % foaming agent 
on suspension weight /35/. 

5.3.4  Foam generator differences and suitability for foam generation 

for foam application on surface 

As the thin liquid layer with even coverage is the target for paper application, 

high foam homogeneity and small bubbles are favourable. Both properties can 

be best achieved with high shear forces introduced into the gas and solution 

mixing. This is best ensured with a rotor-stator system which mixes gas to 

liquid and simultaneously ensures high homogeneity of the solution. Foam 

generation with versatile adjustments of mixing speed and solution and gas 
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flows enable good results. The stability of the foam is important considering 

the use of it. The next chapter is about the physics behind the stability. 

5.4  Cohesion, adhesion and surface tension as background 

phenomena of foam stability 

5.4.1  Cohesion 

Cohesion means the phenomenon of forces that keep the material united. 

Between molecules in matter there are attraction forces. The strength of the 

forces depends on substances. It relates also to solubility. If substance one has 

high cohesive forces between the molecules, the solubility of substance two 

into substance one is limited if the cohesion forces of substance two are 

weaker. Generally substances that have close cohesive forces in the phases 

can be mixed together better. These internal cohesive forces can be defined by 

cohesive energy density (CED) which is originated from the energy per unit 

volume that keeps the liquid matter united. Work of cohesion is needed to 

create extra surfaces by dividing one phase to two phases (figure 23). /37/ 

 
Figure 23. Work of cohesion is needed to form separate phases /37/. 

The work of cohesion can be determined by � G with equation 

� G = 2� A = WAA               (1) 

In the equation �  is the surface tension and WAA is the work that has to be 

done to resist the cohesion between the two new surfaces. There is a factor 2 

because two new surfaces are created. When molecules from the bulk sample 
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are transferred to the surface, the free energy change is measured as surface 

tension. /37/ 

5.4.2  Adhesion 

Adhesion describes a phenomenon where two surfaces are attached to each 

others and external force is needed to separate them (figure 24). Adhesion 

needs wetting of the surface and in paper manufacturing is present in coating. 

Adhesion can be studied by six different theories. These are chemical 

bonding, physical adsorption, diffusion, weak boundary layer, electrostatic 

and mechanical interlocking theories. Physical adsorption exists always 

because there are molecules in intimate contact in every adhesive bond. /38/ 

 
Figure 24. Work of adhesion WAB is needed to separate the surfaces of phases 
A and B in contact /37/. 

The work of adhesion WAB can be determined through surface tensions with 

equation 

� G = WAB = � final - � initial = � A + � B - � AB             (2) 

In the equation (t) surface tensions � A + � B are for the new surfaces and � AB is 

the surface tension of the surface between the original phases, WAB is the 

work that has to be done to resist the adhesion between the surfaces when they 

are separated.  /37/ 

Physical adsorption theory relates to van der Waals forces at the interface. 

There are three types of attractions between dipoles. Attractions can be 

between two permanent dipoles, between an induced and permanent dipole 
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and yet between two induced dipoles. The forces between two induced dipoles 

are also called dispersion forces. The potential energy between two permanent 

dipoles (Epp) in a vacuum can be determined with equation 
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where µ1 and µ2 are the dipole moments, r is the distance between centres of 

the dipoles, � 0 is the permittivity of a vacuum, T is the absolute temperature 

and k is the Boltzmann’s constant. Permanent dipoles can be formed between 

two polar molecules, for example in water. /38/ 

A dipole can induce another dipole to non-polar molecule. For example water 

molecule can induce a dipole to a methane molecule. Dipoles can also form 

instantly between non-polar molecules. This is possible by the electrons that 

fluctuate in their distributions. These forces work only at very near distances, 

roughly below 1 nm. This means that these forces exist only at the top surface 

layers at the interface. /38/ 

The diffusion theory supposes that two polymer layers unite to one layer i.e. 

the surface between them is removed. This phenomenon requires that the 

polymers are compatible with each others and mobile. Mobility is possible 

over the glass transition temperature. /38/ 

Mechanical interlocking can happen with irregular surfaces. The adhesive can 

enter the pores before hardening and form a hard structure which partly is 

locked inside the surface. /38/ 

Chemical bonding means formation of covalent, ionic or hydrogen bonds at 

the surface depending on the substances /38/. Hydrogen bonds are crucial with 

paper related bonds. 
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Electrostatic theory is related to materials that are in contact and can change 

electrons. This forms an electrical double layer with attraction forces. This 

form of adhesion can be thought to work with metals. /38/ 

Weak boundary layer can be formed if a surface is contaminated by oils or 

such before the addition of adhesive. Clean surfaces can give strong bonds 

which are clearly impaired to cohesively weak layers if the surface is 

contaminated. /38/ 

5.4.3  Surface tension 

Surface tension of a liquid is a phenomenon which tends to minimize the 

surface area. It is the reason why most liquids can be filled to a container 

slightly over the container volume – the extra liquid forms a curved surface. 

The edge of the curved liquid volume is at the container rim but at the centre 

the liquid surface is higher. Surface tension applies to all phase boundaries, 

not only to liquid surfaces but these are the places where the effect is most 

important. Surface tension varies between different substances. It also has 

effect to the contact angle that is formed to the point where liquid and solid 

are in contact. Surface tension relates to two phases, but contact angle forms 

to point where three phases contact. These phenomena are important in many 

practices and have effect to liquid spreading. Common active use of these 

phenomena is the surfactants in detergents which help the wash water to 

penetrate into the cloth structure. It is possible because the surfactants are 

used to decrease surface tension of the water and contact angle between water 

and cloth fiber. /37/ 

Surface tension �  is the force that drags the liquid surface to its centre point. It 

can be measured as force per length as N/m with for example an apparatus 

illustrated in figure 25. /37/ 
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Figure 25. Surface tension measurement /37/. 

The force F needed to oppose the surface tension is measured. The apparatus 

consists of a wire loop with the lowest part which can move. The lowest wire 

is dipped to liquid and then the system is lifted. As surface tension resists the 

increase of liquid surface, the force F can be measured. With this information 

and wire length the surface tension can be calculated by equation (4): 

�  = F/2l                        (4) 

The wire length l is needed double as the wire forms two liquid surfaces 

attached to it from both sides. Surface tension and contact angle are related 

through the Young’s equation (5): 

� LV cos �  = � SV - � SL                (5) 

This equation applies in horizontal direction of a liquid drop on a surface after 

the liquid has reached equilibrium with its vapour. Surface tension � LV has 

influence at the surface between a liquid drop and the vapour phase of the 

liquid. Subscript SV stands for surface tension between solid phase and the 

vapour of the liquid and � SL is the surface tension at the solid-liquid interface. 

These tensions are expressed in figure 26 which also shows the boundary 

point of three phases where the contact angle is measured. /37/ 
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Figure 26. Surface tensions and contact angle /37/. 

5.5  Foam stability 

Besides suitable foam generation, foam stability is the most important thing to 

enable proper use of foam. Foam has to keep in required condition the time 

before it is supposed to disintegrate. Incorrect stability leads to poor quality of 

process runnability or product. The stability of the foam depends on the liquid 

film percolating properties that affect the film thinning and the film breaking 

tendency on external interference. Gas-liquid foams are not stable 

thermodynamically, but they can achieve a metastable condition if they are 

insulated from external influences. Foams are unstable because of the high 

surface area and thereof high free surface energy. Instable and metastable 

condition can be distinguished by the properties of the surface active agents in 

the solution. /29, 30/ 

Water based solutions of weakly surface active agents such as alcohol or short 

chain fat acids produce instable foams. These chemicals can slightly slow 

down the percolation and breaking of films but they can't avoid the overall 

disintegration. Solutions of proteins, synthetic detergents, saponins, soaps etc. 

form metastable foams. Metastable foams have higher surface forces. The 

forces stop the percolating of films while the liquid disappears when the film 

reaches certain thickness. These foams collapse because of external 
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interference like heat and heat changes, impurities, evaporation, gas diffusion 

from smaller to bigger bubbles, noise and tremble. These foams would be 

theoretically stable if all of the external interferences could be avoided. The 

film percolation by gravitation force and the negative disjoining pressure 

decrease the film thickness. Because of this the liquid in thin film is not 

thermodynamically permanent. /29/ 

The film stability in foams is affected by different factors. Surface rheology, 

where the liquid viscosity is a main component, surface elastic effects of 

Gibbs-Marangoni and thickness equilibrium of the film are the three important 

principles of film stability. Electric repulsion forces, van der Waals forces, 

capillary pressure etc. control the thickness equilibrium. /29/ 

The stability of the foam has to be adjusted to a suitable level. The bubble 

rally can make large transformation and it can cause density differences and 

uneven distribution of the carried material to the target surface. Foam stability 

of similar solutions can vary with different mixers. It can be adjusted by 

controlling the liquid viscosity with CMC, hydroxymethylcellulose, casein, 

talc, surfactants or other relative chemicals. Usually the effect of different 

chemical mixings to the foaming and foam stability has to be tested 

empirically. /13, 29/ 

Substances that are used for emulsification are generally also good for 

stabilising foam because the function of the chemical is quite similar. 

Emulsifying chemical has to avoid collapse of a droplet and a foam stability 

chemical is used for avoiding bubble collapse. /39/ 

Also the air content of the foam affects the stability. For starch solution at the 

liquid to air rate of 1:10 the foam can be stable enough to apply before it 

collapses. This foam had a protein surface active agent with ratio of four parts 

protein per 100 parts starch. With higher air content of 1:12 the foam is more 

stable and can even be difficult to break. Under the ratio of 1:8 the foam is not 

homogenous anymore and this leads to uneven distribution. /28/ 
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The bubble size is also important considering the foam stability. Large bubble 

size means that also the ducts in between bubble borders are larger. Larger 

ducts can transfer more liquids which lead to faster drainage /31/. The bubble 

size can be used for targeting the foam stability to suitable level. The size 

should be small also because with smaller bubbles the solution carried spreads 

evenly to the surface when the foam collapses. 

When the target is to improve foam stability, the focus in foam is near the 

Plateau border. Foam changes as the liquids in the Plateau points and foam 

walls move. Stabilization methods are used to decrease the liquid transfer 

from Plateau borders and the walls near the areas of the border (figure 27). 

/40/ 

 
Figure 27. In foam stabilization the area near the Plateau border has to be 
altered to decrease liquid transfers /40/. 

5.5.1  Forces influencing thin foam film 

Negative pressure caused by the electric double layer, van der Waals pressure, 

Laplace suction pressure and contiguous liquid molecule and their opposite 

forces inflicting on negative pressure affect the disjoining pressure. Three 

main factors affecting thin film are illustrated in figure 28. /29/ 
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Figure 28. Factors affecting thin film /29/. Electric double layer (1), van der 
Waals interaction (2) and Laplace suction pressure (3). 

The negative pressure caused by the electric double layer is formed in foam 

lamella that has ionic surface active agents and counter ions (figure 29). The 

counter ions begin to push imbricate to each other when films start to 

approach each others and this causes the repellent force. /41/ 

 
Figure 29. Surfactant ions and counter ions make electric double layers (upper 
part) and the intersecting potentials increase the electric potentials (solid line) 
to higher level (broken line) and the repelling force develops /41/. 

When considering the force � PDL with simplifications of low ionic strength, 

attention only to the diffuse part of double layer and large distance between 

layers, an equation can be given: 
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Hd
DL enkTP -=D 264 g                                     (6) 

In the equation n is the ionic number per volume unit, kT is thermal energy, �  

= tanh ze� /4kT, H = (8� e2z2n/� kT)½ (inverse of characteristic Debye length) 

and d is the distance of layers, z is the electric charge of ions and �  is the 

electric potential outside of Stern layer. /41/ 

As the surfactant molecules are highly oriented at the surface layer, ions with 

opposite charges in the bulk solution are also concentrated near the surface. If 

the distance of these layers decreases enough, a double layer overlap forms 

(figure 30). Due to its electrostatic origin, this phenomenon is sensitive to 

electrolytes found in the solution. /31/ 

 
Figure 30. Repulsion force created by electrical double layers after film 
thickness has reached the point of overlap. /31/ 

Van der Waals pressure is caused by medium that surrounds film which 

causes interaction of electromagnetic fields. The pressure effects on thin 

liquid film covered with another substance. The pressure PVW over the film is 

conversely proportional to the power of three of the film thickness: 

PVW = - A / 6d3               (7) 
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A is the Hamaker constant (about 5 x 10-20 J) and d is the film thickness. Van 

der Waals forces start to have effect to foam stability only after drainage and 

film thinning. /29, 31, 41/ 

Laplace suction pressure is a hydrodynamic pressure caused by the film 

curves at the Plateau borders. The pressure is lower with curved surfaces than 

planar surfaces. The pressure difference � P can be expressed 

� P = � (1/r1 + 1/r2)               (8) 

The pressure difference originates from surface tension which has effect in the 

curve. R1 and r2 are the curvature radii and �  is the surface tension. /29, 41/ 

The molecular structure can also affect the stability of thin films. The 

structure may affect the water organization in the middle areas of film layers. 

Also temperature has its own effect on stability as over certain temperature, 

FDTT (Film Drainage Transition Temperature), the foam stability decreases 

fast because the film percolation increases. Gravitational force affects the 

percolating vertical film and causes pressure. Also the film elasticity and 

viscosity affects this pressure. /29/ 

5.5.2  Steric stabilization 

Steric stabilization can also affect the foam stability. If the polymers 

concentrated at the surface layer of film repel each others because of 

unfavourable thermodynamics when the film thins, film drainage slows down. 

Figure 31 illustrates the thinning film and becoming contact between 

polymers. This happens when the polymer is water-borne and would better be 

in contact with water than itself. /31/ 
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Figure 31. Steric stabilization caused by polymer repulsion /31/. 

5.5.3  Surface viscosity 

Foam stabilization by surfactants is caused by highly organized interfacial 

structure (figure 32), which is different compared to the solution. The surface 

layer viscosity can be higher than the viscosity of the solution. This slows 

down the liquid transfer and absorbs the mechanical and physical changes. 

/31/ 

 
Figure 32. Ionic surfactant stabilized foam lamella /31/. 

Increased surface viscosity can be caused by different chemicals. Common 

factor to this dense packing mechanism of surfactants is the high cohesive or 

adhesive interaction between the molecules or particles. This can happen with 

surfactants, particles with high contact angles and polymers (figure 33).  /30/ 
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Figure 33. Increased surface viscosity caused by (a) mixed surfactant systems, 
(b) polymers, (c) particles with high contact angles /30/. 

5.5.4  Gibbs elasticity 

The Gibbs elasticity is a measurement of foam stability. It relates to surface 

tension differences in certain area of liquid film. The basic idea of the theory 

is that not only the lower surface tension is required for foam stability but also 

the surfactant has a significant role. Especially the absorbed surfactant layer 

properties on the top of the liquid film are important. Gibbs measured the 

elasticity as change of surface tension, which leads to change in area. The 

requirement for foam stability is thereby the ability of surface tension 

changes. The surface tension must also always react against the forces that 

rupture the film. If a foam film is thinned, the bulk concentration of surfactant 

decreases, which increases surface tension. Increased surface tension works as 

a force which drags surfactant molecules and solution from adjacent surface 

area with lower surface tension and higher surfactant concentration. The 

Gibbs elasticity is generally the same thing as the Marangoni effect. /31, 41, 

42, 43/ 

The Gibbs elasticity � G can be defined with equation (9): 
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e -==                (9) 

There � AF is the surface tension between the foaming liquid and air, A is the 

film surface, h is the film thickness and the factor 2 is needed because of two 
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air-liquid surfaces at the foam film. The Gibbs elasticity has strongest effect at 

concentrations below critical micelle concentration. Figure 34 illustrates 

Gibbs elasticity values as factor of sodium dodecyl sulphate (SDS) 

concentration with two film thicknesses. /43/ 

 
Figure 34. Gibbs elasticity curves of two film thicknesses as factor of SDS 
concentration /43/. 

As from figure 34 can be seen, decrease in film thickness at constant 

concentration expect low values clearly increases the Gibbs elasticity. This 

leads to higher surface tension. /43/ The concentration where maximum value 

of Gibbs elasticity is achieved is the point where also exists the maximum 

stability of foam. According to this curve the maximum stability for pure 

SDS-water solution is about at the concentration of 2-2,5*10-3 mol/dm3 which 

corresponds about 0,6-0,7 g/l using SDS molar weight of 288,4 mol/g and 

c.m.c. of 8,3 mol/dm3 /33/. C.m.c., critical micelle concentration is explained 

in chapter 5.6.2. 
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5.5.5  The Marangoni effect 

The Marangoni effect relates to resistance of changes in surface concentration. 

Large size of surfactant molecules slow down the diffusion. If a new interface 

is born, surfactants need time to spread to the new surface. At the beginning 

the new surface has higher surface tension because of the lower initial 

concentration of surfactant. This difference in surface tensions works against 

the formation of new surfaces as a restoring force. This is the core of the 

Marangoni effect (figure 35). /31/ 

 
Figure 35. The Marangoni effect. Formation of new surface decreases 
surfactant concentration and leads to higher surface tension, which resists 
expansion of interface. /31/ 

When Marangoni effect is used for foam stabilization, the concentration of the 

surfactant has to be at suitable level. This is due to the needed surfactant 

concentration differences at surface, which is the driving force of the effect. 

This way the Marangoni effect works against film thinning and can fix little 

disturbances. At low surfactant concentrations, thin sections of film are weak 

because the differences are too low, i.e. the surfactant concentration is low 

everywhere. Low concentrations lead only to low foaming and foam stability. 

With suitable concentration a concentration gradient is created and the thin 

section drags surfactant molecules from adjacent surfaces. These surfactant 

molecules bring the bulk solution with them and therefore the thin section of 

film is restored to original thickness. This concentration creates stable foam. 
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High surfactant concentrations lead to situation, where the surfactant 

molecules are not only at the liquid-gas interface, but exist also freely in the 

liquid phase. At thinned film point the born surface tension gradient is fixed 

by the transfer of surfactant molecules from the solution to the surface and no 

liquid is moved to the thinned section. Too high surfactant concentrations 

above the c.m.c. create foam that has too thin layers to be stable. The chain of 

events in these three situations is described in figure 36. /44/ 

 
Figure 36. Low (a), suitable (b) and high (c) surfactant concentrations lead to 
different mechanisms /44/. Only moderate concentration leads to strong 
Marangoni effect. 
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5.5.6  Notices about stabilization 

As there are many surface phenomena where the function of foam generation 

and stabilization require surfactant organization to the liquid-gas surface, it 

has effect to the solution concentrations during foaming. If foam is produced 

from a solution of some chemical to be transferred with foam and surfactant, 

the surfactant molecules enrich into the foam phase from the initial solution. 

This can be thought because the foaming process mainly is a huge increase of 

surface area. Practical view to this is that if foam is produced large amounts 

from certain solution batch, the surfactant concentration in the solution 

decreases. This leads to decreasing foam stability as the foaming process 

continues, if the surfactant concentration in the beginning has been at 

maximum level for stabilization. The surfactant can be added to surplus 

concentration in the beginning of the batch process, but this may increase the 

problems. The basic problem considering high surfactant concentration is the 

tendency of possible paper strenght weakening. Batch foaming process from 

constant solution volume with continuous surfactant addition to may be better 

option to avoid problems. 

5.6  Surface active agents and other foaming agents 

Surface activity means a strong tendency of a substance to form a 

monomolecular layer at the interfaces between two different phases like air 

and water or oil and water in figure 37. Commonly these substances, 

surfactants or surface active agents have different ends at their molecules. The 

surfactants organize at the surfaces according to the chemical attraction and 

rejection forces. Other end of the chemical is soluble to oil or vapour and the 

other end is soluble to water and therefore the optimal energy of the system is 

achieved when the chemical is located at the interface between water and oil 

or vapour. /39/ 
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Figure 37. Monolayer of surface active agent orientated at the surface between 
air and water and oil and water. Spherical end of the surfactant illustrates the 
hydrophilic part of the chemical. /39/ 

5.6.1  Different surfactant types 

Surfactants are anionic, cationic, non-ionic or ampholytic and their names are 

usually according to the use as emulsifier, detergent, wetting agent and 

dispersant. Anionic surfactants are common because they are effective and 

cheap whereas non-ionic surfactants can have different lengths of their 

hydrophobic and hydrophilic groups. Cationic surfactants suit well for special 

purposes because of their germicidal properties, but they are expensive. /39/ 

Usually the hydrophobic part is a hydrocarbon chain and the hydrophilic part 

is ionic. Anionic agents have commonly ionic groups of soaps or sulphates, -

COO- and -SO3
- respectively. A quaternary ammonium R4N

+ group is a 

common cationic group. Also different polymers such as PVA and proteins 

are surface active. They can have different foaming properties compared to 

surfactants. For example temperature over 25 °C impairs the foam quality 

with casein protein, but for sodium dodecyl sulfate there is no difference. /13, 

45/ 

5.6.2  Critical micelle concentration of the surfactant solution 

Surface active chemicals have special behaviour when the concentration is 

changed. At certain point when a solution has a high enough concentration, 

the properties that change with increasing concentration confront sudden 
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changes in their development (figure 38). This point is critical micelle 

concentration, c.m.c., in which the surfactant forms micelles. /39/ 

 
Figure 38. Effect of reaching c.m.c. with dilute solution of sodium dodecyl 
sulphate at 25 °C /39/. 

Micelles are organized aggregates of a chemical in a solution. In these 

aggregates the surfactant chemicals have their hydrophilic ends pointed 

outward and hydrophobic ends are oriented towards the interior of the 

aggregate (figure 39). The reason for micelle formation is the cohesive forces, 

which become high enough at the c.m.c. Water has high cohesive forces 

between water molecules and therefore the hydrophobic tails of surfactants 

aggregate towards micelle centre. This structure keeps the water rejected 

hydrophobic tails apart from water molecules and is electrically more 

favourable. At the same time the hydrophilic tails are in contact with water 

molecules. As the micelles have same electric charges on their surfaces, 

micelles repel each others in the solution. /37, 39/ 
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Figure 39. Round-shaped micelle with hydrophilic negative charge ends 
towards outside /46/. 

The critical micelle concentration varies with different chemicals. As the 

surfactant molecule has longer carbon chain, the c.m.c. is lower. Also the 

c.m.c. is affected by other properties of the solution. Simple electrolyte 

addition decreases the c.m.c. /39/ 

5.6.3  Effect of surfactants on paper properties 

Surface active agents of different types can affect the properties of wet and 

dry paper web when they are added to the pulp. Anionic, cationic and non-

ionic surfactants affect mostly to the strength properties as the molecules may 

affect the fiber to fiber bonding by reducing the hydrophilicity and surface 

tensions of the pulps. A surface active agent can weaken the sizing by 

hindering the size particles to attach to the fibers or even release the already 

attached particles. The surfactant which has caused these problems is a 

common sodium lauryl sulfate. Mostly the strengths of sheets decrease with 

added surfactants, but also strengthening occurs. With chemical pulp added 

anionic surfactant can slightly increase the tensile strength and with non-ionic 

surfactant the tear factor of the sheet can increase. The amount of added 

surfactant to the pulp can be as low as 0,005 % of the pulp to have clear 

effect. Dry paper seems to have little effect as if surfactants are sprayed on the 

surface of dry paper at their c.m.c. with amount of 3,7 g/m² to a 45 g/m² paper 

the paper strength properties do not have significant changes. PVA, casein, 

soy protein extract, gelatine, keratin and albumen used as foaming agents 
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instead of surfactants have showed less mechanical weakening of the foam 

coated paper. /12, 13, 28, 35, 45, 47/ 

The differences between foaming agents are remarkable as the protein 

foaming agent can be added 10-fold compared to the sodium lauryl sulfate and 

the hydrophilicity of the paper web increases only a little with the protein 

foam while the sodium lauryl sulfate increases it a lot. Albumen, casein and 

keratin proteins can be used. The use of a protein foaming agent instead of 

surfactant can decrease the negative effects on paper properties. Especially 

burst strength can decrease significantly because of surfactant. Preferably the 

protein can be used for foaming as a 1 to 2 % concentration by solution 

weight. /47/ 

5.7  Foam disintegration 

Gas-liquid foam can only achieve a metastable condition and collapses itself 

with time. If the foam disintegration is needed to accelerate, different methods 

can be used. Increase of temperature enlarges the gas bubbles in foam and 

dries the thin liquid films which lead to foam collapse. This method is usually 

not so good because of possible weakening of the product properties and it is 

not very effective. After the application foam disintegration can be done e.g. 

by blade, nip, brush or with other physical methods. /30, 47/ Simple method to 

avoid excess foam disintegration is the foam stability control at the foam 

formation. If the foam is originally produced for certain purpose, the foam 

stability should be targeted to endure through the process but no more. 

The foam disintegration happens mainly due to bubble rupture where a film 

between two bubbles disappears and they form one bigger bubble. If the film 

or lamella breaks at the surface bubble, the bubble completely breaks and the 

liquids spread into the foam body. Only the surface bubble rupture leads to 

significant foam volume reduction. The lamella breaks origin from film 

thickness fluctuations which can cause holes. Fluctuations occur by liquid 

evaporation, thermal motion, mechanicals disturbances, compositional 
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fluctuations and sounds. Small holes can heal themselves but larger holes lead 

to rupture. A limit of hole radius being 0.27 times the film thickness has been 

estimated. /31/ 

Chemicals can be used to accelerate foam breaking. The mechanism is to 

chemically intrude the films so that the water is replaced partly with a 

hydrophobic medium like silicone oils activated with highly dispersed 

hydrophobic solids particles. The oil carries and spreads the particles to the 

thin films. Another mechanism is the decrease of interfacial tension that leads 

to water escape from the film. With hydrophobic particles the foam film 

rupture takes effect when the film thickness decreases to the size of the 

particle (figure 40). /30, 31/ 

 
Figure 40. Film rupture mechanism with a hydrophobic particle /31/. 

Mechanical foam breaking is used especially when chemical breaking can 

cause problems. Breaking is based on individual film breaking with high 

enough shear velocity. This can be done in many ways. When the breaking is 

done generally without specific target, rotating discs, injectors, ejectors and 

centrifuges can be used. /30/ 

5.8  Use of foam as carrier medium 

There are several mechanisms that effect the foam formation, stability and 

breaking. Considering foam generation, the target for foam use orders the 
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mechanical devices and chemicals to use. Foam generator properties and 

surface chemistry have most important effect. To enable foam formation, the 

solution has to have a component which tends to have higher concentration at 

the gas-liquid surface. This makes possible the formation of foam as the 

system is stable enough to consist of bubbles which have relative thin films. 

The high surface concentration of the surfactant also works against the 

cohesive forces of the pure solution. Cohesive forces with gravity have major 

role why pure liquids do not foam or the foam collapses immediately. Better 

stability can be achieved by introducing more shear forces at the foam 

formation stage and optimizing the surface active chemical dosage suitable to 

the solution and purpose. Stability is reasonable to be enough good to fulfill 

the purpose, but better stability is not needed as it can make the foam 

disintegration more difficult. As there are many mechanisms which effect 

foam formation and stability, the suitable foam generation machinery and 

surfactant chemical dosage have to be optimized empirically. Mechanical 

methods for foam disintegration are most effective. 

6  FOAM COATING 

In the textile industry the main benefits of replacing a conventional wet 

coating method with a foam process are reduced dye migration problems in 

drying section, reduced energy consumption of the drying, smaller effluent 

water load because of the lack of thickening medium use and a possibility of 

full usage of the drying capacity. These benefits are involved in the finishing 

department and dyeing house. /28/ 

In paper making process the foam coating can have advantages by adding the 

chemicals that are used for making the product performance better to the wet 

paper web instead of the aqueous pulp before the headbox. This can make the 

chemical recycling and effluent water treatment easier. In the short circulation 

would be only the process performance chemicals such as retention aids, 

slimicides and defoamers. The absence of product performance chemicals 
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would itself reduce the amount of needed slimicides and defoamers, the 

amount of retention aids used is not a problem considered from the effluent 

water treatment point of view. Starches, dyes, sizing agents and wet-strength 

and dry-strength resins et cetera belong to the product performance chemicals. 

/47/ 

The product performance chemicals can be added to the paper surface by 

foam, for example sizing agents can be added to increase the surface tension 

between the paper and water. Adding the chemicals as foam reduces the 

amount of water exposed to the paper web which reduces the need of drying 

energy costs. Also it can be used to produce papers with surfaces having 

special properties and make the chemical usage more effective. /35, 47/  

Foam can be used for curl correction with coating. This is done by applying 

plain foam to one side of the paper at the same time as the other side is coated. 

Adding chemicals in form of foam makes the application possible to the wet 

end or dry end of the papermaking machine. Protein foam utilization to the 

other side of the paper web with coating decreases the curls in dried paper 

while the paper sizing remains intact as the measured Cobb values are the 

same as without foam application. /47/ 

6.1  Foam coating applicators 

After some earlier researches of foam coating separating the foam generation 

and application is suggested.  The application should be done with small size 

pipeline applicator for easier assembly on paper machine. The applicator 

should have profile control and the gaps at the foam nozzles should be 

adjustable. Also the cleaning possibilities of the applicator should be noted. 

The foam application sets requirements for the foam itself too. The foam 

should flow evenly and easily in the applicator to avoid uneven imprint on the 

target material surface. /14/ 
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6.1.1  Pilot plant coater for foamed pigment coatings 

The coating of a pigment paste to achieve coat weight of 10 g/m² with a pilot 

plant coater using a flexible blade and with a trailing blade can be used as 

foamed process. The pilot coater (figure 41) has re-circulation of excess paste. 

The excess and fresh unfoamed paste is fed to paper through air addition 

diffuser, disc mixer with high shear, foaming tube and air content measuring 

device. The foam consistency is maintained by uniform flow and closing it to 

own separate atmosphere. Paper coated with the method achieves good 

surface smoothness and coating pick, does not have wrinkles and the coating 

profile can be improved. The reason for foam using has been the increase of 

solids content without increasing the viscosity of coating paste. Foaming 

agent sodium 1-(2-sulfonatoxyethoxy) dodecane was used 0,26 % on coating 

paste. This can be done with optimum air content of 30 %. This system has 

been run at 725 m/min with microcapsule foam with 70 % air content and 

solution concentration of 18 %. /12, 48, 49, 50/ 

 
Figure 41. Pilot plant coater for foamed high solids pigment coating 
composition /12/. Foam is applied to underside of paper (2) with a fountain 
applicator (14) using excess apply and recirculation. 
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6.1.2  Coatema Linecoater 

Coatema Coating Machinery has a coating machine that can be used for 

different coating technologies including foam coating /50/. Their Linecoater 

LC 500 has a working width of 500 mm and can be used for direct or transfer 

coating and has a corona treatment possibility either before or after the coating 

station. The Linecoater (figure 42) is available with 500 or 1000 mm line 

width. /35/ 

 
Figure 42. Linecoater by Coatema Coating Machinery /50/. 

6.1.3  Zimmer Magnaroll and Variopress 

Another coating applicator manufacturer Zimmer has two machines suitable 

for foam application, Magnaroll and Variopress /51/. Both machines are 

available in full scale and laboratory scale. The working widths are 500-1200 

mm for laboratory machines and 5 meters for Magnaroll and 5,5 meters for 

Variopress. The Variopress (figure 43) is a system where the foam is applied 

through two teeth rolls. The rotating speed of the rolls is adjustable and the 

amount of foam applied controlled this way. The applicator can be assembled 

in different positions and with different installations for example on a roll or 

on a free floating web. /35/ 
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Figure 43. Zimmer's Variopress foam applicator /51/. 

The Magnaroll (figure 44) can be used for foam coating besides with other 

coating techniques like dyeing and dot coating /51/. The main purpose is in 

the textile industry. Also with the Magnaroll different coating positions and 

techniques are available. 

 
Figure 44. Magnaroll multiuse coating device by Zimmer /51/. 

6.1.4  The Foamcote process 

The Foamcote process has highest speeds of 1160 m/min with working foam 

coating. It has been developed through many phases. The important factor to 

achieve working foam application is the limitation of air flow coming with 

paper web. The methods for limiting air flow are deflectors and vacuums like 

with the applicator in figure 45. These applicators can be assembled to apply 

foam to both sides of paper with separate foam generators. /28/ 
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Figure 45. Foam application system with preceding air flow removal by using 
mechanical air flow limitation and vacuum /28/. 

Best result was achieved with a special foam applicator. This applicator does 

not have vacuum but air deflector and foam applicator pipes connected to each 

other with a plate as described in figure 46. /28/ 
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Figure 46. High speed foam applicator /28/. 

These applicators along with aforementioned applicators that utilize vacuum 

have reached uniform coverage with starch foam. The applicators contact the 

paper web surface but cause fewer webs breaks than convential pond type size 

presses. This is suggested to originate in the fewer amount of water applied to 

the web and the smaller water penetration in the nip area. This leads to fewer 

bond breaks between fibers and lesser stress relaxation and therefore the web 

remains stronger. The limitation with this system is that it could be used only 

for one side coating, because the coating is uniform only if the foam 

applicator is at the side that contacted the backing roll. /28/ 
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To achieve the same starch pick-up in foam process the starch solids has to be 

slightly higher than in size press. Using foam the starch distribution in z-

direction of the web could be balanced by applying different amounts of 

starch to the felt and wire sides. Using foam coating better ink holdout can be 

achieved than with size press. This applies with applicators on both sides that 

use vacuum to avoid air flow. /28/ 

6.1.5  Fennofoam foamer 

The Fennofoam foam generator and applicator (figure 47) can be used for 

spreading the foam to the paper surface. The foam collapses in cylinder after 

the foam application. The foam is applied to paper surface through a pipe and 

nozzle after the foam formation chamber. /36/ 

 
Figure 47. Fennofoam foamer in use /36/. 

6.1.6  Suitability of foam applicators 

As even coverage and precise control of coating amount are targets, best 

results can be achieved with systems that have good dosing heads. Promising 

types are heads with adjustable teeth and systems which have many ducts for 

foam application to achieve even distribution. If the system can be placed near 

the paper surface to be coated, foam disintegration at that point is possible. It 
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can be an advantage as the foam has no time to settle and possibly form 

uneven liquid distribution. 

6.2  Chemicals applied as foam 

6.2.1  Coating paste 

The research of foaming the coating mixtures has been reported to bring some 

additional advantages compared to liquid coating. The reproducibility and 

control of the coating processes are greater with foamed compositions. This 

might be a consequence of smaller changes in the composition viscosity due 

to disorders that may happen. If the viscosity is high the little change in water 

content of the mix can greatly affect the viscosity and therefore lead to bigger 

problems at the process. The foamed coating composition used instead of a 

liquid coating can result in smoother surface. This is reported with foam 

coating tests of an art paper. /48/ 

6.2.2  Sizing chemicals 

PVA, starch and latex can be applied to paper in the form of foam. The 

working concentrations for starch vary from 1 to 15 g/m². Surface active 

agents that can be used are sodium dodecyl sulfate, PVA and proteins. 

Foamed starch treatment with protein as foaming agent has improved burst, 

tensile and Dennison Wax Pick properties. This has been achieved also with 

foamed PVA. Chemical amounts of 0,15-0,6 g/m² at lowest have been 

reported. Blade coating with laboratory coater has been successful also with a 

70 % dry solids concentration mixture of latex and calcium carbonate using 

protein as foaming agent and CMC for foam stabilization. The same coating 

trial has been done with sodium lauryl sulfate as foaming agent with similar 

results except that the sizing of the paper was completely lost. /12, 13, 35, 47/ 
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6.2.3  Fines 

Fines layering to the surface of the paper with foam method has been tested to 

make the bulk and smoothness properties of the paper better for calendering. 

Bulk is needed for bending stiffness and it can be remained more in 

calendering if the surface of the paper is smoother before the calendering. The 

surface smoothness can be improved if fines can be deployed to the surface. 

/33/ 

Fines can be used to fill the pores on the surface of paper. Layering fines on 

the surface of base paper leads to smoother paper and at the same time 

bending stiffness, bulk, brightness and light scattering properties of the paper 

improve. The disadvantage of the fines layering is the weakening of paper 

strength especially in the z-direction. Bulk and bending stiffness of the paper 

increase when paper surface porosity is decreased with fines layering. This is 

a significant difference compared with paper smoothing by calendering which 

always decreases bending stiffness and bulk. /52/ 

Properties of the fines foam can be widely controlled. Commonly used surface 

active agent lauryl sulfate produces soft and fine foam with fines but it is too 

unstable. Casein protein used instead of lauryl sulfate produces better fines 

containing foam and with thickeners the foam is stable enough to be able to 

coat paper with it. Foam stability is essential with fines because if the foam is 

not stable enough the fines can clump in the foam. The highest dry solids 

concentration with the foam generator is 8 % of mechanical pulp fines. 

Mechanical pulp fines are preferable to chemical pulp fines. Mechanical fines 

form smoother surface because chemical pulp fines form denser layer that 

follows pores on the surface. Also fibrillar fines work better than flake-shaped 

as fibrillar form stabilizes foam but flakes destroy it. Extractives from pulp 

also improve foaming.  /35, 53, 54/ 

Fines foam application has worked if done to wet web. Dry web fines foam 

coating has led to insufficient bonding between base paper and fines layer. 



62 

Foam is disintegrated in a nip and it can be boosted with foam disintegrating 

spray. Pressing is needed to achieve good enough bonding between fines layer 

and base paper and to strengthen the fines layer. Without pressing the air 

between fines particles and paper web inhibits bond forming. Fines material 

does swell and transfers therefore lots of water to the base paper and the 

shrinking in drying may cause defects to the surface. Surface active agent 

does not weaken the base paper if the paper is dry. Foam coating advantage 

for fines coating is the possible higher solids content of 8 %. Fines in liquid 

form do not flow well at this concentration. /35/ 

6.2.4  Suitability of mixtures for application in form of foam 

As foam homogeneity is important when a even distribution with low amounts 

are targeted, simple solutions can be better than pigment slurries since the 

solution is more homogenous. With solutions well homogenous better foam 

homogeneity can be achieved. 

6.3  Advantages and disadvantages of foam coating 

There are several advantages with foam coating process compared to other 

methods. Material in form of foamed solution can be applied at higher 

concentration without a nozzle blockage like with spray coating. The low 

density of a foamed solution decreases the load that is applied to the paper 

web and therefore it prevents web breaks compared to methods which add a 

solution to the web and weaken the paper by moisturizing it. Foam can be 

used as a carrier material for many substances at the same point after the 

machinery is assembled. As air is a part of the carrier material, drying needs 

less energy. /35/ 

Foam application system can be quite simple and the machinery is cheaper 

than larger conventional devices such as size presses. This enables cheaper 

upgrades of small and old paper machines for special purposes. Foam can be 

used for multipurpose coating. More than one substance can be applied to the 
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paper web simultaneously. Also foam can potentially be used for coating 

materials that don't have a suitable method yet like nanoparticles and 

nanofibrils. As foam can have a high proportion of air small amounts of liquid 

can be applied to wide area. Foam can be controlled and therefore the 

substances can be added to the paper web at new points of paper machine 

where conventional methods may be impossible. For example pressing areas 

can be utilized for applying different materials. Foam establishes precise 

control of the amount of substance which is added to the sheet. Foam provides 

also more control to liquid penetration into the web at the pressure nip by 

different bubble sizes. /35/ 

There are some problems with foam coating using mechanical pulp fines that 

has to be solved to make the process viable. The fines aggregation in the 

bubble size increasing foam needs to be controlled by for example foam 

stability control or with a low fines concentration. The fines also have 

problems in bonding to the paper web and to each others. The bond forming 

can be improved by bonding agent, selecting only suitable fibrillar fines for 

the process, controlling the paper web moisture and optimizing the pressing 

and drying. Using fibrillar fines yet brings other challenge. They bring lots of 

water, are highly swollen and shrink a lot at drying. The possible surface 

defects can be avoided with controlling the shrinking during drying. /35/ 

Also the probable need of surface active agent for foaming can cause 

problems if it has negative effects on paper or causes costs. Solutions to be 

coated vary much and some chemical solutions can be difficult to use as foam 

or make foam of them. Uneven coating has also been reported with higher 

speed foam coatings. Low coating speeds can lead to chemical penetration 

into the paper web and surface films are poor or do not form. The foam 

coating may also lose interest as other methods for thin liquid layer 

application compete. /35/ 
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6.4  Foam coating used in industrial paper coating 

The only foam coating process that has been in production has been the 

Foamcote process in Wolvercote Paper Mill in England. The foam use there 

has been for curl correction. Curling of paper can be controlled with presice 

water dosage, which was done with foam. Water was foamed with non-

surfactant surface active agent. This is not anymore in production since the 

mill has been closed in 1998. The Foamcote process is described in chapter 

6.1.4. /35, 55/ 

Foam coating has been reported to have many advantages compared to other 

methods, but it has not been imported into production use in paper industry. 

Textile industry instead has used foam technology for a long time in 

production. Possible reasons for this can be the difficulties in foam use as the 

processes have to be optimized individually. Also good enough other methods 

may have decreased the interest to develop the foam process. As foam coating 

can have best benefits considering thin liquid layers that are evenly distributed 

on paper and the possible lower need of drying energy, the need for this kind 

of process has not been so important earlier. Tightened quality competition, 

decreased profitability of paper making and high energy prices generate the 

need. 

7  HYPOTHESIS 

The foam generation for different substances require suitable consistencies 

and amounts of foaming agent to produce foam with good enough properties. 

Small bubble size and optimal stability are important. 

The foaming of different pure chemical solutions varies. Starch solution, 

CMC solution and common coating colour foams only little or not at all. 

Latex foams but not as well as PVA. Foaming agents can enrich into the foam 

phase during foam generation. This may lead to enrichment of substances into 

foam and liquid phases in solutions, which have several substances like 



65 

coating colour. Therefore the foam process can be predicted to suit better with 

simple solutions. Because the foaming agents enrich into the gas-liquid 

surfaces of foam, the concentration of foaming agents in the original solution 

decrease during foaming. This leads to poorer stability of foams produced 

later if the foaming agent concentration is optimal for the foaming when foam 

production is started. 

The amount of foaming agent needed is low compared with the chemical to be 

foam coated, even below 1 %. Casein works better with lower temperatures. 

Casein and talc can be used for foam stabilization and bubble size reduction. 

Small bubble size combined with larger expansion rates is useful when the 

target is to achieve very low coating amounts. Effective mixing of gas to 

solution and optimal foaming agent concentration are important. 

If the foam generation and application can be controlled to achieve high 

quality foam, the chemicals added in form of foam do have positive effect on 

coated paper properties. The foam coating of chemicals can be done without 

major problems at coat weights less than 0,5 g/m² if the optimal foam 

formation, stabilization and application has been pre studied individually with 

the chemical to be applied. 

If high amounts of surfactant is used in the foam formation and foam is 

substantially applied on paper, the surfactant can have an effect on the paper 

properties, especially in the surface and burst strength. This effect is smaller 

or does not happen when foam is applied less, less surfactant is used or the 

surfactant is substituted with a protein foaming agent. 

The ideal foam application for starch solution could be a 15 % solution added 

with casein 0,1-0,2 % of dry starch using a stator-rotor type foam generator as 

demonstrated in figure 21. The foaming should be done with high shear forces 

and air content of foam should be targeted to 90 %, i.e. foam density around 

100 g/dm3, to achieve moderate stable foam with smallest possible bubble 

size. Application of foam would be best done with either multiple nozzles or 
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application teeth with foam flow adjustment to control the amount. Good 

example of this is the equipment in figure 43. The application or a device near 

the application should disintegrate the foam to avoid bubble coalescence for 

most even liquid distribution. Higher paper web speed could help the even 

distribution if it does not cause runnability problems. 

EXPERIMENTAL PART 

The experimental part is divided into two main categories. The first category 

is about foaming experiments of different chemicals. This includes testings of 

different substances and foaming agents with different dosages and 

consistencies. Also effects of physical foam generation process variables were 

tested. The second category is about foam application on papers with different 

methods. 

8  FOAMING EXPERIMENTS 

8.1  Target 

The target for the foaming experiments was to find out the differences of 

foaming properties of some common solutions in paper coating and sizing. 

The foaming conditions were varied to see their effect. 

8.2  Chemicals and mixtures used in the trials 

8.2.1  Solutions and mixtures to be foamed 

The used starch in the tests was Cerestar C*Film TCF 07302 by Cargill. This 

starch is a nonionic corn starch for surface sizing. PVA was Mowiol 6-98 by 

Clariant. It has a hydrolyzation grade of 98 % as is a low viscosity version for 

surface sizing. The used CMC was Noviant Finnfix 150, which is a higher 

molecular weight CMC for surface sizing. The used latex was Latexia 211 

(Ciba), which is used as a binder for coating colours and is also a part of 
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Kaukas mill LWC coating colour mix tested. The coating paste was a caolin-

talc based paste. 

8.2.2  Foaming agents 

Four different chemicals were trialed as foam forming or stabilizing 

substances. PVA for this purpose was the same as described earlier. Casein 

from bovine milk was Sigma-Aldrich origin, sodium dodecyl sulfate (SDS) 

was from Fluka and the talc CV10 XR-2 is by Mondo Minerals. 

8.3  Foaming method 

For all of the foam generation tests similar equipment was used. This includes 

a 5 dm3 container (figure 48) equipped with air feed pipe with two holes 

inside the container. The air feed was supplied with adjusted pressurized air. 

 
Figure 48. 5 dm3 container with air feed connection at bottom after a foaming 
test run. The container diameter is above 15 cm. 

The Diaf mixing device could be adjusted to running speeds 1000-6800 rpm. 

In all uses the 7,5 cm diameter shearing and mixing head was the same. The 

Diaf mixer and the mixing head structure are similar to ones in figure 49. 
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Figure 49. Diaf dissolver and a mixing head /56, 57/. 

The foaming tests were run with 1 minute mixing time, 1000 rpm mixing 

speed using air flow around 1,5 dm3/min. The suitable solution volume for the 

tests was 1,5 dm3. All the additional foaming chemicals are expressed as 

weight percentage of the basic solution. The foaming agent additions were 

used to 5 % solutions at room temperature. These basics apply unless other 

mentioned for special trials. In the figures the foam volume means the foam 

volume which remains over the liquidified layer, liquid is not counted 

belonging to foam phase. 

The foam was evaluated with a graduated cylinder (figure 50). The cylinder 

was poured full with foam and the foam collapse was examined for 15 

minutes. The foam and liquid phase volumes were noted at 5, 10 and 15 

minutes after the foam was applied to the cylinder. The bubble size of the 

foam was evaluated with the aid of the grades in the cylinder 
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Figure 50. Graduated cylinder containing 15 % starch foam for evaluation. 
This picture was taken 2 minutes after filling the cylinder. 

9  FOAMING TESTS WITH PURE SOLUTIONS AND WITH 

FOAMING AGENTS 

9.1  Starch solution 

The pure starch solution foaming tendency was evaluated with 2,5, 5, 7,5, 10, 

15 and 20 % dry solids. The smallest and highest consitency solutions did not 

foam. For the other consistencies the foam was more stable between 7,5 and 

15 % dry solids (figure 51). The foaming tendency was quite low and the 

bubble size of the foam was 1-5 mm. The foam densities were between 120 

and 133 g/dm3 except with the 10 % dry solids starch, which had 45 g/dm3. 

The difference can be seen as the lower solution volume. The differences can 

be high as the solution did not foam very well, which causes variations. 

Preferable foam in these experiments does not collapse quickly, i.e. the foam 

volume decreases and the liquid volume grows slowly. Long remaining foam 

without fast liquid volume growth relates to stable and more homogenous 

foam structure. 
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Figure 51. Foaming evaluation with pure starch solution of 5 to 15 % dry 
solids. F = foam phase, L = liquid phase. 

Starch solution foamed with SDS foaming agent made the foam more stable 

and smaller bubbles were formed with 10 % SDS addition on dry starch 

compared to low amount of SDS or without it. The amount of foam formed 

was also clearly larger as the foam forming container filled up. Small SDS 

amounts do not help but with higher dosage the foam stability increase is clear 

(figure 52). With 10 % SDS addition the bubble size decreased to 0,1-1 mm. 
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Figure 52. Foaming evaluation with starch solution of 5 % dry solids and 
0,01-10 % SDS on dry starch. F = foam phase, L = liquid phase. 
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The use of casein as a foaming agent in the starch solution improved the 

foaming tendency a lot. The foam volume stayed larger also with smaller 

foaming agent dosages (figure 53). The smallest bubble size of 0,1-2 mm 

formed with casein added 0,1 % on dry starch. 
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Figure 53. Foaming evaluation with starch solution of 5 % dry solids and 
0,01-10 % casein on dry starch. F = foam phase, L = liquid phase. 

PVA used as a foaming agent worked also. The foam stability was better with 

higher dosages. The 10 % addition made the foam volume life time clearly 

longer (figure 54), but it seemed like the foam was drying and it would have 

formed a dry film. Although PVA slows the  foam volume decrease, the foam 

becomes thinner and the bubble size grows. Bubble sizes were  0,5-5 mm. 
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Figure 54. Foaming evaluation with starch solution of 5 % dry solids and 
0,01-10 % PVA on dry starch. F = foam phase, L = liquid phase. 

The foam densities of the foamed solutions were at regular levels. The higher 

solution volume with 0,1 % casein can be seen as higher starting foam density 

also (table I). 

Table I. Foam densities of the starch solutions with foaming agents. 
Foam density, g/dm3 starch 5 % 
      
Dosage SDS Casein PVA 
      

0,01 % 145 123 141 
0,1 % 77 202 172 

1 % 134 89 117 
10 % 124 91 82 

 

9.2  PVA solution 

The foamability of pure PVA solution were evaluated gradually between dry 

solids consistencies 2,5 % and 15 % (figure 55). PVA solution foamed with 

all tested consistencies and the foam was quite stable. The bubble size of the 

foams was also around 1-5 mm. The foam density at the beginning of the 15-

minute period varied between 74 and 118 g/dm3, lowest densities were with 5 

and 7,5 % dry solids consistency solutions. 
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Figure 55. Foaming evaluation with pure PVA solution of 2,5 to 15 % dry 
solids. F = foam phase, L = liquid phase. 

As it can be seen from figure 56, SDS used for foaming agent did not have 

much effect on the foam volume remaining, but it decreased the bubble size of 

the foam with dosages 0,1-10 %. Larger dosage led to decreasing bubble size. 

With 10 % SDS addition the bubble size was below 0,5 mm. The dosage of 

0,01 % resulted in larger bubbles and a very light foam structure (table II). 

The light foam with large bubble size can be the reason for decreased stability.  
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Figure 56. Foaming evaluation with PVA solution of 5 % dry solids and 0,01-
10 % SDS on dry PVA. F = foam phase, L = liquid phase. 
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PVA solution with casein addition resulted in decreased foam stability (figure 

57). The effect is stronger with higher dosages. Also with larger dosages the 

bubble size increases, which decreases the foam stability. The reasons for this 

kind of behaviour can be that the both chemicals can boost foaming, but in 

mixed solution they interfere each others. The stabilizing effect may be less 

powerful because the molecules may interrupt the films and structure which 

they form in the foam. 
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Figure 57. Foaming evaluation with PVA solution of 5 % dry solids and 0,01-
10 % casein on dry PVA. F = foam phase, L = liquid phase. 

The foam densities of the 5 % PVA solutions with diffrent foaming agent 

dosages are presented in table II. The density (and high air content) of the 

foam is very low with the 0,01 % SDS dosage. The increased SDS dosage led 

to increased foam density, which was also seen with higher liquid volume. 

Table II. Foam densities of the PVA solutions with foaming agents. 
Foam density, g/dm3 PVA 5 % 
     
Dosage SDS Casein 
     

0,01 % 42 145 
0,1 % 158 104 

1 % 198 134 
10 % 263 128 
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9.3  CMC solution 

CMC foamability was trialed with consistencies 2,5, 5 and 7,5 % dry solids. 

None of the consistencies formed foam. The air feeded only passed through 

the solution, which remained intact (figure 58). Also none of the foaming 

agents SDS, casein or PVA helped. 

 
Figure 58. CMC solutions did not form any foam. 

9.4  Latex solution 

Latex solution formed foam with any consistency like the PVA solution. The 

foam stability was anyway poor, only a 45 % solution did not collapse very 

fast (figure 59). The bubble size was up to 7 mm. Also the bubble size grew 

rapidly when the foam started to collapse. The foam had always a very light 

structure, densities varying from 53 to 84 g/dm3. 
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Figure 59. Foaming evaluation with pure latex solution of 2,5 to 45 % dry 
solids. F = foam phase, L = liquid phase. 

The foam stability increased with the use of SDS at 1 and 10 % dosages 

(figure 60). The foam bubble size with these doses was 1 to 3 mm. SDS was 

the only aid with the latex solution stability could be enough if slow foam 

application was considered. 
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Figure 60. Foaming evaluation with 5 % latex solution with 0,01 % - 10 % 
SDS application on dry latex. F = foam phase, L = liquid phase. 



77 

The use of casein did not improve the foam stability (figure 61). Instead the 

bubble size grew up to even 20 mm which leads to easy foam collapse. 
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Figure 61. Foaming evaluation with 5 % latex solution with 0,01 % - 10 % 
SDS application on dry latex. F = foam phase, L = liquid phase. 

The same large bubble size resulted from PVA use. The solution forms easily 

foam with large bubble size and the foam also begins to collapse rapidly 

(figure 62). 
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Figure 62. Foaming evaluation with 5 % latex solution with 0,01 % - 10 % 
SDS application on dry latex. F = foam phase, L = liquid phase. 
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With all latex solutions with foam agents the resulting foam density was very 

low (table III). This is related to the rather large bubble size with latex 

solutions. 

Table III. Foam densities of the latex solutions with foaming agents. 
Foam density, g/dm3 latex 5 %   
      
Dosage SDS Casein PVA 
      

0,01 % 55 50 39 
0,1 % 46 61 37 

1 % 18 51 55 
10 % 66 31 58 

9.5  Coating paste 

Coating paste foamability was evaluated with dry solids 20 %, 40 % and 60 

%. Only the 20 % dry solids paste formed foam (figure 63). With high 

consistencies the paste may be too heavy to form foam and the particles may 

also prevent the foam film formation. The foaming component in the coating 

paste is at least latex. The bubble size of the foam was up to 5 mm and the 

density of the foam was 109 g/dm3. 
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Figure 63. Foaming evaluation with pure coating paste of 20 % dry solids. F = 
foam phase, L = liquid phase. 
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Using the 60 % dry solids coating paste the only chemical that formed foam-

like paste was SDS. The foaming agents were tested with the same amounts 

used with solutions when measuring the dosage on the solution volume. The 

use of foaming agents 10 % on dry solids would have been too much to be 

reasonable. The SDS dosage which produced a foam-like phase was the 

maximum dosage on solution volume with other tests, i.e. 10 % on dry paste 

by assuming the paste was a 5 % dry solids mixture. The resulting foam could 

not be observed whether it transformed to a solution or mixture phase. 

According to density differences the mixture had air content about 35 %. 

Also a specified experiment was done with the coating paste. The ash content 

of the coating paste was examined before the mixing from the thick mixture 

and after mixing from the foamy layer. The target was to find out if the 

coating paste stays homogenous or does any separation happen with foaming. 

The ash contents were 52,5 % for the paste and 52,3 % for the foamy paste. 

With such small difference this test shows no separation.  

10  SPECIAL FOAMING TESTS 

10.1  Talc addition for stabilization 

The foam stabilization claim tendency of talc was examined by adding talc 1, 

5, 10, 15 and 20 % on dry starch of a 5 % starch solution with 0,1 % casein on 

dry starch. The results in figure 64 show that the effect of talc is the 

weakening of the stability, not improvment as the literature claims. The effect 

is clear with dosages of 5 % and higher. Possible reason for this may be that 

the talc particle breaks the casein foam film. It is possible that talc can 

stabilize foam by other mechanism as there are many variables in foam 

generation and stabilization. The stabilization may also require a certain type 

of talc. The bubble sizes of these foams were up to 5 mm with no major 

variations. The foam density varied from 45 to 132 g/dm3, mainly growing 

with added talc amount. 
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Figure 64. Foaming evaluation with pure 5 % starch solution with 0,1 % 
casein and 1 to 20 % talc on dry starch. F = foam phase, L = liquid phase. 

10.2  Mixtures of foaming agents 

Different mixtures of SDS, casein and PVA were added to 5 % starch solution 

as 1 % on dry starch total to find out how the chemicals suit with each others. 

In the figure 65 the number 1 or 2 describes the share of the foaming agent of 

total three parts. The mixture of 1 part PVA and 2 parts SDS used for foaming 

was found to be least stable and mixture 1 part casein and 2 parts PVA was 

the most stable. The 1:2 mix of PVA and SDS produced the foam with lowest 

density of 79 g/dm3. Foam density of all other mixtures was around 140 

g/dm3. In other ways there were no big differences. Bubble size was 0,1-5 

mm. 
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Figure 65. Foaming evaluation for 5 % starch solution with 1 % total foaming 
agent on dry starch. F = foam phase, L = liquid phase. 

10.3  Air flow adjustment 

The test was run with 5 % starch solution and 0,1 % casein on dry starch. Air 

flow adjustments were normal air feed, no feed at all and higher air flow (2-3 

times higher than normally). The air feeding speed has significant effect on 

the foam generation and stability (figure 66). There was no big difference 

whether there was a slow normal flow or not at all, but with high air flow big 

bubble size (up to 10 mm) foam was formed. The foam generation was so fast 

that the test for it had to be only 30 sec as the container filled up. The foam 

produced with higher air flow is much lighter, difficult to handle and collapses 

easily. The foam density for no air feed and normal air feed were around 200 

g/dm3 but the high air flow produced foam with density of 45 g/dm3. 
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0

20

40

60

80

100

120

140

160

0 min 5 min 10 min 15 min

Time

F
oa

m
 v

ol
um

e,
 c

m
3

0

5

10

15

20

25

Li
qu

id
 v

ol
um

e,
 c

m
3 No F

Normal F

High F

No L

Normal L

High L

 
Figure 66. Foaming evaluation for 5 % starch solution with 0,1 % casein on 
dry starch with different air flows. F = foam phase, L = liquid phase. 

10.4  Mixing speed adjustment 

In addition to normal 1000 rpm mixing also 3000 and 5000 rpm mixing speed 

was evaluated. The solution was 5 % starch with 0,1 % casein. Higher mixing 

speed lead to a slightly faster foam collapse (figure 67). The bubble size was 

up to 3 mm. The differences between foam samples were small, although the 

foam density decreased by increased mixing speed. The foam densities were 

172 and 142 g/dm3 after foaming with 3000 and 5000 rpm mixing speeds. 
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Figure 67. Foaming evaluation for 5 % starch solution with 0,1 % casein on 
dry starch with different mixing speeds. F = foam phase, L = liquid phase. 

10.5  Solution temperature 

5 % starch solution with 0,1 % casein on dry starch was foamed with solution 

temperatures 10, 25, 50 and 75 °C to find out if temperature has effect on 

foaming or foam stability. Temperatures higher than normal do not have much 

effect on foam stability, but at 10 °C the foam stability decreases significantly 

(figure 68). This phenomenom is opposite compared with the literature. With 

the higher temperatures more foam was formed. The foam produced in higher 

temperatures had also lower density, being only 32 and 51 g/dm3 for the 75 

and 50 °C solutions. The density was low also with 10 °C sample, 83 g/dm3. 

The lower stability with 10 °C solution may be a reason for the growing air 

pressure inside the warming bubbles. 
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Figure 68. Foaming evaluation for 5 % starch solution with 0,1 % casein on 
dry starch with different solution temperatures. F = foam phase, L = liquid 
phase. 

10.6  Foaming agent consumption 

Possible foaming foaming agent consumption during foam generation was 

evaluated with a 5 % starch solution containing 2 % of sodium dodecyl 

sulphate (SDS) on dry starch. The three foaming runs were done with the 
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same solution. After the first foam generation and taking the foam sample, the 

all the remaining foam was removed from the container. After second foam 

generation the foam was also removed. This way the foam sample after each 

run was fresh foam. As the foaming agent enriches to the air-liquid film in the 

foam, the foaming agent concentration is higher in foam phase. When the 

foam is removed, the remaining solution has lower foaming agent 

concenctration on dry starch. Therefore the foam collapses fastest in the third 

run (3 F in the figure 69) and is the most stable after the first foam generation 

(1 F in the figure 69). This phenomenom is important to notice when 

producing larger foam volumes is the target. This is as expected in the 

literature part. If the foam quantity is supposed to be produced from a batch 

solution, more foaming agent should be added to the solution as the foaming 

process continues. 
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Figure 69. Foaming evaluation for 5 % starch solution with 2 % SDS on dry 
starch after 1, 2 and 3 runs with the same solution. F = foam phase, L = liquid 
phase. 

10.7  Evaporation of solution and effect of starch determination 

chemical 

The evaporation of the solution in foaming evaluation was measured with 

three samples. The evaporated amount was determined by weight change 
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between the start and end of the 15 minutes time. The average weight loss 

during the 15 minutes was 0,5 % of the original weight. As the evaporation is 

such minimal, the solution is mainly drawn gravimetrically in foam collapse. 

These measures were done with a 5 % starch solution with 0,1 % casein on 

dry starch in 25 ° temperature. Presumably with higher temperatures the 

evaporation has more effect.  

The possible effect of the starch determination chemical lithium chloride 

(LiCl) on foaming was evaluated by comparing regular 5 % starch with 0,1 % 

casein on dry starch and a similar solution but with 9 % LiCl on dry starch. 

The normal LiCl addition is 3 % on dry starch. The triple dosage was done to 

simulate the effect of the amount with 15 % starch solutions to be used with 

foam application experiments. The addition of LiCl did not have any 

noticeable effect on foam stability. 

10.8  Deviations in the testing 

The foaming experiments were done with one sample of each configuration. 

The deviations of the experiments were evaluated with 5 parallel tests 

containing 5 samples each. The solution used for this testing was 5 % starch 

solution with 2 % SDS on dry starch. The 5 samples in each parallel set were 

filled with foam as simultaneously as possible and evaluated for the 15 

minutes (figure 70).  

 
Figure 70. 5 parallel samples for error evaluations. 

This kind of measurement was repeated to 5 times total. In the figure the 5 

different parallel tests are the average values of the 5 samples. The error scales 
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in the values are determined as mean errors of average (appendix IV). The 

deviations inside the 5 samples and also with the 5 parallel sets are quite small 

(figure 71). The errors in the foam generation experiments earlier can be 

expected to be at the same scale. In this evaluation the deviations in the 

accumulated solution volumes are larger than in the foam volume. This is the 

same situation with other evaluations also. Partly the larger deviations are due 

to the difficulties in precise solution volume measurements as the graduated 

cylinder scale reading can be done with 1-2 cm3 accuracy. With this 

inaccuracy taken into account the accumulated solution volume really deviates 

somewhat. This still seems to have little effect on the foam volume. This 

means that the foam density has some variations. 
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Figure 71. Foaming evaluation for 5 % starch solution with 2  % SDS on dry 
starch after 1, 2 and 3 runs with the same solution. F = foam phase, L = liquid 
phase. 

11  CONCLUSIONS OF THE FOAMING EXPERIMENTS 

The foaming properties of the common solutions had big differences as 

expected by the literature survey. The effect of the foaming agents was mainly 

as expected but for example talc did not stabilize the foam at all. Also casein 

formed foam with larger bubble size than predicted. These differences may be 

a reason of different measurements and differences with the chemicals used. 
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The experiments revealed that there are lots of variables in the foaming 

process. This means that the solutions to be foamed and foam generation 

methods have to be evaluated before the use for foam application.  

The most powerful foaming agent is sodium dodecyl sulphate, which also 

produces foams with minimum bubble size. Starch solution is the selected 

medium to be applied in form of foam. For the applications, a dry solids 

consistency of 15 % is selected to avoid excess water transportation to the 

papers. Consistencies higher than 15 % would be difficult to use since the 

starch solution tends to form gel to the top layer. The foaming evaluations also 

showed that very low foam densities were not very suitable for any use as the 

foam was difficult to measure. Considering foam application the foam density 

has to be at least 100 g/dm3 to be able to control the foam. 

One useful notice about foam generation could be the need of continuous 

addition of surfactant into a solution during foam generation. As it was clear 

that the surfactant enriches into the foam phase, for larger foam volume 

production this can be important to be considered. If a method with 

continuous solution feed and foam generation can be used, this is not 

important. 
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12  FOAM COATING EXPERIMENTS 

12.1  Target 

The target of foam application experiments was to find out how the foam 

application works and what kind of changes it can do to paper. The target 

starch amount on the papers was below 0,5 g/m2 with high coverage. 

12.2  Papers and chemicals used 

The papers used were SC uncalendered base and calendered, both 56 g/m² 

UPM Max H. Sodium dodecyl sulphate (SDS) was used as foaming agent in 

the foam applications for paper samples for actual measurents. Casein and 

PVA were also used in the evaluation run for one method. For starch amount 

measurements the solutions contained 3 % lithium chloride on dry starch. 

12.3  Foam generation 

Two devices were used for foam generation. The principle with both devices 

is the same. Air is fed into the solution which is mixed. The foam generation 

for coating with blade and rod methods in UPM RC was done with the same 

devices that were used for foaming tests (chapter 1.2). The 15 % starch 

solution contained 5 % sodium dodecyl sulphate and 3 % lithium chloride on 

dry starch. 5 % sodium dodecyl sulphate share on dry starch was determined 

with foam generation tests. 5 % was the lowest consistency when the 

produced foam quality was good. This means stable enough foam which lasts 

for 1-2 hours with little bubble size. 5 % SDS on dry starch of 15 % solution 

has a 0,75 % SDS consistency on solution weight. 
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To achieve proper foam, mixing was done with air feed of 1,5-4,0 dm3/min, 

mixing speed of 1000-4000 rpm and 3-4 min time. After the foam generation 

the container should be let to settle for 15 minutes. The settling time lets the 

foam density to decrease. Without the settling the air content of the foam is 

lower. Foam air content with this method is around 80-90 % and bubble size 

0,1-1 mm. 

12.4  Foam generation with Ystral mixer 

The foam generation in UPM Wood RC was done with Ystral laboratory 

mixer (figure 72). The mixing speed could be adjusted with a variable-

frequence drive. Best results were achieved with near half speed of about 

2000 rpm (maximum 5600 rpm) with continuous mixing and air feed. The air 

flow feed was adjusted to near the same flow speeds which were used with the 

Diaf mixer in UPM RC. The foam generated with this device had bubble size 

of 0,1-3 mm and the air content of around 80-90 %. The foam bubble size was 

bigger than with the Diaf mixer. The reason is mainly the more efficient 

mixing with the Diaf mixer. 
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Figure 72. Ystral laboratory mixer. 

The mixer had a mixing head which had stator and rotor (figure 73). The air 

feed was supplied either straight near the mixing head or from bottom using 

the container with fixed air feed connection which was used with Diaf mixer. 

 
Figure 73. Mixing head with stator and rotor. 

The air feed worked with both methods, but using the container the solution 

and foam was more easily controlled (figure 74). 

  
Figure 74. Air feed to mixing head from the top (left) and from bottom with a 
container (right). The larger container widht in is about 40 cm and the smaller 
container width is above 15 cm. 
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13  COATING METHODS 

Foam application on papers was tried with six different methods. Two of these 

methods were suitable and one for calendered paper only. Four different 

application devices were involved. 

13.1  Foam application with blade method 

The blade coater (figure 75) at UPM RC was used for foam coating in a 

similar way as it could be used for coating with solution. The foamed starch 

solution had 15 % starch concentration and 5 % SDS on dry starch. The starch 

foam was applied as a suitable band before the blade. Foam application to 

paper was done with simple large spoon and measuring jug. The moving blade 

transfers the foam over the paper surface and collapses the part of foam which 

remains the blade tip and paper surface. Suitable running adjustments were 

found at speed adjustment 3 and front of weight adjusted at 7 cm mark.  In the 

measurements the papers treated are marked UB for uncalendered blade and 

CB for calendered blade. 

 
Figure 75. Foam application with blade coater. On the left a foam band is at 
point where the blade tip is placed before run. The picture on right is taken 
after a run. 

13.2  Foam application with rod method 

The rod applicator (figure 76) was also located in UPM RC. It was used 

nearly the same way as it is used for solutions. The difference was that the rod 

was not in straight contact with paper surface. There were 0,1 mm thick 
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plastic slides on both sides of the paper so that the foam run on the paper did 

not collapse by rod. Also wider gaps were tried, but the runnability was best 

with the narrow gap. Despite of the narrow gap the foam did not collapse at 

the narrowest point. The foam was let to collapse freely. Suitable running 

speed adjustment was 3. Much faster running is not possible since the foam is 

rather light. Fast run leads to uneven coverage as the foam does not have 

enough time to settle on the paper by gravity and sticks on the rod without 

touching paper. The same phenomenon restricted the speed also with blade 

coater. The papers coated with this method are marked as CR (calendered rod) 

in the measurements. The uncalendered paper was left out of measurements 

since the grammage of these papers was around 70-75 g/m2 and therefore the 

starch amount was too far from targeted. The foamed starch solution 

concetrations were the same 15 % starch and 5 % SDS on dry starch as with 

the blade method. 

 
Figure 76. Foam application with rod coater. On the left a foam band is placed 
in front of the rod. The picture on right is taken after a run. 

13.3  Foam application with cylinder method 

Three different ways of foam coatings were tried with the Bürkle cylinder 

applicator (figures 77 and 78) located in UPM Wood RC, Lahti. One method 

was pre studied for suitability of the device and two methods were run for 

getting samples for measurements. Only another of these methods was 

succesful. 
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Figure 77. Bürkle cylinder applicator from side front. The material (original 
purpose e.g. veneer) for coating is feeded onto the green transfer belt below 
the red safety switch. The whole device is about 1 meter wide. 

 

 
Figure 78. Bürkle cylinder applicator from the top side. The green transfer belt 
can be seen at below right. The steel cylinder is a doctoring cylinder and the 
distance from the yellow appilacor roll can be adjusted. There are scrapers for 
both cylinders which can be used for limiting the solution thickness on 
cylinders. 
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13.3.1  Cylinder method evaluation 

The examination of the device suitability was done by spreading foam 

between the applicator and doctoring cylinders. The foam on the cylinder 

(figure 79) was then applied on the paper with nip closed, i.e. the paper was 

gently pressed between a supporting veneer and the cylinder. In this method 

the foam was collapsed at the nip. The running speed for applicator cylinder, 

transfer belt and doctoring cylinder can be adjusted. Suitable variables were 6 

m/min speed for applicator cylinder and transfer belt and 1 m/min for 

doctoring cylinder. These speeds were also the lowest possible values. The 

distance between the cylinders was 1 mm and the scrapers were off the 

cylinders. There is also possibility for solution circulation with the device but 

this was not tested. This method was examined to practising paper with a 10 

% starch solution using a homogenizator and a mixture of foaming agents 1 % 

SDS, 1 % PVA and 1 % casein on dry starch. The resulted starch amount was 

1.9-2.0 g/m2 according to lithium test (3 % LiCl on the dry starch) and the 

device was evaluated to be suitable for other runs.  

 
Figure 79. Starch foam layer on the application cylinder. 

The method was tested for both sheet and roll form papers (figure 80) on 

supporting veneers. At least the end of paper which goes first to the device has 
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to be attached to veneer with e.g. tape. The method suited better with roll form 

paper as the longer veneer can be controlled better for smooth operation when 

it is feeded on the transfer roll. The roll form paper on veneer was about 2,5 m 

long. 

 
Figure 80. Left: two sheets taped on a veneer. Sheet sizes approximately 30 
cm * 40 cm. Right: Paper from roll. Paper width is 55 cm, length near 2,5 m. 

13.3.2  Foam application with cylinder method using a gap 

The cylinder application device was also run with 15 % starch solution foam 

which had 3 % of SDS on dry starch. The starch foam was applied on the 

application cylinder. The foam transfer from the application cylinder to paper 

was done similarly with the evaluation before, but the application cylinder 

was not in contact with paper. There was no nip pressure, but instead a gap 

between the application cylinder and paper. The idea was to apply foam to the 

paper without collapsing the foam with a nip. Despite of many tested speed 

and gap width variations, this method always led to bad result. The paper 

either sticked to the cylinder resulting to very wet paper (which resulted to 

starch amount 14 g/m2) or the foam spreading to the paper was very uneven 

(figure 81). Due to these problems this method cannot be used. 
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Figure 81. Wetted paper surface and very uneven coverage in the same paper. 

13.3.3  Foam application with cylinder method using foam applied first 

on the paper 

Instead of leaving a gap or applying the foam onto the cylinder, an easier 

method with better result was applying the foam as a band on the paper. The 

foam line was applied at the end of paper which was feeded into the device. 

The foam application this way is somewhat similar to blade and rod 

application methods. The foam was generated from 15 % starch solution with 

3 % lithium chloride and 5 % sodium dodecyl sulphate on dry starch. In this 

method the application cylinder was in contact with the paper on the 

supporting veneer. The formed nip then applied the foam over the paper and 

collapsed the foam (figure 82). 

 
Figure 82. A slim foam band in front of nip formed by application cylinder 
(yellow) and a supporting veneer. 
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With this method the foam coverage was better and the paper surface was 

acceptable. Although the wetted paper formed some wrinkles (figure 83). The 

paper seemed much like the paper which was achived in the evaluation of this 

device. Papers treated with this method are later described as uncalendered 

cylinder (UC) and calendered cylinder (CC). 

 
Figure 83. Sample of the paper after foam application on paper and foam 
spreading and collapsing with a cylinder. 

13.4  Foam application with curtain method 

The foam application was also tried with a curtain coating device located in 

UPM Wood RC (figure 84). The foam was generated from a 15 % starch 

solution with 5 % SDS on dry starch with the same generator as with the 

cylinder applicator. The curtain coating with foam was purposed to test foam 

coating without collapsing the foam with pressing.  
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Figure 84. Curtain coating device with a curtain running. In front of the picure 
is a treated paper. The curtain width is around 40 cm. A feeding chamber is 
over the chamber and the pump is at the left side. The white cylinder is the 
pump motor. 

The curtain coating device has to be run with circulation. The solution is 

placed in a container from where a pump feeds the solution to the chamber 

above the application point. Curtain is formed by adjusting the gap at the 

bottom of the chamber. Due to the forced use of circulation through a pump 

and pressurizing the foam feeded to the container collapsed. The foam 

generated was similar to the foam used with cylinder application, air content 

around 80-90 %. The foam collapsed already in the pump or immediately after 

it as the curtain could not be formed. Only little amounts of solution flowed 

out. After pouring enough foam to the container and letting the pump collapse 

it and circulate the solution, a foam-like solution with very little bubble size 

(below 0,1 mm) was formed. This foamy solution could be run to form a 

curtain and applied to paper. The gap which worked was 0,425 mm. 

The resulting treated paper was quite wet, despite of high paper feeding 

speeds of even 230 m/min used. The curtain falling speed was evaluated to be 

about 1 m/min. The foam-like solution formed had air content of only about 

15 % and therefore the medium was more like a solution than a foam. This 
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combination resulted in a paper with starch amount around 15 g/m2 which was 

too high to be included into further paper measurements. 

14  CALENDERING 

In the tests both uncalendered and calendered papers are used. Before the 

paper measurements all the papers are post calendered to achieve bulk level to 

maximum of 0,84 cm3/g. The calendering was done with a laboratory scale 

calender by Kleinewefers (figure 85). The uncalendered and calendered 

papers in the tests mean the condition of the paper at the foam application 

moment. Calendering is more specifically presented in appendix II. 

 
Figure 85. Kleinewefers laboratory calender. 

 

 

 

 



100 

15  RESULTS OF THE PAPERS TREATED WITH FOAM 

The papers in the figures are uncalendered and calendered blade (UB and 

CB), uncalendered and calendered cylinder (UC and CC), calendered rod 

(CR) and references 1 and 2 (R1 and R2), of which R1 is uncalendered and R2 

is calendered. The error bars in the results (appendix III) are mean errors of 

average (appendix IV). The measurements of the papers were done according 

to several standards (table IV).  

Table IV. Paper measurement standards. 
Bulk ISO 534:2005 
Modulus of elasticity ISO 1924-3:2005 
Burst strength ISO 2758:2001(E)  
Burst index ISO 5270:1998(E) 
Grammage ISO 5270:1998(E) 
Thickness ISO 534:2005 
Bulking thickness ISO 534:2005 
Apparent bulk density ISO 534:2005 
Apparent sheet density ISO 534:2005 
Tensile strength ISO 1924-3:2005 
Tensile index ISO 1924-3:2005 
Strain at break ISO 1924-3:2005 
Tensile energy absorption ISO 1924-3:2005 
Tensile energy absorption index ISO 1924-3:2005 
Tensile stiffness ISO 1924-3:2005 
Tearing resistance ISO 1974:1990 
Tearing index ISO 1974:1990 
Bending resistance ISO 2493:1992 
Internal Bond strength T 569 pm-00 
IGT Surface strength ISO 3783:2004 
Brightness ISO ISO 2470:1999 
Opacity ISO 2471:1998 
Air resistance Gurley ISO 5636-5:2003 
Roughness PPS ISO 8791 - 4:1992 
Gloss ISO 8254-1:1999(E) 
Water absorption Cobb 60s ISO 535:1991 (E) 
Ink abs. K&N 2 min SCAN-P 70:95 
Oil absorption Unger 3s SCAN-P -37:77 

The starch amount measurement with lithium chloride was done with atom 

absorption spectroscopy (AAS). 
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15.1  Grammage 

The grammage of the sheets correlate with the added starch amount, although 

the starch amount evaluation shows lower amounts. The results vary because 

of different coating methods. The blade coating limits the amount most while 

the rod coated papers have highest amount (figure 86). Higher coating amount 

in rod coating is understandable since the method has a narrow gap between 

the paper and rod. In other methods the metering blade or cylinder is directly 

on the paper surface. 
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Figure 86. Grammage of the paper samples. 

15.2  Starch amount and coverage 

The starch amount varies not only with method but also with used paper. 

Calendered paper has more closed surface and therefore it has lower starch 

amount than uncalendered paper. The minimum starch amount of 0,9 g/m2 

was achieved with calendered paper using blade method (figure 87). With all 

of the samples the starch amount is higher than the targeted 0,5 g/m2 or less. 

This can be a reason for foam with not enough high quality achieved with the 

methods. The foam air content can’t be very high since with these methods the 

foam application is based partly on gravitation. With lower starch solution dry 
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solids the starch amount can be decreased. With blade method using 5 % 

starch solution with 5 % SDS on dry starch starch amounts of 0,4 g/m2 and 0,9 

g/m2 were achieved with calendered and uncalendered papers. 

Starch coverage depends more on the method as blade coated papers have 

highest coverage. This can be related to more even spreading point in sharp 

blade than cylinder, which can have more irregularities. Although the rod 

method spreads starch most, the free drying of foam leads to lower coverage 

than with blade. Freely dried foam leads to uneven starch amount. 
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Figure 87. Starch amount and coverage of the paper samples. 

15.3  Bulk 

The bulk values depend mainly on used paper as the already calendered 

papers end to higher values (figure 88). The reason for this is the heavier post 

caledering that the uncalendered papers needed. The higher error scale with 

calendered rod (CR) sample can be a reason of the deviation in grammage and 

also higher calendering temperature. 
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Figure 88. Bulk of the paper samples. 

15.4  Tensile index 

Tensile indices have no significant differences, but the uncalendered papers 

with cylinder coating have higher values (figure 89). As the method presses 

the foam against the paper, the more open paper surface can absorb the starch 

deeper. As the starch can be partly in the paper structure it can strengthen the 

structure. 
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Figure 89. Tensile indices of the samples. Md stands for machine direction 
and Cd for cross direction. 

15.5  Tear index 

Also with tear indices the starch foam has quite little effects, but the papers 

coated with rod are weaker (figure 90). This can be seen as they have more 

starch than others and higher starch amount can make the structure harder and 

more fragile. 
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Figure 90. Tear indices of the samples. Md stands for machine direction and 
Cd for cross direction. 

The increasing starch amount decreases the tear indices generally, but the 

correlation is weak (figure 91). 
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Figure 91. Tear indices of the samples by starch amount. Md stands for 
machine direction and Cd for cross direction. 

15.6  Burst index 

Differences with burst indices are quite small, only the calendered rod sample 

has clearly lower index (figure 92). The reason for the decreased burst index 

with the calendered rod can be the surfacant, which has had more time to have 

effect with free foam drying. Another reason can be the higher amount of 

starch which may make the paper more fragile. 
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Figure 92. Burst indices of the samples. 
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15.7  Bending resistance 

The hardening effect of starch can be clearly seen with higher bending 

resistance of the rod coated papers (figure 93). Also the reference papers bend 

easier as they do not have any starch at the surface. The lower resistance of 

calendered blade method papers also supports this. 
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Figure 93. Bending resistancies of the samples. Md stands for machine 
direction and Cd for cross direction. 

The bending resistance increasing effect of increasing starch amount can be 

seen from figure 94. 
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Figure 94. Bending resistance by function of starch amount. Md stands for 
machine direction and Cd for cross direction. 

15.8  Internal Bond strength 

Differences are small with calendered papers that have less starch as the little 

amounts stay mostly at the surface. Rod coated papers can have higher values 

as there is more starch which can also absorb deeper to the structure (figure 

95). Uncoated reference sheets had some values over 550 J/m2 which is the 

maximum that the measurement device can show. Lower values of 

uncalendered papers that are coated can be a reason of less homogenous 

structure compared to reference. 
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Figure 95. Internal bond strength of the samples. 

15.9  IGT surface strength 

All the samples with added starch have clearly higher surface strength (figure 

96). Differences between calendered and uncalendered samples can be 

explained as with uncalendered papers the starch can absorb a little bit deeper. 

Therefore the surface layer is strengthened at thicker area and it is more 

durable in abrasive test.  Also uncalendered papers coated with cylinder 

method have highest values as the method can press the starch deeper. 
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Figure 96. IGT surface strength of the samples. 
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The less smooth surface with rod coated papers explains why it does not have 

highest values despite of highest starch amount (figure 97). The free drying of 

foam with the rod samples has clear negative effect since the other samples 

have strong correlation with starch amount. 
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Figure 97. IGT surface strength of the samples by function of starch amount. 

15.10  Brightness ISO 

Brightness generally decreases a little with starch addition, but the effect is 

not very strong (figure 98). 
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Figure 98. Brightnesses of the samples. 
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15.11  Opacity 

Opacities of the samples are generally close to each others (figure 99). The 

lower value with the reference 1 can be related to lower bulk and thinner 

paper. 
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Figure 99. Opacities of the paper samples. 

15.12  Gloss 

Starch addition increases gloss with all coated samples. The higher values 

with rod coated papers (figure 100) are not only because of higher starch 

amount but also because of the higher post calendering temperature which 

was needed to achieve targeted bulk. 
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Figure 100. Glosses of the paper samples. 

15.13  Air resistance 

The starch addition has clear effect on air resistance. The possible deeper 

absorption of starch with uncalendered papers and cylinder coating has strong 

effect (figure 101). The starch amount has not uniform effect with rod coated 

papers as their surface is uneven compared to others. 

Air resistance Gurley

0

2000

4000

6000

8000

10000

12000

UB CB UC CC CR R1 R2

s/
10

0 
m

l

 
Figure 101. Air resistancies of the samples. 
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The method has much more effect on the air resistance than the differences in 

starch amounts (figure 102). 
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Figure 102. Air resistancies of the samples. 

15.14  Roughness 

The uneven surface after rod coating is clear as these samples have rougher 

surface (figure 103). Not even the post calendering resolves the issue as with 

other foam treated samples the roughness gets near to reference samples. 
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Figure 103. Roughnesses of the paper samples. 
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15.15  Emco 

The water absorption speed is strongly correlated to starch amount. This can 

be seen as large difference with coated papers compared with references and 

also lower starch amount with calendered blade coated papers compared with 

other coated papers (figure 104). Water absorption speed related to starch 

amount can be seen from figure 105. 
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Figure 104. Emco S-values of the samples. 
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Figure 105. Emco S-values related to starch amount. 
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15.16  Water, ink and oil absorption 

The water absorption has also clear differences with starch amounts. The 

starch has stronger effect than the surfactant which can increase the 

absorption. Also cylinder coated papers can have the lower values than blade 

coated (figure 106) because of the deeper starch absorption, which resists 

water absorption. The effect of starch amount is shown in figure 107. 
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Figure 106. Water absorption of the samples. 
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Figure 107. Water absorption of the samples related to starch amount. 
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The ink and oil absorptions have similar results as the water absorption 

between the foam treated samples (figures 108 and 109 for ink absorption and 

figures 110 and 111 for oil absorption). The difference to the reference papers 

is bigger as the starch can slow the absorption of ink and oil better than the 

absorption of water. 
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Figure 108. Ink absorption of the samples. 
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Figure 109. Ink absorption of the samples. 
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Unger oil absorption, 3 s

0

1

2

3

4

5

6

UB CB UC CC CR R1 R2

g/
m

2

Figure 110. Oil absorptions of the samples. 
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Figure 111. Oil absorptions of the samples. 

15.17  Contact angle 

The contact angles had only minor changes with uncalendered papers. With 

calendered papers the contact angle decreased after foam treatment expect 

with the rod application for contact angle for water (figure 112). The used 

surface active agent SDS has effect since it decreases contact angle. Contact 

angle for corn starch biofilm for water has been determined to about 68° /58/. 

As the contact angle for water with the references is around 40°, the starch 
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should increase the contact angle. Since the contact angles for calendered 

blade and cylinder samples decrease, the reason has to be the surfactant.  

Contact angle, water and polyethlylene glycol 
(PEG)

0
10
20
30
40
50
60
70
80
90

UB CB UC CC CR R1 R2

°

Water

PEG

Figure 112. Contact angles for water and polyethylene glycol (PEG). 

Possible reason for contact angle decrease with these calendered papers can be 

the more closed paper surface and denser structure compared to uncalendered 

papers. For these reasons there is less surface area and narrower ducts where 

the solution could adsorb and absorb. As the surface active agent tends to 

adsorb on surfaces, less surface area between solution and paper leads to 

increased surfactant concentration at the solution-air surface. The mechanical 

foam destructing and doctoring with blade and cylinder can also leave the 

wetted surface rougher than it would be with free foam collapse and settling. 

This could explain why the rod coated has nearly the same contact angles as 

the calendered reference R2. In figure 113 the total surface free energy 

describes the changes similarly. The surface free energy is higher with lower 

contact angles.  
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Total surface free energy
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Figure 113. Total surface free energies of the samples. 

15.18  Microscopic pictures of the paper surfaces 

In the pictures the darker areas have more starch than light areas. The sample 

width in these pictures is about 1 cm. 

15.18.1  Foam applied with blade method 

The starch is covered quite evenly at the surface especially with the 

uncalendered paper (UB). The blade method makes this possible as the foam 

is quickly and sharply destructed and the foam moves everywhere over the 

paper. There are little stracthes that show the direction of blade movement. 

These scrathes are more visible with calendered (CB) sample (figure 114). 

  
Figure 114. Uncalendered (left) and calendered (right) blade method papers. 
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15.18.2  Foam applied with the cylinder method 

These papers have also quite high starch coverage, but there can be seen clear 

differences. These long and narrow starch lines come from the coating method 

(figure 115). The cylinders and the veneer plate which has been as paper 

support have had little unevenness and the pressure at coating has varied with 

cross direction. The stripe shapes going from up to bottom in the pictures is 

the machine direction. 

  
Figure 115. Uncalendered (left) and calendered (right) cylinder method 
papers. 

15.18.3  Foam applied with the rod method 

This picture (figure 116) shows clearly why the free foam collapse with rod 

method causes uneven surface and the method should not be used. As the 

foam settles and dries, the foam divides into smaller bubble groups that 

further collapse. As the foam collapses, small bubbles unite to bigger bubbles 

and a part of the liquid that has been in the surface settles to the bubble 

borders. All this leads to visible starch rings where the inside of bubble has 

significantly less starch solution than the bubble wall area. 
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Figure 116. Calendered rod method paper. 

15.18.4  References 

The reference sheets are unitely light in colour as expected without starch 

addition (figure 117). 

  
Figure 117. Uncalendered (left) and calendered (right) reference papers. 

16  CONCLUSIONS OF THE FOAM APPLICATION 

Foam coating to achieve thin liquid films is rather complicated and results 

easily to insufficient results. Foam can be used as transfer medium, but to 

achieve really thin and even layers would need better equipments than the 

ones used in the work. With the used equipments the final coated amounts 

exceeded the targeted level, 0,5 g/m2 or below. By diluting the solution to be 

foamed can be used to decrease the coated amount, but this is not wise since 

this brings more water to the paper. Excess water should be avoided to 

decrease the need for drying. Also other methods exist which can be used to 

achieve thin layers such as spray coating and the foam coating experiences did 
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not provide improvment compared with known results of spray coating. The 

relative slow foam application feed to the paper can be one reason for high 

amounts. 

17  SUMMARY 

The work objected to find out information on suitable substances to be 

foamed, foaming agents and methods to produce foam and apply it on paper 

surface. 

Starch was best suitable to be foamed. The foaming possibilities were better 

than expected. PVA can also be foamed as also the literature revealed but the 

solution concentration is more limited since the foam dries quickly and it 

should be processed quickly. The experiments approved the literature that 

latex solution could also be foamed. Coating paste could be foamed only after 

dilution or surfactant concentration in the solution had to be over 10-fold 

compared with other solutions. CMC is very difficult to be foamed, it is not 

suitable for the method. Foaming properties of coating paste and CMC were 

weaker than according to the literature. 

The foam generation has to be effective to achieve stable enough foam. The 

foam has to stay as homogenous as possible until it is applied to the paper 

surface. This requires equipment with high shears forces and a suitable 

foaming agent. Sodium dodecyl sulphate (SDS) was found to be a good 

substance for this. According to the literature there is generally concern about 

the possible paper strength weakening caused by surfactant, but the 

experiments revealed that it did not cause problems. Sufficient SDS 

concentration was 5 % on dry starch in 15 % starch solution, which is more 

than expected based on the information found in literature. In these methods 

SDS provided best results in terms of foam generation boost, stability and 

bubble size. The foam stability produced with casein or PVA was not as good.  
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The needed surfactant concentration depends on the situation. Small amounts 

of foam to be produced in batch can be done with a fixed SDS concentration. 

If the required foam amount is very large from a certain solution volume, the 

consumption of the surfactant has to be taken in concern. As expected in 

hypothesis, the surfactant concentrates at the foam which has significantly 

larger surface area. This leads to decreasing foam stability by time as the foam 

generation continues. This happens with the foam generation process in an 

open container. 

To achieve good and even coverage the application method has to break the 

foam down quickly when it reaches the paper surface. Fast foam collapse in 

the application stage results to even coverage since the material distribution in 

fresh foam is most homogenous. If the foam is let to collapse with long time, 

the liquid in the foam has time to accumulate at the bubble border points. As 

the foam breaks down slowly, the bubbles collapse and join to bigger bubbles 

and the solution distribution finally ends up unevenly. This was expected 

based on the literature. It is crucial to control the foam collapse. 

The blade and cylinder methods worked best while the methods where foam 

dried freely resulted in poor coating quality and high coating amounts. All 

methods resulted to higher starch amount than targeted. The target was 0,5 

g/m2 and the lowest amount achieved was 0,9 g/m2 with blade method using 

paper that was calendered before the foam treatment. Methods of rod, curtain 

and cylinder with a gap resulted in thick layers. Rod method and cylinder 

methods with gap let too much foam on the paper and curtain coating 

equipment applied dense solution that is not really foam. The used methods 

required foam density approximately 100 g/dm3 or more. Lighter foams were 

not possible to apply on the paper since all methods were based to gravity.  

For future research an effective stator-rotor mixer and SDS as foaming agent 

would be suggested. To keep the foam stability good the surfactant should be 

either added more to the solution as the foam generation continues or the 
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process should be continuous in the sense that the surfactant is mixed to the 

solution just prior the foaming. For further research the surfactant 

consumption rate would be good to find out. 

A suitable foam application method should include equipment with precise, 

controlled and even foam feed by means of straight transfer right after the 

generation. The application head with teeth such in chapter 6.1.3 could be 

method worth research. This kind of method could be used also for 

researching foams with lower density to achieve thinner coating layer. If the 

foam is directed onto the paper with pressure or controlled by proper 

application head foams with lower than 100 g/dm3 density could be used as 

the method would not require gravitation to settle the foam onto the paper 

surface. Thinner layers could be achieved also by higher paper running speed 

at the application point. With foam application head this could be 
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Appendix I. Measurements of the foaming experiments. 

Table I. Pure starch solution foam and liquid phase volumes during 15 minute 
measurement with solution concentrations 5-15 %. F = foam, L = liquid. 
Starch   0 min 5 min 10 min 15 min 
   cm3 cm3 cm3 cm3 
        

15,0 % F 138 124 123 116 
15,0 % L 0 6 7 9 
10,0 % F 138 130 120 106 
10,0 % L 0 3 4 4 

7,5 % F 145 130 125 120 
7,5 % L 0 12 15 15 
5,0 % F 138 118 75 45 
5,0 % L 0 12 15 15 

Table II. 5 % starch solution foam and liquid phases with added SDS 
concentrations 0.01-10 % on dry starch. F = foam, L = liquid. 
SDS 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 84 52 21 
0,01% L 0 16 18 19 
0,1% F 145 62 30 20 
0,1% L 0 8 10 10 
1% F 138 33 22 17 
1% L 0 17 18 18 
10% F 145 136 124 112 
10% L 0 9 16 18 

Table III. 5 % starch solution foam and liquid phases with added casein 
concentrations 0.01-10 % on dry starch. F = foam, L = liquid. 
Casein 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 145 121 104 78 
0,01% L 0 14 16 17 
0,1% F 138 126 118 116 
0,1% L 0 12 18 20 
1% F 145 139 136 130 
1% L 0 6 9 11 
10% F 138 132 129 125 
10% L 0 6 9 11 
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Table IV. 5 % starch solution foam and liquid phases with added PVA 
concentrations 0.01-10 % on dry starch. F = foam, L = liquid. 
PVA 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 100 63 17 
0,01% L 0 16 17 18 
0,1% F 145 115 78 17 
0,1% L 0 20 22 23 
1% F 138 120 87 6 
1% L 0 11 13 14 
10% F 145 138 129 129 
10% L 0 7 11 11 

Table V. Pure PVA solution foam and liquid phase volumes during 15 minute 
measurement with solution concentrations 2.5-15 %. F = foam, L = liquid. 
PVA   0 min 5 min 10 min 15 min 
   cm3 cm3 cm3 cm3 
        

15,0 % F 138 130 126 123 
15,0 % L 0 5 7 9 
10,0 % F 138 132 129 127 
10,0 % L 0 4 6 7 

7,5 % F 138 130 127 126 
7,5 % L 0 6 7 8 
5,0 % F 138 131 126 123 
5,0 % L 0 4 6 7 
2,5 % F 138 131 125 122 
2,5 % L 0 7 11 12 

Table VI. 5 % PVA solution foam and liquid phases with added SDS 
concentrations 0.01-10 % on dry PVA. F = foam, L = liquid. 
SDS 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 111 45 35 
0,01% L 0 4 5 5 
0,1% F 145 130 119 116 
0,1% L 0 10 16 19 
1% F 138 127 120 116 
1% L 0 11 18 22 
10% F 145 131 123 115 
10% L 0 14 22 30 
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Table VII. 5 % PVA solution foam and liquid phases with added casein 
concentrations 0.01-10 % on dry PVA. F = foam, L = liquid. 
Casein 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 130 125 120 
0,01% L 0 8 13 15 
0,1% F 145 137 133 127 
0,1% L 0 8 12 13 
1% F 138 117 110 84 
1% L 0 13 15 16 
10% F 145 116 83 53 
10% L 0 14 17 17 

Table VIII. Pure latex solution foam and liquid phase volumes during 15 
minute measurement with solution concentrations 2.5-45 %. F = foam, L = 
liquid. 
Latex   0 min 5 min 10 min 15 min 
   cm3 cm3 cm3 cm3 
        

45 % F 138 110 88 66 
45 % L 0 5 7 9 
20 % F 138 19 13 9 
20 % L 0 6 7 7 
15 % F 138 30 24 19 
15 % L 0 10 11 11 
10 % F 138 26 15 10 
10 % L 0 9 10 10 

7,5 % F 138 20 14 9 
7,5 % L 0 10 11 11 

5 % F 138 17 12 9 
5 % L 0 8 8 9 

2,5 % F 138 27 12 7 
2,5 % L 0 8 8 8 

Table IX. 5 % latex solution foam and liquid phases with added SDS 
concentrations 0.01-10 % on dry latex. F = foam, L = liquid. 
SDS 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 25 20 9 
0,01% L 0 5 5 7 
0,1% F 145 35 19 14 
0,1% L 0 5 6 6 
1% F 138 130 120 100 
1% L 0 1 1 1 
10% F 145 132 121 106 
10% L 0 8 9 9 
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Table X. 5 % latex solution foam and liquid phases with added casein 
concentrations 0.01-10 % on dry latex. F = foam, L = liquid. 
Casein 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 24 14 9 
0,01% L 0 6 6 6 
0,1% F 138 13 10 6 
0,1% L 0 7 8 8 
1% F 138 15 11 9 
1% L 0 5 7 7 
10% F 145 76 26 16 
10% L 0 4 4 4 

Table XI. 5 % latex solution foam and liquid phases with added PVA 
concentrations 0.01-10 % on dry latex. F = foam, L = liquid. 
PVA 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
0,01% F 138 26 16 11 
0,01% L 0 4 4 4 
0,1% F 145 26 16 11 
0,1% L 0 4 4 4 
1% F 138 19 13 8 
1% L 0 6 7 7 
10% F 145 18 12 7 
10% L 0 7 8 8 

Table XII. Pure coating paste foam and liquid phase volumes during 15 
minute measurement with solution concentration 20 %. F = foam, L = liquid. 
Paste   0 min 5 min 10 min 15 min 
   cm3 cm3 cm3 cm3 
        

20 % F 138 123 101 85 
20 % L 0 7 9 10 
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Table XIII. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with 0,1 % casein and talc 1-20 % on dry starch. F = 
foam, L = liquid. 
Talc 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
1% F 145 140 135 129 
1% L 0 2 5 6 
5% F 138 87 16 10 
5% L 0 3 4 5 
10% F 145 72 15 10 
10% L 0 8 10 10 
15% F 138 119 47 11 
15% L 0 11 13 14 
20 % F 145 87 20 12 
20 % L 0 13 16 18 

Table XIV. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with total 1 % foaming agent on dry starch, parts of 
3. 3/3 stands for equal shares of SDS, casein and PVA, C = casein, S = SDS, P 
= PVA. F = foam, L = liquid. 
Mix 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
3/3 F 138 122 98 66 
3/3 L 0 8 12 14 
1C2P F 145 140 130 107 
1C2P L 0 3 10 13 
1S2C F 138 124 115 92 
1S2C L 0 6 10 13 
1P2S F 138 62 20 10 
1P2S L 0 8 10 10 

Table XV. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with 0,1 % casein on dry starch with no, normal and 
high air feed flows. F = foam, L = liquid. 
Flow 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
No F 138 130 116 107 
No L 0 6 14 18 
Normal F 138 126 118 116 
Normal L 0 12 18 20 
High F 145 36 10 0 
High L 0 4 5 6 
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Table XVI. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with 0,1 % casein on dry starch with 1000 to 5000 
rpm mixing speeds. F = foam, L = liquid. 
Rpm 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
1000 F 138 126 118 116 
1000 L 0 12 18 20 
3000 F 138 104 82 70 
3000 L 0 16 18 20 
5000 F 145 126 104 72 
5000 L 0 14 16 18 

Table XVII. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with 0,1 % casein on dry starch with solution 
temperature from 10 to 75 
C. F = foam, L = liquid. 
Temp. 0 min 5 min 10 min 15 min 

C cm3 cm3 cm3 cm3 
       
10 F 138 71 6 0 
10 L 0 9 10 11 
25 F 138 126 118 116 
25 L 0 12 18 20 
50 F 145 133 106 90 
50 L 0 2 4 5 
75 F 138 118 97 87 
75 L 0 2 3 3 

Table XVIII. Foam and liquid phase volumes during 15 minute measurement 
with 5 % starch solution with 2 % SDS on dry starch with multiple foaming 
runs on same solution. 1 = first run, 2 = second run, 3 = third run. F = foam, L 
= liquid. 
Cons. 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
1 F 66 18,8 8,6 3,2 
1 L 0 8,8 9 9 
2 F 66 8,8 3,2 1,2 
2 L 0 7,2 7,2 7,4 
3 F 66 3,2 2 2 
3 L 0 7 7 7 
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Table XIX. Foam and liquid phase volume averages of five parallel 15 minute 
measurements with 5 % starch solution with 2 % SDS on dry starch. F = 
foam, L = liquid. 
Average 0 min 5 min 10 min 15 min 
  cm3 cm3 cm3 cm3 
       
1 F 66,0 18,8 8,6 3,2 
1 L 0,0 8,8 9,0 9,0 
2 F 66,0 17,0 7,4 3,2 
2 L 0,0 6,6 7,0 7,0 
3 F 66,0 16,6 4,6 2,8 
3 L 0,0 8,4 9,4 9,6 
4 F 66,0 16,6 3,8 2,8 
4 L 0,0 8,4 9,0 9,0 
5 F 66,0 19,2 7,0 3,0 
5 L 0,0 7,8 7,8 8,0 
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Appendix II. Calendering of the samples 

Table I. Calendering settings which were used to achieve the targeted bulk of 
0.84 cm3/g. The first number in runs refers to coated side against the hard roll 
and the second is for the uncoated side against the hard roll. The reference 
samples R2 were not additionally calendered. 
  UB CB UC CC CR R1 
Calendering runs 3+2 5+3 3+2 5+3 3+2 5+3 
Temperature, 
C 90 50 90 50 90 90 
Nip pressure, kN/m 50 25 50 25 100 75 
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Appendix III. The measurement results of the paper samples. 

Table I. Measurement results. 
Measurement Unit UB CB UC CC CR R1 R2 

           

Burst strength kPa 75 67 75 70 69 73 65 

Burst index kPam²/g 1,26 1,20 1,25 1,21 1,06 1,28 1,17 

Grammage g/m² 59,5 55,7 60,1 57,8 65,1 56,9 56,1 

Thickness µm 51,9 49,3 53,2 50,5 59 49,8 49,8 

Bulking thickness µm 47,1 45,9 47,9 47,5 53,9 44,4 46,4 

App. bulk density kg/m³ 1262 1215 1254 1216 1207 1281 1209 

App. sheet density kg/m³ 1146 1130 1130 1144 1103 1143 1126 

Bulk cm³/g 0,792 0,823 0,797 0,822 0,829 0,78 0,827 

Tensile strength md kN/m 3,02 2,78 3,25 2,76 3,1 2,85 2,64 

Tensile strength cd kN/m 0,78 0,71 0,82 0,73 0,78 0,76 0,69 

Tensile index md Nm/g 50,8 49,9 54,1 47,8 47,6 50,1 47,1 

Tensile index cd Nm/g 13,0 12,7 13,7 12,6 12,0 13,3 12,3 

Strein at break md   % 1,3 1,3 1,4 1,3 1,3 1,4 1,3 

Strein at break cd  % 1,5 1,5 1,3 1,3 1,0 1,3 1,5 

Tensile en. abs. md J/m² 25,4 22,6 29,5 22,2 26,1 25,9 21,7 

Tensile en. abs. cd J/m² 8,4 7,6 7,4 6,4 5,2 7 7,3 

Tens. en. abs. ind. md J/kg 0,43 0,41 0,49 0,38 0,4 0,45 0,39 

Tens. en. abs. ind. cd J/kg 0,14 0,14 0,12 0,11 0,08 0,12 0,13 

Tensile stiffness md kN/m 442 408 462 411 455 429 387 

Tensile stiffness cd kN/m 144 128 145 138 145 146 129 

Modulus of elast. md GPa 8,56 8,35 8,86 8,23 7,36 8,63 7,77 

Modulus of elast. cd GPa 2,25 2,51 2,58 2,63 2,48 3,24 2,54 

Tearing resistance md mN 138 136 138 134 135 129 136 

Tearing resistance cd mN 208 225 226 224 224 212 230 

Tearing index md mNm²/g 2,33 2,44 2,29 2,32 2,07 2,27 2,43 

Tearing index cd mNm²/g 3,49 4,03 3,76 3,88 3,45 3,72 4,11 

Bending resistance md mN 21 20 22 21 26 18 19 

Bending resistance cd mN 11 9 11 11 12 9 9 

Internal Bond strength J/m² 434 379 446 386 513 550 343 

IGT Surf. strg. med. ts m/s 1,71 1 1,83 1,43 1,44 0,51 0,46 

Brightness ISO ts % 67,0 68,7 66,1 67,7 67,8 66,8 69,2 

Opacity ts % 91,2 90,9 90,8 91,1 91,4 89,9 91,4 

Air resistance Gurley s/100ml 5456 1051 10514 4872 4127 749 337 

Rough. PPS 1 MPa ts µm 1,05 1,11 1,11 1,24 1,71 0,98 1,13 

Gloss ts % 54 46 53 48 61 48 44 

Emco S-v., dist. w., ts %r/s 15 56 10,1 11,9 7 208 301 

Emco tS-v., dist. w., ts s 0,55 0,7 0,68 0,26 1,6 0,049 0,049 

Wat. abs. Cobb 60s ts g/m² 48 47,9 45,1 44,1 37,4 53,5 51,8 

Ink abs. K&N 2 min ts % 3 4,1 2,4 2,4 2,1 18,7 22,2 

Oil abs. Unger 3s ts g/m² 0,8 1,5 0,6 0,8 0,6 3,3 5 

Contact angle, water ° 42,0  26,4 35,2 28,6 40,7 42,0 38,3 

Cont. ang., polyeth. gl. ° 72,6  69,6 67,5 71,0 75,2 73,2 78,0 

Tot. Surf. Free Energy mJ/m2 83,0 106,0 87,4 105,3 90,2 84,1 101,0 

Starch amount g/m2 2,178 0,897 2,292 1,593 5,158 0 0 

Starch coverage % 97,9 97,0 82,2 81,2 92,1 0,0 0,0 
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Appendix IV. The errors in the results 

The calculated errors are mean errors of average calculated by equation 

Error = 2*standard deviation / �  number of samples              (1) 

Table I. Calculated values of means errors of average 
Measurement Unit UB CB UC CC CR R1 R2 

           

Burst strength kPa 2,899 1,379 2,934 1,626 1,980 1,662 1,980 

Burst index kPam²/g 0,049 0,025 0,049 0,028 0,032 0,028 0,035 

Grammage g/m² 0,001 0,092 0,049 0,304 0,608 0,127 0,014 

Thickness µm 0,183 0,335 0,281 0,212 0,683 0,332 0,225 

Bulk thickn. µm 0,192 0,058 0,380 0,125 0,425 0,116 0,125 

Bulk cm³/g 0,004 0,003 0,009 0,008 0,017 0,005 0,003 

Tensile strength md kN/m 0,041 0,040 0,044 0,057 0,051 0,040 0,033 

Tensile strength cd kN/m 0,051 0,013 0,022 0,019 0,008 0,019 0,007 

Tensile index md Nm/g 0,690 0,707 0,736 0,988 0,775 0,694 0,578 

Tensile index cd Nm/g 0,861 0,231 0,360 0,327 0,116 0,329 0,120 

Strein at break md   % 0,035 0,041 0,038 0,054 0,047 0,047 0,032 

Strein at break cd  % 0,040 0,052 0,102 0,076 0,060 0,057 0,059 

Tensile en. abs. md J/m² 1,044 1,135 1,325 1,502 1,442 1,284 0,854 

Tensile en. abs. cd J/m² 0,400 0,300 0,810 0,564 0,362 0,513 0,393 

Tens. en. abs. ind. md J/kg 0,017 0,020 0,022 0,026 0,022 0,022 0,015 

Tens. en. abs. ind. cd J/kg 0,007 0,005 0,014 0,010 0,006 0,009 0,007 

Tensile stiffness md kN/m 3,029 1,252 1,920 2,463 3,940 1,859 2,599 

Tensile stiffness cd kN/m 3,137 2,723 5,012 2,890 3,188 6,065 1,502 

Tearing resistance md mN 1,961 2,720 4,174 2,087 2,720 1,708 2,561 

Tearing resistance cd mN 4,585 3,479 6,135 3,415 3,700 2,245 2,182 

Tearing index md mNm²/g 0,033 0,049 0,069 0,036 0,042 0,030 0,046 

Tearing index cd mNm²/g 0,077 0,063 0,102 0,059 0,057 0,039 0,039 

Bending resistance md mN 0,870 0,433 0,898 0,481 1,312 0,449 0,379 

Bending resistance cd mN 0,297 0,266 0,446 0,398 0,519 0,164 0,199 

Internal Bond strength J/m² 7,290 8,273 16,32 15,83 25,27 0,000 10,38 

IGT Surf. strg. med. ts m/s 0,026 0,033 0,018 0,022 0,068 0,010 0,005 

Brightness ISO ts % 0,104 0,192 0,090 0,091 0,130 0,193 0,377 

Opacity ts % 0,143 0,121 0,067 0,049 0,116 0,264 0,058 

Air resistance Gurley s/100ml 206,3 41,40 631,0 391,1 830,3 51,10 8,050 

Rough. PPS 1 MPa ts µm 0,031 0,022 0,029 0,039 0,218 0,011 0,017 

Gloss ts % 0,822 0,822 0,854 0,601 3,542 0,759 0,348 

Emco S-v., dist. w., ts %r/s 0,567 3,982 0,252 0,273 0,416 7,406 5,639 

Emco tS-v., dist. w., ts s 0,213 0,097 0,045 0,276 0,235 0,010 0,004 

Water abs. Cobb 60s ts g/m² 0,300 0,532 0,250 0,250 0,376 0,094 0,801 

Oil abs. Unger 3s ts g/m² 0,040 0,031 0,022 0,067 0,049 0,085 0,125 

Contact angle, water ° 0,573  0,829 0,730 0,589 0,163 0,379 0,933 

Cont. ang., polyeth. gl. ° 0,544  0,571 0,358 0,624 0,602 0,492 0,952 

Tot. Surf. Free Energy mJ/m2 0,144 0,150 0,144 0,144 0,121 0,121 0,254 

Starch amount g/m2 0,003 0,007 0,033 0,098 0,482 0,000 0,000 

Starch coverage % 0,689 0,895 1,278 1,894 1,056 0,000 0,000 

 


