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This work aimed to find out the suitability of foaas medium in application
of thin liquid films. This consists of research oyhienomena related to foam
physics and behaviour. Solutions and mixtures tfobened, foaming agents,
foam generation and application methods were etedua

Over the evaluated solutions and mixtures coatiastgpand CMC did not
foam well. Latex and PVA solutions were foamabld #me best solution for
foam use was starch. PVA and casein can be uskxh@sng agents, but the
best results were achieved with sodium dodecylraip (SDS). SDS works
well with starch solutions producing fine and seafdam.

Foaming was done with simple mixers where pressdrar was fed to the
solution. The foaming works fine when enough sHeare is used together
with sufficient foaming agent concentration.

Foam application with curtain, rod and cylinder hoets with a gap between
the application device and paper were not usabtause of high coating
amount. Coating amounts were smallest with the ebladethod which
achieved 0.9 g/fnstarch layer. Although some strength decreaseewpescted
because of the foaming agent, it dit not have Bagnit effect.

The targeted coating amount of 0.5 §/mas not achieved due to the
limitations with the methods. More precise foam lejgpion methods are
needed. Continuous foam generation and feed topHper surface with
controllable device such as application teeth caulgrove the results.
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Tybn tavoitteena oli selvittdd vaahdon kayton soweiutta valiaineena
ohuiden nestekerrosten levitykseen. Siihen sisdlgahdon fysiikan ja
kayttaytymisen  tutkimista.  Vaahdotettavia  liuoksiaja  seoksia,
vaahdotusaineita seka vaahdon muodostamista jewdamista arvioitiin.

Vaahdotettavista liuoksista ja seoksista paallystgta ja CMC eivat vaahtoa
hyvin. Lateksi- ja PVA-liuokset vaahtoavat muttahmat tulokset saavutettiin
tarkkelysliuoksella. PVA ja kaseiini ovat kayttogelsia vaahdotusaineita,
mutta parhaat tulokset saatiin natriumlauryylisaliiza (SDS). SDS
muodostaa tarkkelysliuoksen kanssa hienojakoisstafailin vaahdon.

Vaahdotus tehtiin yksinkertaisilla sekoittimillalpn oli yhdistetty paineilman
syottd. Vaahdotus toimii hyvin kun kaytetdan rvéia leikkausvoimaa ja
vaahdotusaineen konsentraatiota.

Vaahdon levitys verho- sauva- seka sylinterimengi#f joissa on rako
vaahdon levityslaitteen ja paperin valilla eivatveltuneet kayttoon liian
suuren paallystysmaaran vuoksi. Paallystysmaargietin terdmenetelmalla,
milla saavutettiin 0,9 g/fpaallystysmaara. Vaikka vaahdotusaineen oletettiin
heikentavan paperin lujuuksia, silla ei ollut mééwaa vaikutusta.

Tavoiteltua 0,5 g/mpaallystysmaaraa ei saavutettu menetelmien reijbétn
vuoksi. Alempaan maaraan paaseminen tarvitsee ntailke vaahdon
levitysmenetelmid. Jatkuva vaahdon tuotanto ja tthjdevitys paperin
pinnalle esimerkiksi levitysrattaiden avulla voisparantaa tuloksia.
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1 INTRODUCTION

The interest on thin liquid films on coating hasregmsed since they can be
used for cost efficient improvements. Thin layeas e used for closing the
paper surface or by changing the surface chemic8lyface improved

cheaper base papers like supercalendered can lydssibsed instead of more
expensive coated papers, which can generate mdwe Y@ paper makers
through lower production costs. When paper is abaie sized, also the
coating coverage is important. This target combingith the aim for thin

layers sets requirements for the coating applinaicd media.

As the applied water with the coating substance twage evaporated,
technologies that use less water are more econ@nie.possible solution to
achieve these targets beneficially is substitutirggdilution water partly with
air, i.e. using foamed media. Foams can providers¢\advantages compared
with conventional coating methods, but as foam g®ien and use are
sensitive processes the applications have to beizped individually. Surface
chemistry is an important part of the phenomenaer@hare varieties of
methods for foam use including chemicals and podevices. Research is

needed to gather information about possibilitiekbam use.

LITERATURE PART

2 SC PAPER

Supercalendered (SC) papers are made 70-90 % ¢famieal pulp and 10-30
% of chemical pulp without any coating. The pignseate instead used as
fillers, which can have a share of up to 35 % efueight. Mechanical pulp is
either pressurized or conventional groundwood (PG\WWd GW) or
thermomechanical pulp (TMP). PGW can be used ftiebeptical properties
and TMP for strength. Chemical pulp is needed fangth. SC papers are in

the middle range of mechanical pulp containing raagapapers. Newsprint



is the lower quality grade and coated papers atbarhigher quality grade.
These groups are divided also in more specifiedlegavhich have quality
differences originating from furnish quality andnaral use. Higher quality
grades have more chemical pulp, fillers and coatifly

SC papers are divided into SC-A+, SC-A, SC-B andCS@rades. As the
quality is improved, also the paper price rises.#@pers are used when the
lower quality compared to LWC can be accepted. $fers are suitable
because of their lower price when the printing fyas good enough. SC
papers have become more attractive also becausdeakased quality
differences between higher quality SC's (SC-A af@dA3) and Ultra Low
Weight Coated (ULWC) papers. Further SC papersbeadivided according
to their use as rotogravure and offset papers. gRatore is the dominating
grade as 80 % of SC papers are made for rotogrgwimeng. SC rotogravure
has finer mechanical pulp, higher filler contenp (ilo 35-36 %) and it is
heavily supercalendered to achieve smooth surfloss and density. These
properties are chosen for rotogravure printing, clwvhhas higher surface
smoothness requirements than offset printing. feedfprinting filler contents
are between 15 and 30 %. Clay is the main fillexduand also talc can be
used in rotogravure grades. PCC can be used tovafrightness. Catalogue
SC paper is an improved version of rotogravure whgpacity, gloss and
printing smoothness are important because of demgupictures. /1/

Main basis weights for SC papers are 52, 56 andg/®@ and the entire scale
is from 39 to 80 g/m2. As the upper quality papersoated paper grades have
higher price, a possibility for improving the queds of cheaper SC paper to
achieve competing properties with lower price amting. This is why SC

paper is a good target for quality improvements. /1

The target of coating paper is to improve looks pndting properties. This is
achieved by smoother paper surface by filling thdage pores. Even paper
surface also limits the absorption of inks whiclam®ther reason for improved



printing quality. Other influences of coating anenease of gloss (especially
the gloss of the the printed area), increased tpawid brightness and
decreased stiffness and mechanical strength. T¢tes®ges of properties are
at the same basis weight when uncoated and coapetgare compared. /2/
Another method for paper quality increase is thdéase sizing. The target is
to improve surface strength and printing properti®grface sizing reduces

linting tendency during printing. /3/

3 CHEMICALS AND MIXTURES USED FOR SURFACE
TREATMENT

The paper surface is treated by coating or sizngiprove several properties
of the paper and especially the surface propediethe paper. The optical
properties, smoothness, printing quality, prini&piland the mechanical
properties are most important. The surface stremgth a major role of
mechanical properties. The surface treatment cawldoe also to achieve
other features like barrier coatings. The barri@pprties are needed if the
substance should resist well penetration of liquidgases. The basic solution
is to form a non-porous polymeric film such as pdtiylene onto the surface
of paper or paperboard. Another possibility isdd &ydrophobising agents to

the strength addition component in surface sizi.
3.1 Starch

Starch can be obtained from e.g. potato, corn, tyltapioca and barley.
Starch is commonly used because it is cheap compareother binding
substances. Starch consists of glucose monomechvdrm a polymer. It is
chemically near cellulose. The main difference lestmstarches is the relative
amounts of two starch polymers. Starch polymergramules are branched
amylopectin and straight-chained amylose. Commartisés (wheat, potato,
corn and tapioca) used by paper industry have lguif30 % amylose and
70-80 % amylopectin. These polymers are fully arhoys and the degree of



polymerization (DP) varies depending on the pl@dreal seed starches have
lower DP than potato or tapioca starch. Dependmg¢he main source group,
tubers and roots or seeds, the side material thiaes with the starch is
different. For example potato starch has phosphandasstarch derived from

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

Starch granules have to be cooked before theiandaused in dissolved form
to achieve the ability of binding with hydrogen blsnCooked starch does not
keep in good condition for a long time becausedyadtgrowth can use it as
food. This is why a starch solution has to be heash@larefully. /5/

Starch has to be modified before use to make falsi@ for coating. Coating
sets requirements for starch properties at theiealuon coating and after the
coating. Unmodified starch can retrogradate, whiechans that it is very
viscous and gel can be formed even at very low eatnation because the
polymers try to bind again to each others and foraversible gels. There are
several modification methods, common methods cargrbeped either to
substitution or degradation. /5/

3.2 Polyethylene glycol

The mechanical pulp containing paper can be treatédpolyethylene glycol
(PEG) to prevent yellowing. The yellowing can bdueed to half by sizing
the paper first with cationic or oxidized starchdasizing the PEG on the
starch sized paper. This is achieved with 2 tor#?glddition of the starch and
PEG combined. The starch sizing before is needédrto a film to limit the
PEG penetration. If only PEG is used the paper'shar@cal properties

impair. /7/
3.3 Latex

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

coating pigments particles to each others andd@#per web. Latex particles



in solution transform to a film during the dryinfjthe paper web. There are
different latex compositions available such as ypiolyl acetate, styrene-
butadiene and styrene-butyl acrylate. These lataxesoften modified with
for example monomers methyl methacrylate (MMA) aedylonitrile (VCN).
Also the latexes can be functionalized with mon@mawntaining hydroxyl
groups (-OH), carboxylic acids (-COOH), amides (NHD) or others. /4, 8/

3.4 PVA

Polyvinyl alcohol (PVA or PVOH) is a vinyl acetateigin product. Vinyl
acetate is polymerized using radical initiator andthanol as solvent and
chain transfer agent. Methanol and the initiatooant and type used are used
for molecular weight control of the reaction protipolyvinyl acetate. This
product is then hydrolyzed with methanol and sodinyaroxide to form
polyvinyl alcohol. The degree of hydrolysis or thesidual acetyl group
content can be controlled by the reaction tempegatime and concentration
of the sodium hydroxide. Other variables of PVAelikesidual acetyl group
distribution, branching, average length and tastiaffect the properties less

than molecular weight and degree of hydrolysis. /9/

Higher molecular weight and concentration in solutincrease the viscosity
while higher temperature and lower degree of hydisldecrease it. PVA is
used for surface sizing because it has good adhésidillers and fibers, it
produces good films and it is fully soluble to wateVA improves especially
the surface strength and dimensional stability bé tsized paper or
paperboard. Also the use of PVA benefits other rapidal and barrier
properties. The picking and dusting in printing @a@se as PVA is a good
binder between fibers and particles. The barrie@perties of PVA sized

papers reduce the water absorption. /9/



3.5 CMC

Carboxy methyl cellulose (CMC) is a sodium saltcbiemically modified
cellulose. Cellulose is first reacted with sodiuyditoxide to form alkali
cellulose which is further transformed to CMC byageng with
monochloroacetic acid or its sodium salt. CMC isfukin coating colour as
rheology modifier (thickener) and as a water retentaid because of its
hydrophilic nature. CMC also lubricates the coatirigde and is a good
optical brightener carrier. For sizing medium visitp CMC grades are used
because they have good film formation tendencyevluilv viscosity grades
are used in coating colours. The viscosity of CMpehds on the solution dry
solids concentration and the molecular weight. Réugnolecular weight
below 16 g/mol CMC is used for coating and higher molecwaight CMC

is used for sizing. /10/
3.6 Coating colour

Several paper grades are coated with mixturescthraiain different mineral
pigments and many other chemicals that are need#ekislurry like binders,
thickeners and addition chemicals. The aim is teprowe the looks and
printability of paper. Clays and calcium carbonades very common coating
pigments. Other pigments include titanium dioxiggpsum, talc, satin white,

plastic pigment and aluminium hydroxide. /11/

Several techniques exist for the application oftiogacolour. The process is
called coating when the aim is to achieve highat eeight of pigments with
the size solution. The amount of coating can varg the products can be
separated with that basis to for example light Weigoated (LWC) and
medium weight coated (MWC) papers. For very lownpegt amounts (1-2
g/m2) pigmentation process can be used where pigmae added in small

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

industry

The foaming properties of different coating or sggcompositions vary a lot.
Latex solutions foam already at below 1 % solutipngducing foam with
satisfactory stability. PVA also foams already aiv|concentrations with
moderate stability and little bubble size. Caseid gelatine protein solutions
foam well at low concentrations (below 0,5 %) buthvhigher concentrations
both the foam forming and stability impair. Soy tgia foams also and can be
used as foaming agent /12/. Resin glue foams dattly With poor stability at
1 % concentration, but higher concentration of a8t higher wax content
the solution foams more and the foam is more stdthlehas larger bubbles.
Alginate, vegetable glue, ketene dimer, wax digpardluor chemical, CMC
and starches do not foam at all or only very litlidhese are results from
foaming tests where air is supplied through a simbechemical solution
containing cylinder. The foaming properties evalrais done with foaming
time required to produce certain volume of foam avith foam stability
observations. /13, 14/

4 METHODS FOR COATING THIN LIQUID FILMS

Thin coating layers can be made by non-conventidl@ossibly dry methods
or with modified aqueous methods /15/. There aversed possible techniques.
Foam coating is presented in its own separate ehapt

4.1 Spray coating

Spray technique has major difference to conventionating methods since
the coating device has no contact to the web. Spraging has advantages in
machine rebuilds as it can be assembled to exig@aper machines without
the need of space extension. Both sides of the wab be coated
simultaneously (figure 1). The spray coating precesn be used to decrease

investment and production costs. Spray coaterecrpgines different properties
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of the coating color due to nozzle wear and théenwgdtdroplet size formation.
116/

Figure 1. Double side spray coating /17/.
Round-shaped coating pigments cause less weareabhdhzles. Too small

droplets may have too low impact speed to the wethvay do not attach well
enough. The minimum droplet size is about 40 pne 3peed of the droplet
has to be high enough for securing proper coatdigesion by good impact.
With wood containing papers for CSWO printing tipeay coating suits well

as the coated and printed paper surface has gokd &though the gloss may
be at little lower level than with for example béadoating. /16/

4.2 Curtain coating

Curtain coating is a one-side coating method wlaeceating paste is casted
with control onto the paper surface /18/. The amafnthe coating paste
applied can be controlled by adjusting the pummpged and the die slot
diameter. The viscosity, density and other propsrtof the colour and the
height of the curtain can be adjusted.
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Curtain coating can be used for coating thin layersneven surfaces at high
speed and it does not use any recirculation. Thiaioufalls usually 5-30 cm
from the slot to the paper web. High pressure resmoair from the gap
between the curtain and paper web. The free fatlimaging colour is anyway
challenging because it must be well controlled voic curtain breaks and
disturbances. At very high speed environment thetagu stability is
problematic as the air currents may split the fiyndisrupting the curtain. Air
flows can be restricted with blades. /19, 20, 21/

The multiple curtain coating can be done with sl@s by using separate
chambers for the coating colours in one applicatousing two application
units like in the Voith DF system (figure 2). /22/

Distributor 1 Distributor 2

Curtain 1 Curtain 2

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

The coat weight of the applied coatings can be llystram about 2 g/m? to
15 g/m? and it can go as low as 1.0 g/m2 with @i 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 forialinthe feed is metered with
a metering rollGate-roll size pressuits well for the size application of small

amounts to newsprint. The viscosity of the solutdfects the size metering
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because it is based on hydrodynamic forces. Thasisleto limited size
penetration to the paper. High viscosity is neeftedhick film application
and therefore the size remains on the surfaceegbaiper. Size metering of the
system is based on a size pond on a meteringipivhere one roll transfers
the size film to the application roll which press$les solution to the paper web
(figure 3). /3/

Coatin
\\g

Paper Coating

Applicator roll Metering/
Transfer rolls

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

At high speeds the gate-roll system has a disadganin runnability as the
size solution mists after the nip between applicatnd transfer rolls. This
problem can be avoided by using short-dwell metetieads instead of the
outermost metering roll. This configuration is degeoll inversion coater. The
original gate-roll has otherwise good runnabilisyibhas few web breaks. /3/

4.3.2 Application head metered size press

Short-dwell type applicators in film presses arenownly used. There are
different variations of the configuration. A seglilblade can be used to
control the amount of return flow. The metering rolb&r applies the size to
the press roll which transfers the size film to gagper web. One short-dwell

type applicator with sealing blade is illustratadigure 4. /3/
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Figure 4. Short-dwell metering applicator of a fipress /11/.

The size film quality is easier controlled with erforated blade sealing, but it
needs lower size flow rates. Main reasons for talirsg are to avoid air
intrusion into the chamber and to reduce the néeilze solution circulation.

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

4.4 Blade metered sizing

Blade metering has been developed for substitwtisge press. This kind of
metering can de done for both side application iarén be used with roll
application to the other size as with the BillBladdt (figure 5). The size or
coating solution is fed as a pond before the b&akroll gap. /3/
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Figure 5. Meterin with blade and roll in BillBladgstem /3/.

This kind of system made possible a configuratibrsimultaneous coating

and surface sizing of opposite sides of paper Wéle limitation was the

speed, 600 m/min, as it could not be used for ngadt high speeds at the roll
side. Higher speeds would need lower dry soliddezdnand at high speeds
the film split. /3/

There are other versions of blade using meteringfhanced properties like
the TwoStream system, where the paper goes upwasgstem like in the
BillBlade method, but it has pressurized ponds.s§ugzation allows the
control of flow velocities, hydraulic pressure amdlumes of the applied
solution. Also TwinBlade and MirrorBlade system® d¢e used, which have
two blades. TwinBlade has hard blades and MirraiBlsoft blades. /3/

Higher speeds of 900 m/min have been able with wamodaining papers
using a VACPLY blade metering unit. It has a vacughmamber which

reduces the excessive size penetration to the wdbadjusts the blade by
pressure difference. The size remains on the surféidhe paper. The size

solution is fed with a fountain nozzle or a rol(fre 6). /3/
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Paper web
Size

Return
Figure 6. Vacuum based blade metering with nozsel in the VACPLY unit
13l.

4.5 Nozzle metered sizing

Nozzle metering (figure 7) can be used for one-suidace sizing of wood-
containing base papers with low speed. The spesdtdhde slow but the
advantages of nozzle metering are smaller lintergdéncy than with blade
and press units and a very low penetration of sie the paper which has
made effective reduction of surface roughness plesseven without
precalendering. These systems can be used forimvasount applications
below 2 g/m2. /3/

Paper Web

M Size Solution

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 timestheuearly methods have
been too unstable or expensive /15/. An on-machie¢éhod that coats the
topside first at the first couch roll is patentgdRacine and Fournier /24/. The
couch roll has a suction box which draws some ef ¢bating onto and
through the web. The web is supported with wiresvben the web and the
suction boxes as shown in figure 8. This system lmarused for chemical
application also. The method was invented for tee af recycled fibers in
newsprint production. This method could make thatiog less expensive and

avoid the linting problem that the recycled furncstused. /24/

o

Figure 8. On-machine wet end coating method byri®aand Fournier /24/.

A different method is patented by Schmidt-Rohr, liGalet. al. that uses a
sieve belt supporting both sides of the web. Treding is applied through the
supporting belt. The web is on a roller that hasuetion area at the coating
point. This structure can be used to apply coagktsiof 1-10 g/m? per side.
125/

Also a method of substituting filler use has bemrented. This system is used
for concentrating the fillers and coatings onto sugface 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 teghifor the coating /27/.
The paper or board web is coated with a variatiospoay that is made with
an ultrasonic atomizer below the web that is oalla The ultrasonic atomizer
(device 9 in figure 9) is purposed to transform sheface of the coating paste
flow to very little droplets that can attach to teb and form a smooth and
thin coating layer. The amount of coating can bgisidd more easily than
with conventional methods. The droplet attachmerthe web can be further

improved using an electric field between the captimedium and the web.

(s
2/
e .

12 ]

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

The method provides homogenous droplet size didgtab. The distance
between the coating mix flow and web, cross-dicewl profile of the

coating, the frequency of the ultrasonic system #@nadcoating flow can be
adjusted. Coating color recovery is simple as ttopléts that do not attach to
the web are forced back to the coating medium thgwthe moving air layer

near the web. The method suits better for slimiogdayers. /27/
4.8 Possible foam coating advantages in comparison

Foam coating can be described as a process whersdatium to be coated is

transferred as a mixture of a solution and air. Tbem is formed using
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foaming agents and devices. The foam is purposewltapse evenly on the
paper surface. As foam coating can be designedhiee a thin layer at the
paper surface, most of the presented methods nmeay te deeper size
penetration. Especially methods that use cylinderon blade can make the
solution to penetrate deeper. If the size can thédehe top of the surface, the
needed amount is lower. This is not as importarth vgigment coating
mixtures where the solution has to be attachetdgoaper matrix to achieve
proper coating layer strength. Commonly the methad@snot designed for
applying very thin coating layers, which may leadlifficulties. These can be
need of extra dilution, thin layer controlling pteims or impossible running
with higher speeds. More modern methods like s@mag curtain coating
require precise controls of the process and solufifmam can also be used
with higher dry solids concentration than with gpvathout nozzle blocking
problems. Foam coating has also an advantage ddlatair. In foam coating
air is mixed to solution on purpose whereas othethods require prevention
of air mixing. Foam also does not splash as easlgolutions and it causes
less web breaks as the mixture density applie&pepweb is low. /3, 19, 20,
21, 22, 23, 35/

5 FOAM

Foam is a colloidal and microheterogenic systemrevigas is dispersed into a
liquid or solid medium. The reasons for making aisthg foams are usually
related to its ability to form large surface aregavolume of a low amount of
substance. The foam form can also help the apicatf the substance as it
is even more diluted in means of substance coratéririn mixture volume.
Thus the amount of transferred substance can b&otled better in low
amounts. For even application amount results thenfoomposition has to be

homogenous.

Foam can be evaluated with different measurescétitent can be expressed

as percentage of air in the mix or as an expansite or blow ratio of the
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volume change. Blow ratio expresses how much foasnbleen formed from a
solution, i.e. ratio of 1:5 means that the origisalution volume has been

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

Droplet forming time is the time when foam is disigrated to a point where
the first droplet percolates from the foam. Pewbdlecay of foam is the time
when half of the foamed liquid has become liquidiagWetting ability of
foam has to be suitable for the purpose. Blow rafi@plet forming time,
period of decay of foam, foaming agent mixture #mel target surface itself
affect the wetting ability. The wetting ability cdre measured (figure 10).
This method has been used for measuring foam e#iility for textiles.
129/

| 1t 7
- D -

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

51 Foam structure

Foam that consists of gas dispersed into liquidthvasmain types. The type
depends on the share of gas content. With smadersgare the structure has
spherical gas bubbles distinguished from each stherelatively thick liquid
films (figure 11 (a)). With high gas share the foaomverts into a polyhedral
form that has thin liquid films separating the blgst(figure 11 (b)). /29, 30/
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Figure 11. Spherical (a) and polyhedral (b) fornfioafim /30/.

The stability of the spherical-bubble foam depemdsnly on the viscosity of
the liquid. The polyhedral form of foam has an pady structure where three
liquid films form a 120° angle that is called th&ateau border (figure 12)
129].

Plateau border
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Figure 12. Thé Plateau border of three liquid filk2a/.

The bubble size and shape of foam depends on th@awents of solution,
production method, percolation and disintegratidnttee foam. Spherical
bubbles are involved with thick film walls whereettioam percolation is
relatively slow. Foams have higher water conteghtriafter formation, but
they start to dry. The drying happens by gravityederated liquid draining via
foam films. This leads to decreased foam densitsyo Ahe foam form changes
during drying. Over 26 % liquid in foam phase tbarh has spherical bubbles
whereas drier foams have polyhedral structure. Gudgble size depends on

the production method and the external pressuyar@il3). /29, 31/
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Figure 13. Effect of external pressure to bublite £29/.

Inside the foam gas diffuses from the smaller besblkb the bigger ones
because inside the smaller bubbles the gas pressingher. This leads to
immediate beginning or percolation after foam fargwith both foam types.

The polyhedral form can keep its form for longendi /29/
5.2 Foam generation

Foam can be generated with different methods thiedduce gas or air to the
solution of a surfactant. The solution can consitfter only of the surfactant
or surfactant and other substances. The surfaaraount is important. The
gas can be mixed to liquid by mechanical stirribbtpwing air through a

nozzle or the gas can be generated chemically. Fezambe formed also by
condensation. This means degassing a supersatiguétl by temperature
rise or pressure reduction. This is an easy methodmore expensive than
mixing methods. This kind of foam generation is duder example in

sparkling drinks. /28, 29, 30/

The foam has to be homogenous when it is appliedadinthe constituents
have to be able to mix to each others to achiews eesults on the target
surface. Best homogeneity of foam can be achieviéd mechanical mixing
of gas to the solution. Mechanical mixing with highear forces effectively
increases the surface are between gas and ligaisephSimple arrangement

is a long tube where the liquid is fed with turbulspeed. The tube can be
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filled with beads or other suitable filling medihat helps the thin film

formation of liquid that helps the foam formatiof28, 29, 30/

In the foam formation the surfactant molecules senir way to the gas-
liquid interfaces from the liquid when gas is mixedliquid. At the bubble

formation in the rising gas moment the surfactanggnize. The polar head of
the molecules direct to the water phase and theopybic heads direct to

the gas phase. /30/

Foam generation is influenced by many factors dmetefore the system
cleanliness is important, as the amount of foammagerials in solution can be
very small to cause foaming. Foam lifecycle hasegalty four different

stages, which are illustrated in figure 14. Thetfstage is the gas injection to
the liquid so that the liquid has some bubbles. Ginables then transform into
spherical foam, which later turn to polyhedral foatmen the films separating
bubbles become thinner. When the films become loodand have too large

area they begin to break and the foam turns bati§uw stage. /32/
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Rupture occurs easily in top layer
since forces are less balanced

In addition, thin films are subjected
to external disturbances

- Polyhedral foam concentrated
E gas system with high gas
;—; volume and thin films
(0]
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Figure 14. Foam lifecycle from gas introductiorfaam breaking /32/.

5.3 Foam generators

As mechanical mixing is the common method for fageneration and mixing
can be done with different manners, also foam ggoes with different

techniques exist.
5.3.1 Gas injection to solution through a porous medium

Very simple arrangement to make foam is to injext ipto a solution through
a porous substance such as sinter, filter, woadak (figure 15). These kinds
of foamers are commonly used for aquarium watearstey purposes. /13, 31,
33, 34/
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Figure 15. Simple foam generator where foam is &mrrwith gas injected
through a porous medium /34/.

53.2 Gas injection to solution by nozzle

Another injection type foam generator is the Fenaof foamer (figure 16) by
Kemira Oy that mixes air and solution through azt@zvith high turbulence
/36/. The solution and air go through a wire and tbam is formed in a
chamber. Foam is transported from the chamber ¢fraLpipe to nozzle. This
kind of foam generation is based to turbulence @edumixing which creates
more gas-liquid surface area with help of surfaistan
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Figure 16. Fennofoam foamer schematic /36/.

Some foam generators work as foam applicators @lgare 17). In this

device the foam is formed by injecting air throwghipe (point 7 in figure 17)
to circulating solution. /13/
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Figure 17. Schematic of foam generator and applicdt3/. Foam is formed
by turbulence in the pipe where air is injectegh@int 7. Point 3 is where the
foam reaches the paper.

The foam is formed at the lower part of the foamshgmber. When enough
foam has been formed, it can be applied to the isueface of paper web
/13/. The foam is applied to the paper through @ g&e paper is run at the
top of the container to left as the arrow in figdfg Figure 18 is the outside
view of the foam coater. As the foam is applieghéper web against gravity,
this kind of system does not easily transfer ektjaid to the paper web. As

foam collapses, the liquid accumulates and fallgtayity.

Figure 18. Picture of foam coater /13/.

Figure 19 shows the foam generator and applicatasé on a Dixon research
coater before the paper line is assembled on thm fapplicator. The foam

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

y
.
_

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

One effective method for foam generation is a staitor mixer. Example of
this kind of mixer is Top Mix generator produced Hgnsa Industrie Mixer
GmbH (figure 20). The smallest mixer is for contag foam generating at
20-120 I/h production rate. The solutions can bé&baf higher or lower
viscosity and for many purposes like in the pladaather finishing, food and

textile industry. /33/

Figure 20. Top Mix foam generator /33/.

Foam generating is controlled with adjustable refmeed and flows of air and
solution to the stator-rotor mixing head (figure).ZIhe important feature for
all foam generators to achieve effective productbrioam is the ability to
mix with high enough shear forces. Mechanical fanteoduced to mixture of
gas and solution is needed to grow the surface effeatively. Effective
function leads to smaller bubbles and therefor¢ebetability of foam. /31,
33/
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Figure 21. Stator-rotor system for foam generatitdg.

Example of foam generated with this kind of mixeaihomogenous 8 % fines
solution (figure 22). Sodium lauryl sulfate at 1d¥the solution weight has
been used as surfactant. Foaming agent is heededdace foam from fines

solution, without any surfactant only a non-unifommixture of fines and air is
formed. /35/

s l .ur-.us 10:45
Figure 22. Fines foam using Top Mix foam generatidh 1 % foaming agent
on suspension weight /35/.
5.34 Foam generator differences and suitability for fogemeration

for foam application on surface

As the thin liquid layer with even coverage is theget for paper application,
high foam homogeneity and small bubbles are favward&oth properties can
be best achieved with high shear forces introductxlthe gas and solution
mixing. This is best ensured with a rotor-statostegn which mixes gas to
liquid and simultaneously ensures high homogeneityhe solution. Foam

generation with versatile adjustments of mixingesp@nd solution and gas
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flows enable good results. The stability of thenfios important considering
the use of it. The next chapter is about the plylsehind the stability.

54 Cohesion, adhesion and surface tension as backgralin
phenomena of foam stability

54.1 Cohesion

Cohesion means the phenomenon of forces that Kespmaterial united.

Between molecules in matter there are attractiooefa The strength of the
forces depends on substances. It relates alsdubil#y. If substance one has
high cohesive forces between the molecules, thebgiby of substance two

into substance one is limited if the cohesion feroé substance two are
weaker. Generally substances that have close s@hésices in the phases
can be mixed together better. These internal coedsrces can be defined by
cohesive energy density (CED) which is originatemht the energy per unit
volume that keeps the liquid matter united. Workcohesion is needed to

create extra surfaces by dividing one phase topiwases (figure 23). /37/

a

A =LA Unit
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~ Cohesion

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

The work of cohesion can be determined I with equation
G=2 A= WAA (1)

In the equation is the surface tension anda.WVis the work that has to be
done to resist the cohesion between the two nefacms. There is a factor 2

because two new surfaces are created. When madeitaha the bulk sample
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are transferred to the surface, the free energpgeh#és measured as surface

tension. /37/
542 Adhesion

Adhesion describes a phenomenon where two surfaeesttached to each
others and external force is needed to separata (figure 24). Adhesion
needs wetting of the surface and in paper manuiagtis present in coating.
Adhesion can be studied by six different theoriébese are chemical
bonding, physical adsorption, diffusion, weak bcanydlayer, electrostatic
and mechanical interlocking theories. Physical gugmn exists always

because there are molecules in intimate contamteny adhesive bond. /38/

AG = W, o Unit
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Figure 24. Work of adhesion M is needed to separate the surfaces of phases
A and B in contact /37/.

The work of adhesion W4 can be determined through surface tensions with

equation
G =Wag= final - intal = A+ B- AB (2)

In the equation (t) surface tensions+ g are for the new surfaces ang is
the surface tension of the surface between theanafigphases, g is the
work that has to be done to resist the adhesiond®zt the surfaces when they

are separated. /37/

Physical adsorption theoryelates to van der Waals forces at the interface.
There are three types of attractions between dipobdtractions can be

between two permanent dipoles, between an indunddparmanent dipole
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and yet between two induced dipoles. The forcesdmt two induced dipoles
are also called dispersion forces. The potentiatggnbetween two permanent

dipoles (Ep) in a vacuum can be determined with equation

-_-2mm ©

" 3T (4pe,)r®

where {4 and |4 are the dipole moments, r is the distance betveeetres of
the dipoles, ¢ is the permittivity of a vacuum, T is the absoltgenperature
and k is the Boltzmann’s constant. Permanent dipocéen be formed between

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

A dipole can induce another dipole to non-polareuale. For example water
molecule can induce a dipole to a methane mole®ifgles can also form

instantly between non-polar molecules. This is fidssy the electrons that
fluctuate in their distributions. These forces worlly at very near distances,
roughly below 1 nm. This means that these forcest exly at the top surface

layers at the interface. /38/

The diffusion theorgupposes that two polymer layers unite to onerlage
the surface between them is removed. This phenomeaguires that the
polymers are compatible with each others and mobilebility is possible

over the glass transition temperature. /38/

Mechanical interlockingcan happen with irregular surfaces. The adhesive c
enter the pores before hardening and form a hawttate which partly is

locked inside the surface. /38/

Chemical bondingneans formation of covalent, ionic or hydrogen dwat
the surface depending on the substances /38/. ggdrbonds are crucial with

paper related bonds.



33

Electrostatic theorys related to materials that are in contact and ateange
electrons. This forms an electrical double layethvattraction forces. This

form of adhesion can be thought to work with met8/

Weak boundary layecan be formed if a surface is contaminated by ails
such before the addition of adhesive. Clean susfa@a give strong bonds
which are clearly impaired to cohesively weak layef the surface is

contaminated. /38/
543 Surface tension

Surface tension of a liquid is a phenomenon whihd$é to minimize the
surface area. It is the reason why most liquids larfilled to a container
slightly over the container volume — the extra ighforms a curved surface.
The edge of the curved liquid volume is at the aow@r rim but at the centre
the liquid surface is higher. Surface tension aspto all phase boundaries,
not only to liquid surfaces but these are the awsbere the effect is most
important. Surface tension varies between diffeutistances. It also has
effect to the contact angle that is formed to tbenwhere liquid and solid
are in contact. Surface tension relates to two ghasut contact angle forms
to point where three phases contact. These phereoarenimportant in many
practices and have effect to liquid spreading. Comractive use of these
phenomena is the surfactants in detergents whi¢h the wash water to
penetrate into the cloth structure. It is possibzause the surfactants are
used to decrease surface tension of the water@mdat angle between water
and cloth fiber. /37/

Surface tension is the force that drags the liquid surface tacéstre point. It
can be measured as force per length as N/m witlexample 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 tensiore#sured. The apparatus
consists of a wire loop with the lowest part whean move. The lowest wire
is dipped to liquid and then the system is liftad. surface tension resists the
increase of liquid surface, the force F can be nmeak With this information

and wire length the surface tension can be caledlay equation (4):
= F/2I (4)

The wire length | is needed double as the wire #omwo liquid surfaces
attached to it from both sides. Surface tension @ntact angle are related

through the Young’s equation (5):
LvCOS = sv- sL (5)

This equation applies in horizontal direction dicaid drop on a surface after
the liquid has reached equilibrium with its vapo8urface tension;y has
influence at the surface between a liquid drop tredvapour phase of the
liquid. Subscript SV stands for surface tensionveen solid phase and the
vapour of the liquid ands, is the surface tension at the solid-liquid inteefa
These tensions are expressed in figure 26 whioh st®ws the boundary

point of three phases where the contact angle &suared. /37/
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Flgure 26 Surface tenS|ons and contact angle /37/

5.5 Foam stability

Besides suitable foam generation, foam stabilithésmost important thing to
enable proper use of foam. Foam has to keep inrezbjgondition the time
before it is supposed to disintegrate. Incorreaitity leads to poor quality of
process runnability or product. The stability o floam depends on the liquid
film percolating properties that affect the filmirthing and the film breaking
tendency on external interference. Gas-liquid foamue not stable
thermodynamically, but they can achieve a metastabhdition if they are
insulated from external influences. Foams are ifsthecause of the high
surface area and thereof high free surface endngyable and metastable
condition can be distinguished by the propertieghefsurface active agents in
the solution. /29, 30/

Water based solutions of weakly surface active &ggunch as alcohol or short
chain fat acids produce instable foams. These dasican slightly slow
down the percolation and breaking of films but tleay't avoid the overall
disintegration. Solutions of proteins, synthetitedgents, saponins, soaps etc.
form metastable foams. Metastable foams have highdiace forces. The
forces stop the percolating of films while the lidjuisappears when the film

reaches certain thickness. These foams collapseaubec of external



36

interference like heat and heat changes, impurigeaporation, gas diffusion
from smaller to bigger bubbles, noise and tremfbleese foams would be
theoretically stable if all of the external intedaces could be avoided. The
film percolation by gravitation force and the negatdisjoining pressure
decrease the film thickness. Because of this theidiin thin film is not

thermodynamically permanent. /29/

The film stability in foams is affected by diffefiefactors. Surface rheology,
where the liquid viscosity is a main component,fawe elastic effects of
Gibbs-Marangoni and thickness equilibrium of thenfare the three important
principles of film stability. Electric repulsion foes, van der Waals forces,

capillary pressure etc. control the thickness @apiuim. /29/

The stability of the foam has to be adjusted taiigable level. The bubble
rally can make large transformation and it can eadensity differences and
uneven distribution of the carried material to theget surface. Foam stability
of similar solutions can vary with different mixerd can be adjusted by
controlling the liquid viscosity with CMC, hydroxyethylcellulose, casein,
talc, surfactants or other relative chemicals. Uguthe effect of different

chemical mixings to the foaming and foam stabilips to be tested

empirically. /13, 29/

Substances that are used for emulsification areergéiy also good for
stabilising foam because the function of the chainis quite similar.
Emulsifying chemical has to avoid collapse of aplied and a foam stability

chemical is used for avoiding bubble collapse. /39/

Also the air content of the foam affects the stgbiFor starch solution at the
liquid to air rate of 1:10 the foam can be stabt®ugh to apply before it
collapses. This foam had a protein surface actjentwith ratio of four parts
protein per 100 parts starch. With higher air cohtd 1:12 the foam is more
stable and can even be difficult to break. Underrttio of 1:8 the foam is not
homogenous anymore and this leads to uneven distib /28/



37

The bubble size is also important considering treaf stability. Large bubble
size means that also the ducts in between bubbiget are larger. Larger
ducts can transfer more liquids which lead to fadtainage /31/. The bubble
size can be used for targeting the foam stabibtysitable level. The size
should be small also because with smaller bubblesaolution carried spreads

evenly to the surface when the foam collapses.

When the target is to improve foam stability, tleus in foam is near the
Plateau border. Foam changes as the liquids irPlhau points and foam
walls move. Stabilization methods are used to @geeethe liquid transfer
from Plateau borders and the walls near the areéseoborder (figure 27).
140/

The Plateau Border

Y

Important area for
foam stabilization

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

5.5.1 Forces influencing thin foam film

Negative pressure caused by the electric doubkr laan der Waals pressure,
Laplace suction pressure and contiguous liquid oudéeand their opposite
forces inflicting on negative pressure affect thsjaining pressure. Three

main factors affecting thin film are illustratedfigure 28. /29/
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Figure 28. Factors affecting thin film /29/. Electdouble layer (1), van der
Waals interaction (2) and Laplace suction pres&ire

The negative pressumaused by thelectric double layers formed in foam
lamella that has ionic surface active agents anohteo ions (figure 29). The
counter ions begin to push imbricate to each othben films start to

approach each others and this causes the repfeteat /41/
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Figure 29. Surfactant ions and counter ions magetet double layers (upper
part) and the intersecting potentials increaseetbetric potentials (solid line)
to higher level (broken line) and the repellingc®develops /41/.

When considering the forcePp with simplifications of low ionic strength,
attention only to the diffuse part of double layerd large distance between

layers, an equation can be given:
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DP,, =64nkTg’e " (6)

In the equation n is the ionic number per volum#g, T is thermal energy,
= tanh ze /4kT, H = (8 €?z°n/ kT)¥% (inverse of characteristic Debye length)
and d is the distance of layers, z is the eleahiarge of ions and is the

electric potential outside of Stern layer. /41/

As the surfactant molecules are highly orientethatsurface layer, ions with

opposite charges in the bulk solution are also eptrated near the surface. If
the distance of these layers decreases enoughytdediayer overlap forms

(figure 30). Due to its electrostatic origin, ttpenomenon is sensitive to
electrolytes found in the solution. /31/
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Figure 30. Repulsion force created by electricalilde layers after film
thickness has reached the point of overlap. /31/

Van der Waals pressuris caused by medium that surrounds film which
causes interaction of electromagnetic fields. Thesgure effects on thin
liquid film covered with another substance. Thesptge Ry over the film is
conversely proportional to the power of three @f film thickness:

Pow=-A/6c 7)
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A is the Hamaker constant (about 5 x?10) and d is the film thickness. Van
der Waals forces start to have effect to foam Btalunly after drainage and
film thinning. /29, 31, 41/

Laplace suction pressures a hydrodynamic pressure caused by the film
curves at the Plateau borders. The pressure ig hitlke curved surfaces than

planar surfaces. The pressure differenPecan be expressed
P= (1/ry + 1/rp) (8)

The pressure difference originates from surfacsitenwhich has effect in the

curve. R and p are the curvature radii ands the surface tension. /29, 41/

The molecular structure can also affect the stgbiiif thin films. The
structure may affect the water organization inrntiddle areas of film layers.
Also temperature has its own effect on stabilityossr certain temperature,
FDTT (Film Drainage Transition Temperature), tharfostability decreases
fast because the film percolation increases. Gatwital force affects the
percolating vertical film and causes pressure. Alse film elasticity and
viscosity affects this pressure. /29/

55.2 Steric stabilization

Steric stabilization can also affect the foam diigbi If the polymers
concentrated at the surface layer of film repelheathers because of
unfavourable thermodynamics when the film thinisn fdrainage slows down.
Figure 31 illustrates the thinning film and becogimontact between
polymers. This happens when the polymer is watendand would better be

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

5.5.3 Surface viscosity

Foam stabilization by surfactants is caused by lziginganized interfacial
structure (figure 32), which is different compatedhe solution. The surface
layer viscosity can be higher than the viscositythad solution. This slows
down the liquid transfer and absorbs the mecharaodl physical changes.
131/
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Figure 32. lonic surfactant stabilized foam laméd/.
Increased surface viscosity can be caused by diffechemicals. Common
factor to this dense packing mechanism of surfastenthe high cohesive or
adhesive interaction between the molecules orgdesti This can happen with

surfactants, particles with high contact angles molgmers (figure 33). /30/
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Figure 33. Increased surface viscosity caused miged surfactant systems,
(b) polymers, (c) particles with high contact arsgtg0/.

554 Gibbs elasticity

The Gibbs elasticity is a measurement of foam ktgbit relates to surface

tension differences in certain area of liquid filirhe basic idea of the theory
is that not only the lower surface tension is regghifor foam stability but also

the surfactant has a significant role. Especidily absorbed surfactant layer
properties on the top of the liquid film are im@ort. Gibbs measured the
elasticity as change of surface tension, which detmdchange in area. The
requirement for foam stability is thereby the dpiliof surface tension

changes. The surface tension must also always egmenst the forces that
rupture the film. If a foam film is thinned, thelkiconcentration of surfactant
decreases, which increases surface tension. Irctesasface tension works as
a force which drags surfactant molecules and swiufiiom adjacent surface
area with lower surface tension and higher surfactaoncentration. The

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

42, 43/

The Gibbs elasticityg can be defined with equation (9):

_2d9, _ - 2d9,e 9)

& =
din A dinh

There ar is the surface tension between the foaming liguid air, A is the

film surface, h is the film thickness and the faas needed because of two
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air-liquid surfaces at the foam film. The Gibbssgieity has strongest effect at
concentrations below critical micelle concentratiddigure 34 illustrates
Gibbs elasticity values as factor of sodium dodesylphate (SDS)
concentration with two film thicknesses. /43/
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Figure 34. Gibbs elasticity curves of two film tkinesses as factor of SDS
concentration /43/.

As from figure 34 can be seen, decrease in filnckimess at constant
concentration expect low values clearly increases Gibbs elasticity. This
leads to higher surface tension. /43/ The conceotravhere maximum value
of Gibbs elasticity is achieved is the point whateo exists the maximum
stability of foam. According to this curve the miamim stability for pure
SDS-water solution is about at the concentratioB-af5*10° mol/dnT which

corresponds about 0,6-0,7 g/l using SDS molar wetdh288,4 mol/g and
c.m.c. of 8,3 mol/df/33/. C.m.c., critical micelle concentration ispéained

in chapter 5.6.2.
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555 The Marangoni effect

The Marangoni effect relates to resistance of chang surface concentration.
Large size of surfactant molecules slow down tliusion. If a new interface
is born, surfactants need time to spread to the swa¥ace. At the beginning
the new surface has higher surface tension becatigbe lower initial
concentration of surfactant. This difference inface tensions works against
the formation of new surfaces as a restoring fordas is the core of the
Marangoni effect (figure 35). /31/

EXPANSION OF
INTERFACE

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

When Marangoni effect is used for foam stabilizatithe concentration of the
surfactant has to be at suitable level. This is thuéhe needed surfactant
concentration differences at surface, which isdheing force of the effect.

This way the Marangoni effect works against filnmthing and can fix little

disturbances. At low surfactant concentrations) gections of film are weak
because the differences are too low, i.e. the starfi& concentration is low
everywhere. Low concentrations lead only to lowniaggy and foam stability.

With suitable concentration a concentration gradiencreated and the thin
section drags surfactant molecules from adjacerfases. These surfactant
molecules bring the bulk solution with them andréfiere the thin section of

film is restored to original thickness. This coniration creates stable foam.
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High surfactant concentrations lead to situatiorhese the surfactant

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

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

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

liquid is moved to the thinned section. Too highfactant concentrations

above the c.m.c. create foam that has too thirrsagebe stable. The chain of

events in these three situations is describedyurdi 36. /44/
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Figure 36. Low (a), suitable (b) and high (c) satéat concentrations lead to
different mechanisms /44/. Only moderate conceptraleads to strong

Marangoni effect.
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55.6 Notices about stabilization

As there are many surface phenomena where theidanat foam generation

and stabilization require surfactant organizationthie liquid-gas surface, it
has effect to the solution concentrations durirgnong. If foam is produced
from a solution of some chemical to be transferndth foam and surfactant,
the surfactant molecules enrich into the foam pHes® the initial solution.

This can be thought because the foaming processlyriaia huge increase of
surface area. Practical view to this is that ifnfios produced large amounts
from certain solution batch, the surfactant con@giun in the solution

decreases. This leads to decreasing foam stalaifityhe foaming process
continues, if the surfactant concentration in thegibning has been at
maximum level for stabilization. The surfactant che added to surplus
concentration in the beginning of the batch prockasthis may increase the
problems. The basic problem considering high stafgicconcentration is the
tendency of possible paper strenght weakening.rBftaming process from
constant solution volume with continuous surfactddition 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 aubst to form a

monomolecular layer at the interfaces between tifferdnt phases like air

and water or oil and water in figure 37. Commonhede substances,
surfactants or surface active agents have diffezrds at their molecules. The
surfactants organize at the surfaces accordingpgochemical attraction and
rejection forces. Other end of the chemical is Bl@uo oil or vapour and the
other end is soluble to water and therefore theraltenergy of the system is
achieved when the chemical is located at the iaterbbetween water and oil

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

5.6.1 Different surfactant types

Surfactants are anionic, cationic, non-ionic or hoiptic and their names are
usually according to the use as emulsifier, det#rgevetting agent and
dispersant. Anionic surfactants are common bec#usg are effective and
cheap whereas non-ionic surfactants can have elffetengths of their
hydrophobic and hydrophilic groups. Cationic sutdats suit well for special

purposes because of their germicidal propertiestHay are expensive. /39/

Usually the hydrophobic part is a hydrocarbon cltend the hydrophilic part
is ionic. Anionic agents have commonly ionic grogbsoaps or sulphates, -
COO and -S@ respectively. A quaternary ammoniumyNR group is a

common cationic group. Also different polymers sashPVA and proteins
are surface active. They can have different foanpraperties compared to
surfactants. For example temperature over 25 °Cairaphe foam quality

with casein protein, but for sodium dodecyl sulftitere is no difference. /13,
45/

5.6.2 Critical micelle concentration of the surfactanioon

Surface active chemicals have special behavioumvthe concentration is
changed. At certain point when a solution has & l@gough concentration,
the properties that change with increasing cona#intr confront sudden
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changes in their development (figure 38). This pam critical micelle

concentration, c.m.c., in which the surfactant femmicelles. /39/

Osmotic pressure

\ | Turbidity

Surface tension

Molar conductivity

| |
0 0.01 0.02

Concentration/mol dm-3
Figure 38. Effect of reaching c.m.c. with dilutelwgmn of sodium dodecyl
sulphate at 25 °C /39/.

Micelles are organized aggregates of a chemicah isolution. In these
aggregates the surfactant chemicals have theirophiic ends pointed
outward and hydrophobic ends are oriented towalds ihterior of the
aggregate (figure 39). The reason for micelle faromais the cohesive forces,
which become high enough at the c.m.c. Water hgh kbhesive forces
between water molecules and therefore the hydraphalls of surfactants
aggregate towards micelle centre. This structurep&ethe water rejected
hydrophobic tails apart from water molecules andelsctrically more
favourable. At the same time the hydrophilic tate in contact with water
molecules. As the micelles have same electric @samn their surfaces,

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

The critical micelle concentration varies with difént chemicals. As the
surfactant molecule has longer carbon chain, thecc.is lower. Also the
c.m.c. is affected by other properties of the sofut 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 affieetproperties of wet and
dry paper web when they are added to the pulp. Mojcationic and non-
ionic surfactants affect mostly to the strengthpemties as the molecules may
affect the fiber to fiber bonding by reducing thedtophilicity and surface
tensions of the pulps. A surface active agent caaken the sizing by
hindering the size particles to attach to the Bber even release the already
attached particles. The surfactant which has caukede problems is a
common sodium lauryl sulfate. Mostly the strengtfisheets decrease with
added surfactants, but also strengthening occuih Wemical pulp added
anionic surfactant can slightly increase the tensitength and with non-ionic
surfactant the tear factor of the sheet can ineredbe amount of added
surfactant to the pulp can be as low as 0,005 %hefpulp to have clear
effect. Dry paper seems to have little effect amuifactants are sprayed on the
surface of dry paper at their c.m.c. with amoun8,@fg/m? to a 45 g/m2 paper
the paper strength properties do not have sigmfichanges. PVA, casein,

soy protein extract, gelatine, keratin and albumised as foaming agents



50

instead of surfactants have showed less mechaweakening of the foam
coated paper. /12, 13, 28, 35, 45, 47/

The differences between foaming agents are remkrkab the protein
foaming agent can be added 10-fold compared teddaim lauryl sulfate and
the hydrophilicity of the paper web increases oal¥ittle with the protein

foam while the sodium lauryl sulfate increases lbta Aloumen, casein and
keratin proteins can be used. The use of a prdtgiming agent instead of
surfactant can decrease the negative effects oar gapperties. Especially
burst strength can decrease significantly becatisaréactant. Preferably the
protein can be used for foaming as a 1 to 2 % adnaon by solution

weight. /47/

5.7 Foam disintegration

Gas-liquid foam can only achieve a metastable ¢mmdand collapses itself
with time. If the foam disintegration is neededatelerate, different methods
can be used. Increase of temperature enlargesathdgpbles in foam and
dries the thin liquid films which lead to foam @agke. This method is usually
not so good because of possible weakening of tbeéugt properties and it is
not very effective. After the application foam ditggration can be done e.g.
by blade, nip, brush or with other physical methdd8, 47/ Simple method to
avoid excess foam disintegration is the foam gtgbdontrol at the foam

formation. If the foam is originally produced foertain purpose, the foam

stability should be targeted to endure throughptfoeess but no more.

The foam disintegration happens mainly due to beilsbpture where a film
between two bubbles disappears and they form aygebibubble. If the film
or lamella breaks at the surface bubble, the bubbepletely breaks and the
liquids spread into the foam body. Only the surfacéble rupture leads to
significant foam volume reduction. The lamella Ik®eaorigin from film
thickness fluctuations which can cause holes. Bateins occur by liquid

evaporation, thermal motion, mechanicals disturbanccompositional
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fluctuations and sounds. Small holes can heal tekmas but larger holes lead
to rupture. A limit of hole radius being 0.27 timé® film thickness has been
estimated. /31/

Chemicals can be used to accelerate foam breaKimg. mechanism is to
chemically intrude the films so that the water eplaced partly with a
hydrophobic medium like silicone oils activated lwihighly dispersed

hydrophobic solids particles. The oil carries apdeads the particles to the
thin films. Another mechanism is the decrease tdrfacial tension that leads
to water escape from the film. With hydrophobic tjgées the foam film

rupture takes effect when the film thickness dexesato the size of the
particle (figure 40). /30, 31/

HYDROPHOBIC
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DEWETTING MECHANISM
Figure 40. Film rupture mechanism with a hydroplbqdarticle /31/.

Mechanical foam breaking is used especially wheangbal breaking can
cause problems. Breaking is based on individuah filreaking with high

enough shear velocity. This can be done in manyswdihen the breaking is
done generally without specific target, rotatingadi, injectors, ejectors and

centrifuges can be used. /30/
5.8 Use of foam as carrier medium

There are several mechanisms that effect the faamaition, stability and

breaking. Considering foam generation, the targetfébam use orders the
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mechanical devices and chemicals to use. Foam @eneproperties and
surface chemistry have most important effect. Tabén foam formation, the
solution has to have a component which tends te héyher concentration at
the gas-liquid surface. This makes possible then&ion of foam as the
system is stable enough to consist of bubbles whate relative thin films.
The high surface concentration of the surfactasb alvorks against the
cohesive forces of the pure solution. Cohesived®mith gravity have major
role why pure liquids do not foam or the foam cp#ias immediately. Better
stability can be achieved by introducing more shiaces at the foam
formation stage and optimizing the surface activentical dosage suitable to
the solution and purpose. Stability is reasonablee enough good to fulfill
the purpose, but better stability is not neededitasan make the foam
disintegration more difficult. As there are many am&nisms which effect
foam formation and stability, the suitable foam gewion machinery and
surfactant chemical dosage have to be optimizedireraly. Mechanical
methods for foam disintegration are most effective.

6 FOAM COATING

In the textile industry the main benefits of rephgc a conventional wet
coating method with a foam process are reducednuigeation problems in
drying section, reduced energy consumption of thend, smaller effluent
water load because of the lack of thickening medusa and a possibility of
full usage of the drying capacity. These benefitsiavolved in the finishing

department and dyeing house. /28/

In paper making process the foam coating can hdvardages by adding the
chemicals that are used for making the productoperdnce better to the wet
paper web instead of the aqueous pulp before thdlwx. This can make the
chemical recycling and effluent water treatmentiexasn the short circulation
would be only the process performance chemical$ | retention aids,
slimicides and defoamers. The absence of produdbnpeance chemicals
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would itself reduce the amount of needed slimicidesl defoamers, the
amount of retention aids used is not a problem idensd from the effluent

water treatment point of view. Starches, dyesngiagents and wet-strength
and dry-strength resins et cetera belong to thdymtoperformance chemicals.
1471

The product performance chemicals can be addedheaopaper surface by
foam, for example sizing agents can be added te&se the surface tension
between the paper and water. Adding the chemical$oam reduces the
amount of water exposed to the paper web whichcesithe need of drying
energy costs. Also it can be used to produce papéls surfaces having

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

Foam can be used for curl correction with coatiflgis is done by applying
plain foam to one side of the paper at the same &sithe other side is coated.
Adding chemicals in form of foam makes the appiaraipossible to the wet
end or dry end of the papermaking machine. Prdieam utilization to the
other side of the paper web with coating decredisescurls in dried paper
while the paper sizing remains intact as the meas@obb values are the

same as without foam application. /47/
6.1 Foam coating applicators

After some earlier researches of foam coating seijp@r the foam generation
and application is suggested. The application khbe done with small size
pipeline applicator for easier assembly on papechim@. The applicator
should have profile control and the gaps at thenfaaozzles should be
adjustable. Also the cleaning possibilities of #pplicator should be noted.
The foam application sets requirements for the fatself too. The foam
should flow evenly and easily in the applicatoatmid 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 coathte§10 g/m? with a pilot
plant coater using a flexible blade and with alitrgi blade can be used as
foamed process. The pilot coater (figure 41) hagnmilation of excess paste.
The excess and fresh unfoamed paste is fed to ghpmrgh air addition
diffuser, disc mixer with high shear, foaming tudoed air content measuring
device. The foam consistency is maintained by umféiow and closing it to
own separate atmosphere. Paper coated with theotheatkbhieves good
surface smoothness and coating pick, does not wawn&les and the coating
profile can be improved. The reason for foam udiag been the increase of
solids content without increasing the viscosity aofating paste. Foaming
agent sodium 1-(2-sulfonatoxyethoxy) dodecane veasi 1,26 % on coating
paste. This can be done with optimum air conter®@®®f6. This system has
been run at 725 m/min with microcapsule foam wi€h% air content and
solution concentration of 18 %. /12, 48, 49, 50/

22 0
Figure 41. Pilot plant coater for foamed high seligigment coating
composition /12/. Foam is applied to underside gy (2) with a fountain
applicator (14) using excess apply and recircutatio
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6.1.2 Coatema Linecoater

Coatema Coating Machinery has a coating machint ¢aa be used for
different coating technologies including foam cogti/50/. Their Linecoater
LC 500 has a working width of 500 mm and can bealdee direct or transfer
coating and has a corona treatment possibilityeeittefore or after the coating
station. The Linecoater (figure 42) is availablehwb00 or 1000 mm line
width. /35/

Figure 42. Linecoater by Coatema Coating Machingdy.

6.1.3 Zimmer Magnaroll and Variopress

Another coating applicator manufacturer Zimmer h@s machines suitable
for foam application, Magnaroll and Variopress /5Bbth machines are
available in full scale and laboratory scale. Therking widths are 500-1200
mm for laboratory machines and 5 meters for Maghamd 5,5 meters for
Variopress. The Variopress (figure 43) is a systgmere the foam is applied
through two teeth rolls. The rotating speed of tbks is adjustable and the
amount of foam applied controlled this way. The lagpor can be assembled
in different positions and with different instaltats for example on a roll or
on a free floating web. /35/
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'.Fig'ure 43. Zimmer's Variopress foam applicator /51/

The Magnaroll (figure 44) can be used for foam ic@pbesides with other
coating techniques like dyeing and dot coating./9bke main purpose is in
the textile industry. Also with the Magnaroll difemt coating positions and

techniques are available.

S e

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

6.1.4 The Foamcote process

The Foamcote process has highest speeds of 116 mith working foam
coating. It has been developed through many phd$esimportant factor to
achieve working foam application is the limitatioh air flow coming with
paper web. The methods for limiting air flow ardléetors and vacuums like
with the applicator in figure 45. These applicatoas be assembled to apply

foam to both sides of paper with separate foam rg¢ores. /28/
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Figure 45. Foam application system with precedindl@av removal by using

mechanical air flow limitation and vacuum /28/.

Best result was achieved with a special foam agfaic This applicator does
not have vacuum but air deflector and foam appicpipes 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 appisathat utilize vacuum
have reached uniform coverage with starch foam. dgicators contact the
paper web surface but cause fewer webs breakstrarential pond type size
presses. This is suggested to originate in therfewmunt of water applied to
the web and the smaller water penetration in tpeanéa. This leads to fewer
bond breaks between fibers and lesser stress tiglaxand therefore the web
remains stronger. The limitation with this systesrthat it could be used only
for one side coating, because the coating is umifanly if the foam
applicator is at the side that contacted the backotl. /28/
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To achieve the same starch pick-up in foam prottesstarch solids has to be
slightly higher than in size press. Using foam #tarch distribution in z-
direction of the web could be balanced by applydifferent amounts of
starch to the felt and wire sides. Using foam cmpbetter ink holdout can be
achieved than with size press. This applies witbliagtors on both sides that

use vacuum to avoid air flow. /28/
6.1.5 Fennofoam foamer

The Fennofoam foam generator and applicator (figlée can be used for
spreading the foam to the paper surface. The faallapses in cylinder after
the foam application. The foam is applied to papeface through a pipe and
nozzle after the foam formation chamber. /36/

6.1.6 Suitability of foam applicators

As even coverage and precise control of coatinguamare targets, best
results can be achieved with systems that have doethg heads. Promising
types are heads with adjustable teeth and systdnthwave many ducts for
foam application to achieve even distributionhié system can be placed near

the paper surface to be coated, foam disintegraidhat point is possible. It
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can be an advantage as the foam has no time e sl possibly form

uneven liquid distribution.
6.2 Chemicals applied as foam
6.2.1 Coating paste

The research of foaming the coating mixtures has beported to bring some
additional advantages compared to liquid coatinige Teproducibility and
control of the coating processes are greater vagmied compositions. This
might be a consequence of smaller changes in thgasition viscosity due
to disorders that may happen. If the viscosityighhhe little change in water
content of the mix can greatly affect the viscosity therefore lead to bigger
problems at the process. The foamed coating coniposised instead of a
liquid coating can result in smoother surface. Tisisreported with foam

coating tests of an art paper. /48/
6.2.2 Sizing chemicals

PVA, starch and latex can be applied to paper & firm of foam. The
working concentrations for starch vary from 1 to @8n2. Surface active
agents that can be used are sodium dodecyl sulf¥® and proteins.
Foamed starch treatment with protein as foamingtabas improved burst,
tensile and Dennison Wax Pick properties. This lieen achieved also with
foamed PVA. Chemical amounts of 0,15-0,6 g/m? atelst have been
reported. Blade coating with laboratory coater b@sn successful also with a
70 % dry solids concentration mixture of latex aradcium carbonate using
protein as foaming agent and CMC for foam stalilima The same coating
trial has been done with sodium lauryl sulfate @ariing agent with similar
results except that the sizing of the paper wasptetaly lost. /12, 13, 35, 47/
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6.2.3 Fines

Fines layering to the surface of the paper witmfaaethod has been tested to
make the bulk and smoothness properties of thergdegiter for calendering.
Bulk is needed for bending stiffness and it can reenained more in
calendering if the surface of the paper is smoatle¢ore the calendering. The
surface smoothness can be improved if fines cadelpboyed to the surface.
133/

Fines can be used to fill the pores on the surédgeaper. Layering fines on
the surface of base paper leads to smoother papkradthe same time
bending stiffness, bulk, brightness and light ssatg properties of the paper
improve. The disadvantage of the fines layeringhis weakening of paper
strength especially in the z-direction. Bulk anadhdiieg stiffness of the paper
increase when paper surface porosity is decreagbdines layering. This is

a significant difference compared with paper smimgthby calendering which

always decreases bending stiffness and bulk. /52/

Properties of the fines foam can be widely congahliCommonly used surface
active agent lauryl sulfate produces soft and fosen with fines but it is too
unstable. Casein protein used instead of laurylagulproduces better fines
containing foam and with thickeners the foam idlgteenough to be able to
coat paper with it. Foam stability is essentialhwiines because if the foam is
not stable enough the fines can clump in the fo@he highest dry solids
concentration with the foam generator is 8 % of ma@dcal pulp fines.
Mechanical pulp fines are preferable to chemicdp pumes. Mechanical fines
form smoother surface because chemical pulp fioes fdenser layer that
follows pores on the surface. Also fibrillar finesrk better than flake-shaped
as fibrillar form stabilizes foam but flakes destrio. Extractives from pulp

also improve foaming. /35, 53, 54/

Fines foam application has worked if done to webwery web fines foam
coating has led to insufficient bonding betweenebpaper and fines layer.
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Foam is disintegrated in a nip and it can be babstéh foam disintegrating
spray. Pressing is needed to achieve good enouglirigpbetween fines layer
and base paper and to strengthen the fines layghoW pressing the air
between fines particles and paper web inhibits bimmohing. Fines material
does swell and transfers therefore lots of wateth® base paper and the
shrinking in drying may cause defects to the s@feésurface active agent
does not weaken the base paper if the paper isFdiym coating advantage
for fines coating is the possible higher solidstean of 8 %. Fines in liquid

form do not flow well at this concentration. /35/
6.2.4 Suitability of mixtures for application in form fafam

As foam homogeneity is important when a even dtistron with low amounts
are targeted, simple solutions can be better thgmgnt slurries since the
solution is more homogenous. With solutions welnlogenous better foam

homogeneity can be achieved.
6.3 Advantages and disadvantages of foam coating

There are several advantages with foam coatingeggocompared to other
methods. Material in form of foamed solution can dgplied at higher
concentration without a nozzle blockage like wittray/ coating. The low
density of a foamed solution decreases the loatlishapplied to the paper
web and therefore it prevents web breaks comparedethods which add a
solution to the web and weaken the paper by mazstgy it. Foam can be
used as a carrier material for many substancebeasame point after the
machinery is assembled. As air is a part of theeramaterial, drying needs

less energy. /35/

Foam application system can be quite simple andrthehinery is cheaper
than larger conventional devices such as size gsesthis enables cheaper
upgrades of small and old paper machines for sppai@oses. Foam can be

used for multipurpose coating. More than one suacgta&an be applied to the
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paper web simultaneously. Also foam can potentidiy used for coating

materials that don't have a suitable method yeé Iikanoparticles and
nanofibrils. As foam can have a high proportioramfsmall amounts of liquid

can be applied to wide area. Foam can be contradled therefore the

substances can be added to the paper web at news mdi paper machine
where conventional methods may be impossible. kKam@le pressing areas
can be utilized for applying different materialsoam establishes precise
control of the amount of substance which is addetthé sheet. Foam provides
also more control to liquid penetration into thebwat the pressure nip by
different bubble sizes. /35/

There are some problems with foam coating usinghiau@cal pulp fines that
has to be solved to make the process viable. Ties faggregation in the
bubble size increasing foam needs to be contrdbgdor example foam
stability control or with a low fines concentratioifhe fines also have
problems in bonding to the paper web and to eabkfrst The bond forming
can be improved by bonding agent, selecting onliable fibrillar fines for

the process, controlling the paper web moisture @otthmizing the pressing
and drying. Using fibrillar fines yet brings othemnallenge. They bring lots of
water, are highly swollen and shrink a lot at dgyimThe possible surface

defects can be avoided with controlling the shngkiluring drying. /35/

Also the probable need of surface active agent fe@ming can cause
problems if it has negative effects on paper orseawcosts. Solutions to be
coated vary much and some chemical solutions catiffieult to use as foam
or make foam of them. Uneven coating has also lbeparted with higher
speed foam coatings. Low coating speeds can leadhémical penetration
into the paper web and surface films are poor omdb form. The foam
coating may also lose interest as other methods tiior 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 inymtezh has been the
Foamcote process in Wolvercote Paper Mill in Endlabhe foam use there
has been for curl correction. Curling of paper bancontrolled with presice
water dosage, which was done with foam. Water vwossned with non-
surfactant surface active agent. This is not angmorproduction since the
mill has been closed in 1998. The Foamcote proisedgscribed in chapter
6.1.4. /35, 55/

Foam coating has been reported to have many adyesmtaompared to other
methods, but it has not been imported into prodactise in paper industry.
Textile industry instead has used foam technology & long time in

production. Possible reasons for this can be tfiewiies in foam use as the
processes have to be optimized individually. Alsodenough other methods
may have decreased the interest to develop the praoess. As foam coating
can have best benefits considering thin liquid taybat are evenly distributed
on paper and the possible lower need of dryinggnehe need for this kind

of process has not been so important earlier. €gd quality competition,

decreased profitability of paper making and higlergg prices generate the

need.

7 HYPOTHESIS

The foam generation for different substances reqsuitable consistencies
and amounts of foaming agent to produce foam wathdgenough properties.

Small bubble size and optimal stability are impotta

The foaming of different pure chemical solutionsies Starch solution,
CMC solution and common coating colour foams orittfel or not at all.

Latex foams but not as well as PVA. Foaming ageatsenrich into the foam
phase during foam generation. This may lead tacknrent of substances into

foam and liquid phases in solutions, which haveessvsubstances like
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coating colour. Therefore the foam process canrédigted to suit better with
simple solutions. Because the foaming agents ennth the gas-liquid
surfaces of foam, the concentration of foaming &genthe original solution
decrease during foaming. This leads to poorer I#talmf foams produced
later if the foaming agent concentration is optifieelthe foaming when foam

production is started.

The amount of foaming agent needed is low comparddthe chemical to be
foam coated, even below 1 %. Casein works bettdr loiver temperatures.
Casein and talc can be used for foam stabilizadiwech bubble size reduction.
Small bubble size combined with larger expansiaesras useful when the
target is to achieve very low coating amounts. &ie mixing of gas to

solution and optimal foaming agent concentrati@iarportant.

If the foam generation and application can be atel to achieve high
guality foam, the chemicals added in form of foamhéve positive effect on
coated paper properties. The foam coating of chasiican be done without
major problems at coat weights less than 0,5 gfméthe optimal foam
formation, stabilization and application has beengiudied individually with

the chemical to be applied.

If high amounts of surfactant is used in the foasnmfation and foam is

substantially applied on paper, the surfactantitare an effect on the paper
properties, especially in the surface and bursngth. This effect is smaller
or does not happen when foam is applied less,dedactant is used or the

surfactant is substituted with a protein foamingrag

The ideal foam application for starch solution cbbé a 15 % solution added
with casein 0,1-0,2 % of dry starch using a stabbor type foam generator as
demonstrated in figure 21. The foaming should beedwith high shear forces
and air content of foam should be targeted to 90.€6foam density around
100 g/dr, to achieve moderate stable foam with smallessiptes bubble
size. Application of foam would be best done wiither multiple nozzles or
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application teeth with foam flow adjustment to gohtthe amount. Good
example of this is the equipment in figure 43. Epelication or a device near
the application should disintegrate the foam toidubble coalescence for
most even liquid distribution. Higher paper web espeould help the even

distribution if it does not cause runnability prefis.

EXPERIMENTAL PART

The experimental part is divided into two main gatges. The first category
is about foaming experiments of different chemicalsis includes testings of
different substances and foaming agents with dhffer dosages and
consistencies. Also effects of physical foam geth@ngprocess variables were

tested. The second category is about foam apmicain papers with different

methods.
8 FOAMING EXPERIMENTS
8.1 Target

The target for the foaming experiments was to find the differences of
foaming properties of some common solutions in pamating and sizing.

The foaming conditions were varied to see theectff
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*FilA U302 by Cargill. This
starch is a nonionic corn starch for surface sizPgA was Mowiol 6-98 by
Clariant. It has a hydrolyzation grade of 98 %saa low viscosity version for
surface sizing. The used CMC was Noviant Finnfpb0,1&hich is a higher
molecular weight CMC for surface sizing. The usatex was Latexia 211
(Ciba), which is used as a binder for coating cdoand is also a part of
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Kaukas mill LWC coating colour mix tested. The d¢ogtpaste was a caolin-

talc based paste.
8.2.2 Foaming agents

Four different chemicals were trialed as foam faomgnior stabilizing

substances. PVA for this purpose was the same sgilded earlier. Casein
from bovine milk was Sigma-Aldrich origin, sodiunodkcyl sulfate (SDS)
was from Fluka and the talc CV10 XR-2 is by Mondmgfals.

8.3 Foaming method

For all of the foam generation tests similar equeptrwas used. This includes
a 5 dni container (figure 48) equipped with air feed pipih two holes
inside the container. The air feed was supplieth &djusted pressurized air.

Figure 48. 5 dmcontainer with air feed connection at bottom aftéoaming
test run. The container diameter is above 15 cm.

The Diaf mixing device could be adjusted to runnapgeds 1000-6800 rpm.
In all uses the 7,5 cm diameter shearing and mikiegd was the same. The

Diaf mixer and the mixing head structure are sintileones 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 &ni000 rpm mixing

speed using air flow around 1,5 dmin. The suitable solution volume for the
tests was 1,5 dm3. All the additional foaming chemals are expressed as
weight percentage of the basic solution. The fognagent additions were
used to 5 % solutions at room temperature. Thesedapply unless other
mentioned for special trials. In the figures tharfovolume means the foam
volume which remains over the liquidified layerguid is not counted

belonging to foam phase.

The foam was evaluated with a graduated cylindgui® 50). The cylinder
was poured full with foam and the foam collapse veasmined for 15
minutes. The foam and liquid phase volumes werecat 5, 10 and 15
minutes after the foam was applied to the cylinddre bubble size of the
foam was evaluated with the aid of the gradeseancgflinder
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'F_@Jre 50. Graduated cylinder containing 15 % $téoam for evaluation.
This picture was taken 2 minutes after filling thdinder.

9 FOAMING TESTS WITH PURE SOLUTIONS AND WITH
FOAMING AGENTS

9.1 Starch solution

The pure starch solution foaming tendency was ewetuwith 2,5, 5, 7,5, 10,
15 and 20 % dry solids. The smallest and highessitency solutions did not
foam. For the other consistencies the foam was rsiafgle between 7,5 and
15 % dry solids (figure 51). The foaming tendencgswquite low and the
bubble size of the foam was 1-5 mm. The foam diessivere between 120
and 133 g/drhexcept with the 10 % dry solids starch, which Hadg/dnd.
The difference can be seen as the lower solutidtnve. The differences can
be high as the solution did not foam very well, ethicauses variations.
Preferable foam in these experiments does notpsalguickly, i.e. the foam
volume decreases and the liquid volume grows sloladyg remaining foam
without fast liquid volume growth relates to stal@led more homogenous

foam structure.
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Starch solution, pure
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Figure 51. Foaming evaluation with pure starch tsatuof 5 to 15 % dry
solids. F = foam phase, L = liquid phase.

Starch solution foamed with SDS foaming agent madefoam more stable
and smaller bubbles were formed with 10 % SDS addion dry starch
compared to low amount of SDS or without it. Theoamt of foam formed
was also clearly larger as the foam forming comaiiiled up. Small SDS
amounts do not help but with higher dosage the fetaility increase is clear
(figure 52). With 10 % SDS addition the bubble siBereased to 0,1-1 mm.

5% Starch + SDS

160 20
o 140 - o |E3SDS0,01% F
£ 120 - 155 —SDS01%F
¢ 1001 I J 2 mmmSDS1%F
S 80 - 10 5
% 40 - 15 'g —=—SDS 0,01% L
2 20 ‘ i H_J z SDS 0,1 % L
0 ‘ ; -0 —e—SDS 1%L
0 min 5 min 10 min 15 min - SDS10% L

Time

Figure 52. Foaming evaluation with starch soluttd® % dry solids and
0,01-10 % SDS on dry starch. F = foam phase, lquidi phase.
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The use of casein as a foaming agent in the stso@ltion improved the
foaming tendency a lot. The foam volume stayeddargso with smaller
foaming agent dosages (figure 53). The smallesbleubize of 0,1-2 mm
formed with casein added 0,1 % on dry starch.

5 % Starch + casein

160 25
o 140 4 [ ™ = Cas. 0,01 % F
- 20
§ 120 1 B Wiy § —Cas.0,1% F
g 1007 F15 2 mmmCas.1%F
E 80 + S 0
g 60 { -10 ¢ |mmmCas. 10%F
A /] © 0,
E 40 p p 2 |-=-Cas.001%L
L 20 g Cas. 0,1% L
0 _ T T o e Cas. 1%L
0 min 5 min 10 min 15 min Cas. 10 % L

Time

Figure 53. Foaming evaluation with starch soluwd® % dry solids and
0,01-10 % casein on dry starch. F = foam phaseli¢qu#d phase.

PVA used as a foaming agent worked also. The fdafilgy was better with
higher dosages. The 10 % addition made the foamnwellife time clearly
longer (figure 54), but it seemed like the foam wlagng and it would have
formed a dry film. Although PVA slows the foam uaile decrease, the foam

becomes thinner and the bubble size grows. Bubbds svere 0,5-5 mm.



72

5 % Starch + PVA
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Figure 54. Foaming evaluation with starch soluwd® % dry solids and
0,01-10 % PVA on dry starch. F = foam phase, Lgaiti phase.

The foam densities of the foamed solutions wenmnegdlar levels. The higher
solution volume with 0,1 % casein can be seen gisenistarting foam density
also (table I).

Table I. Foam densities of the starch solutions Wwoaming agents.

Foam density, g/dm3 starch 5 %
Dosage SDS Casein PVA
0,01% | 145 123 141
01%| 77 202 172
1%| 134 89 117
10% | 124 91 82
9.2 PVA solution

The foamability of pure PVA solution were evaluatgddually between dry
solids consistencies 2,5 % and 15 % (figure 55)AR¥glution foamed with

all tested consistencies and the foam was quitdestdhe bubble size of the
foams was also around 1-5 mm. The foam densitgeabeginning of the 15-
minute period varied between 74 and 118 g/dowest densities were with 5

and 7,5 % dry solids consistency solutions.
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PVA solution, pure
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Figure 55. Foaming evaluation with pure PVA solotaf 2,5 to 15 % dry
solids. F = foam phase, L = liquid phase.

As it can be seen from figure 56, SDS used for fognagent did not have
much effect on the foam volume remaining, but trdased the bubble size of
the foam with dosages 0,1-10 %. Larger dosagedetbtreasing bubble size.
With 10 % SDS addition the bubble size was belowrm. The dosage of
0,01 % resulted in larger bubbles and a very liglaim structure (table II).

The light foam with large bubble size can be thesom for decreased stability.

5% PVA+SDS

160

o 140 - « | E=mSDS 0,01 %, F
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L 201 g SDS 0,1 %, L
0 o e omn 18 mi —e—SDS 1%, L

min min min min SDS 10 %' L

Time

Figure 56. Foaming evaluation with PVA solutionso¥ dry solids and 0,01-
10 % SDS on dry PVA. F = foam phase, L = liquidgdha
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PVA solution with casein addition resulted in desed foam stability (figure
57). The effect is stronger with higher dosagesoAkith larger dosages the
bubble size increases, which decreases the fodtitytal he reasons for this
kind of behaviour can be that the both chemicals lmaost foaming, but in
mixed solution they interfere each others. Theibtaty effect may be less
powerful because the molecules may interrupt tmesfiand structure which

they form in the foam.

5% PVA + casein
160 20

o 140 - ™ = Cas. 0,01 %, F
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Figure 57. Foaming evaluation with PVA solution5d¥ dry solids and 0,01-
10 % casein on dry PVA. F = foam phase, L = liquitse.

The foam densities of the 5 % PVA solutions witffrdnt foaming agent
dosages are presented in table Il. The density (agid air content) of the
foam is very low with the 0,01 % SDS dosage. Tloedased SDS dosage led

to increased foam density, which was also seen gher liquid volume.

Table Il. Foam densities of the PVA solutions withming 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 Z5and 7,5 % dry solids.
None of the consistencies formed foam. The airddeohnly passed through
the solution, which remained intact (figure 58).sé&lnone of the foaming

agents SDS, casein or PVA helped.

Figure 58. CMC solutions did not form any foam.

94 Latex solution

Latex solution formed foam with any consistencylike PVA solution. The
foam stability was anyway poor, only a 45 % solatdid not collapse very
fast (figure 59). The bubble size was up to 7 misoAhe bubble size grew
rapidly when the foam started to collapse. The fded always a very light

structure, densities varying from 53 to 84 gfdm
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Latex solution, pure mm45% F
C—120% F
160 12 15 % F
140 - — ) ‘ ¢ 10 10 % F
o 120 | v |EEmT75%F
IS 1 e 0
© 100 8 & C5%F
£ ¢ | mmm25%F
S 80 - +6 § .
) 2 |—=—45%L
> 60 >
£ 1la o 20 % L
®© >
S 40 T | —e—15%L
I 1o =
20 - / il —10%L
0 u ‘ L0 7.5% L
0 min 5 min 10 min 15 min 5% L
Time 25%L

Figure 59. Foaming evaluation with pure latex solubf 2,5 to 45 % dry
solids. F = foam phase, L = liquid phase.

The foam stability increased with the use of SDSLand 10 % dosages
(figure 60). The foam bubble size with these dagsas 1 to 3 mm. SDS was
the only aid with the latex solution stability cdube enough if slow foam

application was considered.

5% Latex + SDS

160

o 140 - ™ = SDS 0,01 % F
€ 120 | § == sDS01%F
g 100 - E =mmSDS1%F
S 80 - 2
S | ° mmm SDS 10 % F
g 60 >
£ 0. o —=—SDS 0,01 % L
S >
S 20 j" SDS 0,1 % L

0 ' ' . . —e—SDS1% L

0 min 5 min 10 min 15 min — — SDS 10 % L

Time

Figure 60. Foaming evaluation with 5 % latex santwith 0,01 % - 10 %
SDS application on dry latex. F = foam phase, iqaitl phase.



77

The use of casein did not improve the foam stabffigure 61). Instead the

bubble size grew up to even 20 mm which leads $§ &zam collapse.

5 % Latex + casein
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Figure 61. Foaming evaluation with 5 % latex santwith 0,01 % - 10 %
SDS application on dry latex. F = foam phase, iqaitl phase.

The same large bubble size resulted from PVA uke.sblution forms easily
foam with large bubble size and the foam also sedm collapse rapidly
(figure 62).

5% Latex + PVA
160 10
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Figure 62. Foaming evaluation with 5 % latex santwith 0,01 % - 10 %
SDS application on dry latex. F = foam phase, iqaitl phase.
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With all latex solutions with foam agents the réisigl foam density was very
low (table Ill). This is related to the rather lardgpubble size with latex

solutions.

Table Ill. Foam densities of the latex solutionghwibaming 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 driydso20 %, 40 % and 60
%. Only the 20 % dry solids paste formed foam (#g®3). With high

consistencies the paste may be too heavy to foam fand the particles may
also prevent the foam film formation. The foamiramponent in the coating
paste is at least latex. The bubble size of thenfeas up to 5 mm and the

density of the foam was 109 g/dm

Coating paste, pure
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140
120 +
100 |
80 +—
60 +—
40 +—
20 +—
0 || [ .
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m20% L

cm3

Foam and liquid volume,

Time

Figure 63. Foaming evaluation with pure coatingg@a$ 20 % dry solids. F =
foam phase, L = liquid phase.
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Using the 60 % dry solids coating paste the onlgnuical that formed foam-
like paste was SDS. The foaming agents were tegiddthe same amounts
used with solutions when measuring the dosage ersdtution volume. The
use of foaming agents 10 % on dry solids would Haeen too much to be
reasonable. The SDS dosage which produced a fd@mplhase was the
maximum dosage on solution volume with other tasts,10 % on dry paste
by assuming the paste was a 5 % dry solids mixitre.resulting foam could
not be observed whether it transformed to a salutbo mixture phase.
According to density differences the mixture hadcantent about 35 %.

Also a specified experiment was done with the cgapaste. The ash content
of the coating paste was examined before the mikioig the thick mixture
and after mixing from the foamy layer. The targedswto find out if the
coating paste stays homogenous or does any sepahatppen with foaming.
The ash contents were 52,5 % for the paste and%2@& the foamy paste.

With such small difference this test shows no satjan.

10 SPECIAL FOAMING TESTS
10.1 Talc addition for stabilization

The foam stabilization claim tendency of talc waamained by adding talc 1,
5, 10, 15 and 20 % on dry starch of a 5 % startitisa with 0,1 % casein on
dry starch. The results in figure 64 show that #@féect of talc is the
weakening of the stability, not improvment as tiberdture claims. The effect
is clear with dosages of 5 % and higher. Possedaan for this may be that
the talc particle breaks the casein foam film. dtpossible that talc can
stabilize foam by other mechanism as there are mamables in foam
generation and stabilization. The stabilization raéo require a certain type
of talc. The bubble sizes of these foams were up tam with no major
variations. The foam density varied from 45 to I@@nt, mainly growing

with added talc amount.
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5 % Starch + 0,1 % casein + talc
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Figure 64. Foaming evaluation with pure 5 % staalution with 0,1 %
casein and 1 to 20 % talc on dry starch. F = fohasp, L = liquid phase.

10.2 Mixtures of foaming agents

Different mixtures of SDS, casein and PVA were abitde5 % starch solution
as 1 % on dry starch total to find out how the ciwais suit with each others.
In the figure 65 the number 1 or 2 describes tlegesbf the foaming agent of
total three parts. The mixture of 1 part PVA anga?ts SDS used for foaming
was found to be least stable and mixture 1 parinasnd 2 parts PVA was
the most stable. The 1:2 mix of PVA and SDS prodube foam with lowest
density of 79 g/drh Foam density of all other mixtures was around 140
g/dnt. In other ways there were no big differences. Beilsize was 0,1-5

mm.
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5 % Starch + 1 % foaming agent total (parts of 3)
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Figure 65. Foaming evaluation for 5 % starch solutvith 1 % total foaming
agent on dry starch. F = foam phase, L = liquidsgha

10.3 Air flow adjustment

The test was run with 5 % starch solution and 0,&a%ein on dry starch. Air
flow adjustments were normal air feed, no feedlladrad higher air flow (2-3
times higher than normally). The air feeding spbad significant effect on
the foam generation and stability (figure 66). Ehevas no big difference
whether there was a slow normal flow or not atlalif with high air flow big
bubble size (up to 10 mm) foam was formed. The fgameration was so fast
that the test for it had to be only 30 sec as th&ainer filled up. The foam
produced with higher air flow is much lighter, diffilt to handle and collapses
easily. The foam density for no air feed and noreiafeed were around 200
g/dn? but the high air flow produced foam with densifyé g/dn?.



82

5 % Starch + 0,1 % casein, air flow variation
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Figure 66. Foaming evaluation for 5 % starch solutvith 0,1 % casein on
dry starch with different air flows. F = foam phake= liquid phase.

10.4 Mixing speed adjustment

In addition to normal 1000 rpm mixing also 3000 &¥d0 rpm mixing speed

was evaluated. The solution was 5 % starch wittP® dasein. Higher mixing

speed lead to a slightly faster foam collapse (Bgbi7). The bubble size was
up to 3 mm. The differences between foam samples gmall, although the

foam density decreased by increased mixing speleel.f@am densities were
172 and 142 g/dirafter foaming with 3000 and 5000 rpm mixing speeds

5% Starch + 0,1 % casein, mixing speed variation
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Figure 67. Foaming evaluation for 5 % starch solutvith 0,1 % casein on
dry starch with different mixing speeds. F = foahage, L = liquid phase.

10.5 Solution temperature

5 % starch solution with 0,1 % casein on dry stavels foamed with solution
temperatures 10, 25, 50 and 75 °C to find out nigerature has effect on
foaming or foam stability. Temperatures higher tharmal do not have much
effect on foam stability, but at 10 °C the foambdtty decreases significantly
(figure 68). This phenomenom is opposite compargd the literature. With
the higher temperatures more foam was formed. damfproduced in higher
temperatures had also lower density, being onlyas@ 51 g/dm for the 75
and 50 °C solutions. The density was low also With°C sample, 83 g/din
The lower stability with 10 °C solution may be asen for the growing air

pressure inside the warming bubbles.

5 % Starch + 0,1 % casein, temperature variation
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Figure 68. Foaming evaluation for 5 % starch solutvith 0,1 % casein on
dry starch with different solution temperatures: foam phase, L = liquid
phase.

10.6 Foaming agent consumption
Possible foaming foaming agent consumption duriognf generation was

evaluated with a 5 % starch solution containing 2of%esodium dodecyl

sulphate (SDS) on dry starch. The three foaming nwere done with the
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same solution. After the first foam generation #gadng the foam sample, the
all the remaining foam was removed from the comtaid\fter second foam
generation the foam was also removed. This waydam sample after each
run was fresh foam. As the foaming agent enricbdbe air-liquid film in the

foam, the foaming agent concentration is highefoam phase. When the
foam is removed, the remaining solution has loweaniing agent

concenctration on dry starch. Therefore the foattapses fastest in the third
run (3 F in the figure 69) and is the most stalfterahe first foam generation
(1 F in the figure 69). This phenomenom is impadrtam notice when

producing larger foam volumes is the target. Tlasas expected in the
literature part. If the foam quantity is supposede produced from a batch
solution, more foaming agent should be added tcsthetion as the foaming

process continues.

5% Starch + 2 % SDS, consumption of SDS
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Figure 69. Foaming evaluation for 5 % starch solutivith 2 % SDS on dry
starch after 1, 2 and 3 runs with the same solufton foam phase, L = liquid
phase.

10.7 Evaporation of solution and effect of starch deterrmation

chemical

The evaporation of the solution in foaming evaloatwas measured with

three samples. The evaporated amount was deterntipedeight change
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between the start and end of the 15 minutes tinhe. dverage weight loss
during the 15 minutes was 0,5 % of the originalghéi As the evaporation is
such minimal, the solution is mainly drawn gravireglly in foam collapse.

These measures were done with a 5 % starch solwiittn0,1 % casein on
dry starch in 25 ° temperature. Presumably withhéigtemperatures the

evaporation has more effect.

The possible effect of the starch determinationngbal lithium chloride
(LiCl) on foaming was evaluated by comparing reg@&b6 starch with 0,1 %
casein on dry starch and a similar solution buhwit% LiCl on dry starch.
The normal LiCl addition is 3 % on dry starch. Tihiple dosage was done to
simulate the effect of the amount with 15 % stasolutions to be used with
foam application experiments. The addition of Li@id not have any

noticeable effect on foam stability.
10.8 Deviations in the testing

The foaming experiments were done with one sampkaoh configuration.
The deviations of the experiments were evaluateth V& parallel tests
containing 5 samples each. The solution used fertédsting was 5 % starch
solution with 2 % SDS on dry starch. The 5 sampiesach parallel set were

filled with foam as simultaneously as possible awhluated for the 15

minutes (figure 70).

Figure 70. 5 parallel samples for error evaluations

This kind of measurement was repeated to 5 timed. tm the figure the 5

different parallel tests are the average valudb@®b samples. The error scales
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in the values are determined as mean errors ofageefappendix 1V). The
deviations inside the 5 samples and also with tparallel sets are quite small
(figure 71). The errors in the foam generation expents earlier can be
expected to be at the same scale. In this evatudlie deviations in the
accumulated solution volumes are larger than infélen volume. This is the
same situation with other evaluations also. Pahdylarger deviations are due
to the difficulties in precise solution volume megsnents as the graduated
cylinder scale reading can be done with 1-2°caccuracy. With this
inaccuracy taken into account the accumulated isolwolume really deviates
somewhat. This still seems to have little effecttbe foam volume. This

means that the foam density has some variations.
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Figure 71. Foaming evaluation for 5 % starch solutvith 2 % SDS on dry
starch after 1, 2 and 3 runs with the same solutton foam phase, L = liquid
phase.

11 CONCLUSIONS OF THE FOAMING EXPERIMENTS

The foaming properties of the common solutions Iégl differences as

expected by the literature survey. The effect effdaming agents was mainly
as expected but for example talc did not stabilmefoam at all. Also casein
formed foam with larger bubble size than predicidtese differences may be

a reason of different measurements and differengsthe chemicals used.
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The experiments revealed that there are lots ofabks in the foaming
process. This means that the solutions to be foaamet foam generation

methods have to be evaluated before the use for &pplication.

The most powerful foaming agent is sodium dodeeyplsate, which also
produces foams with minimum bubble size. Starchutsmi is the selected
medium to be applied in form of foam. For the apuiions, a dry solids
consistency of 15 % is selected to avoid excesgmahnsportation to the
papers. Consistencies higher than 15 % would Hewif to use since the
starch solution tends to form gel to the top layére foaming evaluations also
showed that very low foam densities were not veiitable for any use as the
foam was difficult to measure. Considering foamlaagion the foam density
has to be at least 100 g/dto be able to control the foam.

One useful notice about foam generation could e n&ed of continuous
addition of surfactant into a solution during fogeneration. As it was clear
that the surfactant enriches into the foam phase,ldrger foam volume
production this can be important to be considerdda method with

continuous solution feed and foam generation canubed, this is not

important.
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12 FOAM COATING EXPERIMENTS
12.1 Target

The target of foam application experiments wasimal fout how the foam
application works and what kind of changes it cantd paper. The target
starch amount on the papers was below 0,5 wfth high coverage.

12.2 Papers and chemicals used

The papers used were SC uncalendered base andieadnboth 56 g/m?2
UPM Max H. Sodium dodecyl sulphate (SDS) was usetbaming agent in
the foam applications for paper samples for actnabsurents. Casein and
PVA were also used in the evaluation run for on¢hme For starch amount

measurements the solutions contained 3 % lithiuloricke on dry starch.
12.3 Foam generation

Two devices were used for foam generation. Thecppie with both devices
is the same. Air is fed into the solution whichmsxed. The foam generation
for coating with blade and rod methods in UPM RGwane with the same
devices that were used for foaming tests (chapt2). The 15 % starch
solution contained 5 % sodium dodecyl sulphate Zf4 lithium chloride on

dry starch. 5 % sodium dodecyl sulphate share grstdrch was determined
with foam generation tests. 5 % was the lowest iste1scy when the

produced foam quality was good. This means statbeigh foam which lasts
for 1-2 hours with little bubble size. 5 % SDS aw dtarch of 15 % solution

has a 0,75 % SDS consistency on solution weight.
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To achieve proper foam, mixing was done with agdf@f 1,5-4,0 drfimin,
mixing speed of 1000-4000 rpm and 3-4 min time eAfhe foam generation
the container should be let to settle for 15 migufiéhe settling time lets the
foam density to decrease. Without the settlingaimecontent of the foam is
lower. Foam air content with this method is aro@®0d90 % and bubble size
0,1-1 mm.

12.4 Foam generation with Ystral mixer

The foam generation in UPM Wood RC was done witltrafslaboratory
mixer (figure 72). The mixing speed could be adjdswith a variable-
frequence drive. Best results were achieved witar alf speed of about
2000 rpm (maximum 5600 rpm) with continuous mixargl air feed. The air
flow feed was adjusted to near the same flow spesitsh were used with the
Diaf mixer in UPM RC. The foam generated with ttevice had bubble size
of 0,1-3 mm and the air content of around 80-90r'%e foam bubble size was
bigger than with the Diaf mixer. The reason is rhaithe 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 andrr@igure 73). The air
feed was supplied either straight near the mixiagdhor from bottom using

the container with fixed air feed connection whichas used with Diaf mixer.

Figure 73. Mixing head with stator and rotor.

The air feed worked with both methods, but using ¢bntainer the solution

and foam was more easily controlled (figure 74).

Figure 74. Air feed to mixing head from the togtjl@and from bottom with a
container (right). The larger container widht iralsout 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 d#fe methods. Two of these
methods were suitable and one for calendered paplr Four different

application devices were involved.
13.1 Foam application with blade method

The blade coater (figure 75) at UPM RC was usedfdam coating in a

similar way as it could be used for coating withusion. The foamed starch
solution had 15 % starch concentration and 5 % 8D8ry starch. The starch
foam was applied as a suitable band before theebledam application to
paper was done with simple large spoon and measjug The moving blade

transfers the foam over the paper surface andps@kathe part of foam which
remains the blade tip and paper surface. Suitablaeing adjustments were
found at speed adjustment 3 and front of weightistdd at 7 cm mark. In the
measurements the papers treated are marked UBhéadandered blade and

CB for calendered blade.

Figure 75. Foam application with blade coater. mleft a foam band is at
point where the blade tip is placed before run. piceure on right is taken
after a run.

13.2 Foam application with rod method
The rod applicator (figure 76) was also locatedURM RC. It was used

nearly the same way as it is used for solutiong difference was that the rod

was not in straight contact with paper surface.r&heere 0,1 mm thick
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plastic slides on both sides of the paper so tmafaam run on the paper did
not collapse by rod. Also wider gaps were tried, the runnability was best
with the narrow gap. Despite of the narrow gapftieen did not collapse at
the narrowest point. The foam was let to collapsely. Suitable running
speed adjustment was 3. Much faster running igpaossible since the foam is
rather light. Fast run leads to uneven coveragéhasfoam does not have
enough time to settle on the paper by gravity amks on the rod without
touching paper. The same phenomenon restrictedgbed also with blade
coater. The papers coated with this method areedask CR (calendered rod)
in the measurements. The uncalendered paper wasulebf measurements
since the grammage of these papers was around g#¥%nd therefore the
starch amount was too far from targeted. The foamstatch solution
concetrations were the same 15 % starch and 5 %dD8y starch as with
the blade method.

Figure 76. Foam application with rod coater. Onldfea foam band is placed
in front of the rod. The picture on right is takafter a run.

13.3 Foam application with cylinder method

Three different ways of foam coatings were triedhwthe Burkle cylinder
applicator (figures 77 and 78) located in UPM Wd@, Lahti. One method
was pre studied for suitability of the device am tmethods were run for
getting samples for measurements. Only anotherheke methods was

succesful.
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Figure 77. Burkle cylinder applicator from siderftoThe material (original
purpose e.g. veneer) for coating is feeded ontgtben transfer belt below
the red safety switch. The whole device is aboueter wide.

Figure 78. Burkle cylinder applicator from the taige. The green transfer belt
can be seen at below right. The steel cylinderdscoring cylinder and the
distance from the yellow appilacor roll can be atid. There are scrapers for
both cylinders which can be used for limiting tlséusion thickness on
cylinders.
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13.3.1 Cylinder method evaluation

The examination of the device suitability was ddmeg spreading foam
between the applicator and doctoring cylinders. Téwm on the cylinder
(figure 79) was then applied on the paper with clgsed, i.e. the paper was
gently pressed between a supporting veneer andytimer. In this method
the foam was collapsed at the nip. The running ¢peeapplicator cylinder,
transfer belt and doctoring cylinder can be adplis8uitable variables were 6
m/min speed for applicator cylinder and transfett leend 1 m/min for
doctoring cylinder. These speeds were also the dbwessible values. The
distance between the cylinders was 1 mm and thapscs were off the
cylinders. There is also possibility for solutioincalation with the device but
this was not tested. This method was examineddotiging paper with a 10
% starch solution using a homogenizator and a maxtdi foaming agents 1 %
SDS, 1 % PVA and 1 % casein on dry starch. Theltegsgtarch amount was
1.9-2.0 g/m according to lithium test (3 % LiCl on the dry rsta) and the

device was evaluated to be suitable for other runs.

Figure 79. Starch foam layer on the applicationncigr.

The method was tested for both sheet and roll fpapers (figure 80) on

supporting veneers. At least the end of paper whads first to the device has
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to be attached to veneer with e.g. tape. The metbadd better with roll form
paper as the longer veneer can be controlled Hettemooth operation when
it is feeded on the transfer roll. The roll formpea on veneer was about 2,5 m

long.

Figure 80. Left: two sheets taped on a veneer. (Sees approximately 30
cm * 40 cm. Right: Paper from roll. Paper widttbscm, length near 2,5 m.

13.3.2 Foam application with cylinder method using a gap

The cylinder application device was also run with% starch solution foam
which had 3 % of SDS on dry starch. The starch foeas applied on the
application cylinder. The foam transfer from thelagation cylinder to paper
was done similarly with the evaluation before, he application cylinder
was not in contact with paper. There was no nigguee, but instead a gap
between the application cylinder and paper. Tha idas to apply foam to the
paper without collapsing the foam with a nip. Désmf many tested speed
and gap width variations, this method always ledb&nl result. The paper
either sticked to the cylinder resulting to verytvpaper (which resulted to
starch amount 14 gffnor the foam spreading to the paper was very umeve

(figure 81). Due to these problems this method oabe used.
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Figure 81. Wetted paper surface and very unevearage in the same paper.

13.3.3 Foam application with cylinder method using foanplagd first
on the paper

Instead of leaving a gap or applying the foam athi® cylinder, an easier
method with better result was applying the foanadsmnd on the paper. The
foam line was applied at the end of paper which feasled into the device.
The foam application this way is somewhat similar llade and rod
application methods. The foam was generated frorfol&arch solution with
3 % lithium chloride and 5 % sodium dodecyl sulghah dry starch. In this
method the application cylinder was in contact witie paper on the
supporting veneer. The formed nip then appliedftiaen over the paper and

collapsed the foam (figure 82).

Figure 82. A slim foam band in front of nip formeg application cylinder
(yellow) and a supporting veneer.
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With this method the foam coverage was better &edpaper surface was
acceptable. Although the wetted paper formed somakiges (figure 83). The
paper seemed much like the paper which was aclividee evaluation of this
device. Papers treated with this method are lagscribed as uncalendered

cylinder (UC) and calendered cylinder (CC).

Figure 83. Sample of the paper after foam appbcatn paper and foam
spreading and collapsing with a cylinder.

13.4 Foam application with curtain method

The foam application was also tried with a curtedrating device located in
UPM Wood RC (figure 84). The foam was generateanfr@ 15 % starch

solution with 5 % SDS on dry starch with the sanemegator as with the
cylinder applicator. The curtain coating with foavas purposed to test foam

coating without collapsing the foam with pressing.
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Figure 84. Curtain coating device with a curtainmug. In front of the picure
is a treated paper. The curtain width is arouncd0 A feeding chamber is
over the chamber and the pump is at the left Sithe. white cylinder is the
pump motor.

The curtain coating device has to be run with d¢atton. The solution is
placed in a container from where a pump feeds thatisn to the chamber
above the application point. Curtain is formed lwjuating the gap at the
bottom of the chamber. Due to the forced use autation through a pump
and pressurizing the foam feeded to the contairmdlapsed. The foam
generated was similar to the foam used with cyliragglication, air content
around 80-90 %. The foam collapsed already in tiregor immediately after
it as the curtain could not be formed. Only lilmounts of solution flowed
out. After pouring enough foam to the container batting the pump collapse
it and circulate the solution, a foam-like solutiath very little bubble size
(below 0,1 mm) was formed. This foamy solution coble run to form a

curtain and applied to paper. The gap which workad 0,425 mm.

The resulting treated paper was quite wet, despitdigh paper feeding
speeds of even 230 m/min used. The curtain falmged was evaluated to be
about 1 m/min. The foam-like solution formed had aintent of only about
15 % and therefore the medium was more like a moluhan a foam. This
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combination resulted in a paper with starch amawotind 15 g/thwhich was

too high to be included into further paper measanes

14 CALENDERING

In the tests both uncalendered and calendered paerused. Before the
paper measurements all the papers are post cagehtieachieve bulk level to
maximum of 0,84 cifg. The calendering was done with a laboratoryescal
calender by Kleinewefers (figure 85). The uncaleadeand calendered
papers in the tests mean the condition of the papé¢ne foam application

moment. Calendering is more specifically presemegppendix II.

Figure 85. Kleinewefers laboratory calender.
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The papers in the figures are uncalendered andchadaled blade (UB and
CB), uncalendered and calendered cylinder (UC af), €alendered rod
(CR) and references 1 and 2 (R1 and R2), of whitlisRincalendered and R2
is calendered. The error bars in the results (agigei) are mean errors of

average (appendix V). The measurements of therpapere done according
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RESULTS OF THE PAPERS TREATED WITH FOAM

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 1ISO

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

1ISO 535:1991 (E)

Ink abs. K&N 2 min

SCAN-P 70:95

Qil absorption Unger 3s

SCAN-P -37:77

The starch amount measurement with lithium chlomdes done with atom

absorption spectroscopy (AAS).
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15.1 Grammage

The grammage of the sheets correlate with the adté@dh amount, although
the starch amount evaluation shows lower amourits.résults vary because
of different coating methods. The blade coatingtBnthe amount most while

the rod coated papers have highest amount (figbxeH8gher coating amount
in rod coating is understandable since the methasdahnarrow gap between
the paper and rod. In other methods the meteriadebbr cylinder is directly

on the paper surface.

Grammage
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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 Heb avith used paper.
Calendered paper has more closed surface and dhenéfhas lower starch
amount than uncalendered paper. The minimum stamchunt of 0,9 g/t
was achieved with calendered paper using bladeadgfigure 87). With all
of the samples the starch amount is higher thanattgeted 0,5 g/for less.
This can be a reason for foam with not enough hjggiity achieved with the
methods. The foam air content can’t be very higleesiwith these methods the

foam application is based partly on gravitationttWower starch solution dry
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solids the starch amount can be decreased. Witthe blaethod using 5 %
starch solution with 5 % SDS on dry starch starmloants of 0,4 g/fmand 0,9
g/m? were achieved with calendered and uncalendereerpap

Starch coverage depends more on the method as bteded papers have
highest coverage. This can be related to more epesading point in sharp
blade than cylinder, which can have more irregtiegi Although the rod
method spreads starch most, the free drying of fteads to lower coverage
than with blade. Freely dried foam leads to unestanch amount.

Starch amount and coverage
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5 -—\H‘/i - 100
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1 ’__‘ — 20
0 0

uB CB UC CC CR

Figure 87. Starch amount and coverage of the pEgaples.

15.3 Bulk

The bulk values depend mainly on used paper asaltfeady calendered
papers end to higher values (figure 88). The re&sothis is the heavier post
caledering that the uncalendered papers neededhigher error scale with
calendered rod (CR) sample can be a reason ofeiiatibn in grammage and
also higher calendering temperature.
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Figure 88. Bulk of the paper samples.

154 Tensile index

Tensile indices have no significant differencest the uncalendered papers
with cylinder coating have higher values (figure).88s the method presses
the foam against the paper, the more open papkrcsucan absorb the starch
deeper. As the starch can be partly in the papectsre it can strengthen the

structure.

Tensile index md and cd
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Figure 89. Tensile indices of the samples. Md stafod machine direction
and Cd for cross direction.

15.5 Tear index

Also with tear indices the starch foam has quititelieffects, but the papers
coated with rod are weaker (figure 90). This cansben as they have more
starch than others and higher starch amount car m@kstructure harder and

more fragile.

Tear index md and cd

o

N 2,5 0 Md
S

Z 2 B Cd
S

UB CB uc CcC CR R1 R2

Figure 90. Tear indices of the samples. Md standsrfachine direction and
Cd for cross direction.

The increasing starch amount decreases the teaesdenerally, but the

correlation is weak (figure 91).
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Tear index md and cd
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Figure 91. Tear indices of the samples by starclousnta Md stands for
machine direction and Cd for cross direction.

15.6 Burst index

Differences with burst indices are quite small,yothie calendered rod sample
has clearly lower index (figure 92). The reasontfee decreased burst index
with the calendered rod can be the surfacant, wihashhad more time to have
effect with free foam drying. Another reason cantbe 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 se&h higher bending
resistance of the rod coated papers (figure 930 Ahe reference papers bend
easier as they do not have any starch at the surfdee lower resistance of

calendered blade method papers also supports this.

Bending resistance md and cd

30

25 - 1

w5 || B B Md
| Cd
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uB CB uc CC CR R1 R2

Figure 93. Bending resistancies of the samples. $tathds for machine
direction and Cd for cross direction.

The bending resistance increasing effect of inengastarch amount can be

seen from figure 94.
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Figure 94. Bending resistance by function of stamatmount. Md stands
machine direction and Cd for cross direction.

15.8

Internal Bond strength

for

Differences are small with calendered papers thaehess starch as the little

amounts stay mostly at the surface. Rod coatedrpaa@ have higher values

as there is more starch which can also absorb déepbe structure (figure

95). Uncoated reference sheets had some values56%ed/m which is the

maximum that the measurement device can show. Lowaues of

uncalendered papers that are coated can be a redsess homogenous

structure compared to reference.
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Internal Bond strength
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Figure 95. Internal bond strength of the samples.

J/m2

15.9 IGT surface strength

All the samples with added starch have clearly @éigdurface strength (figure
96). Differences between calendered and uncaleddsesmples can be
explained as with uncalendered papers the starcllesorb a little bit deeper.
Therefore the surface layer is strengthened akéhiarea and it is more
durable in abrasive test. Also uncalendered papeeted with cylinder
method have highest values as the method can fwessarch deeper.

IGT surface strength
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Figure 96. IGT surface strength of the samples.
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The less smooth surface with rod coated paperaslvhy it does not have
highest values despite of highest starch amougir@ 97). The free drying of
foam with the rod samples has clear negative eHeute the other samples

have strong correlation with starch amount.

IGT surface strength
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Figure 97. IGT surface strength of the samplesulogtion of starch amount.

15.10 Brightness 1ISO

Brightness generally decreases a little with starddtition, 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 th edlcers (figure 99). The
lower value with the reference 1 can be relatedoteer bulk and thinner

paper.

Opacity
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Figure 99. Opacities of the paper samples.

15.12 Gloss

Starch addition increases gloss with all coatedpdasn The higher values
with rod coated papers (figure 100) are not onlgaose of higher starch
amount but also because of the higher post calergdéemperature which

was needed to achieve targeted bulk.
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Gloss
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Figure 100. Glosses of the paper samples.
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15.13 Air resistance

The starch addition has clear effect on air rest#a The possible deeper
absorption of starch with uncalendered papers ghidder coating has strong

effect (figure 101). The starch amount has notarmf effect with rod coated

papers as their surface is uneven compared tosother

Air resistance Gurley
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Figure 101. Air resistancies of the samples.
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The method has much more effect on the air resisttman the differences in

starch amounts (figure 102).

Air resistance Gurley
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Figure 102. Air resistancies of the samples.
15.14 Roughness
The uneven surface after rod coating is clear asettsamples have rougher

surface (figure 103). Not even the post calendergsplves the issue as with
other foam treated samples the roughness getdmesference samples.

Roughness PPS, 1 MPa
2,5
2
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Figure 103. Roughnesses of the paper samples.
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15.15 Emco

The water absorption speed is strongly correlapestarch amount. This can
be seen as large difference with coated papers amdpvith references and
also lower starch amount with calendered bladeecbpapers compared with
other coated papers (figure 104). Water absorpsipeed related to starch

amount can be seen from figure 105.

Emco S-value, distilled water
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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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The water absorption has also clear differenceé$ wirch amounts. The
starch has stronger effect than the surfactant lwhian increase the
absorption. Also cylinder coated papers can hagddtver values than blade

coated (figure 106) because of the deeper starsbrpation, which resists
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Water, ink and oil absorption

water absorption. The effect of starch amount anshin figure 107.

Cobb Water absorption, 60 s
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Figure 106. Water absorption of the samples.
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Figure 107. Water absorption of the samples reletesiarch amount.
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The ink and oil absorptions have similar resultstlas water absorption
between the foam treated samples (figures 108 @8ddt ink absorption and
figures 110 and 111 for oil absorption). The diiece to the reference papers
is bigger as the starch can slow the absorptiomlofand oil better than the

absorption of water.

K&N ink absorption, 2 min
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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
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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 lendared papers. With
calendered papers the contact angle decreasedfadter treatment expect
with the rod application for contact angle for waBgure 112). The used
surface active agent SDS has effect since it deeseaontact angle. Contact
angle for corn starch biofilm for water has beetedwined to about 68° /58/.

As the contact angle for water with the referenisearound 40°, the starch
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should increase the contact angle. Since the cbategles for calendered

blade and cylinder samples decrease, the reasdan bashe surfactant.

Contact angle, water and polyethlylene glycol
(PEG)
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Figure 112. Contact angles for water and polyetig/lglycol (PEG).

Possible reason for contact angle decrease witletb@endered papers can be
the more closed paper surface and denser struobanpared to uncalendered
papers. For these reasons there is less surfageadenarrower ducts where
the solution could adsorb and absorb. As the sertative agent tends to
adsorb on surfaces, less surface area betweenosolutd paper leads to
increased surfactant concentration at the solwiosurface. The mechanical
foam destructing and doctoring with blade and dgincan also leave the
wetted surface rougher than it would be with freani collapse and settling.
This could explain why the rod coated has nearfydhme contact angles as
the calendered reference R2. In figure 113 thel tet@face free energy
describes the changes similarly. The surface freggy 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 sasnp
15.18 Microscopic pictures of the paper surfaces

In the pictures the darker areas have more staah 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 surfaspe@ally with the

uncalendered paper (UB). The blade method makesptissible as the foam
is quickly and sharply destructed and the foam rmoserywhere over the
paper. There are little stracthes that show thection of blade movement.

These scrathes are more visible with calendered gaBple (figure 114).

Figure 114. Uncalendered (left) and calenderedhiyiglade method papers.
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15.18.2 Foam applied with the cylinder method

These papers have also quite high starch covebag¢here can be seen clear
differences. These long and narrow starch linesectsom the coating method
(figure 115). The cylinders and the veneer platectvthas been as paper
support have had little unevenness and the pressw®ating has varied with
cross direction. The stripe shapes going from upadttom in the pictures is

the machine direction.

Figure 115. Uncalendered (left) and calenderedh{yigylinder method
papers.

15.18.3 Foam applied with the rod method

This picture (figure 116) shows clearly why theefr@am collapse with rod
method causes uneven surface and the method shoulde used. As the
foam settles and dries, the foam divides into senaflubble groups that
further collapse. As the foam collapses, small ledbhnite to bigger bubbles
and a part of the liquid that has been in the serfsettles to the bubble
borders. All this leads to visible starch rings wehéhe inside of bubble has

significantly less starch solution than the bubkédl area.
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Figure 116. Calendered rod method paper.

15.18.4 References

The reference sheets are unitely light in colouregpected without starch
addition (figure 117).

Figure 117. Uncalendered (left) and calenderedh{yigeference papers.
16 CONCLUSIONS OF THE FOAM APPLICATION

Foam coating to achieve thin liquid films is ratf@mplicated and results
easily to insufficient results. Foam can be usedrassfer medium, but to
achieve really thin and even layers would needebettjuipments than the
ones used in the work. With the used equipmentditta coated amounts
exceeded the targeted level, 0,5 gbm below. By diluting the solution to be
foamed can be used to decrease the coated amanirthidis not wise since
this brings more water to the paper. Excess wateuld be avoided to
decrease the need for drying. Also other methods @hich can be used to

achieve thin layers such as spray coating andae fcoating experiences did
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not provide improvment compared with known resoltspray coating. The
relative slow foam application feed to the paparn ba one reason for high

amounts.

17 SUMMARY

The work objected to find out information on sul@alsubstances to be
foamed, foaming agents and methods to produce framapply it on paper

surface.

Starch was best suitable to be foamed. The foampasgibilities were better
than expected. PVA can also be foamed as alsaténature revealed but the
solution concentration is more limited since thanfodries quickly and it
should be processed quickly. The experiments apordihe literature that
latex solution could also be foamed. Coating pastdd be foamed only after
dilution or surfactant concentration in the solatibad to be over 10-fold
compared with other solutions. CMC is very diffictd be foamed, it is not
suitable for the method. Foaming properties of iogapaste and CMC were
weaker than according to the literature.

The foam generation has to be effective to achgtable enough foam. The
foam has to stay as homogenous as possible ungilapplied to the paper
surface. This requires equipment with high sheanseks and a suitable
foaming agent. Sodium dodecyl sulphate (SDS) wasdoto be a good
substance for this. According to the literaturer¢his generally concern about
the possible paper strength weakening caused bjactamt, but the
experiments revealed that it did not cause proble@sfficient SDS
concentration was 5 % on dry starch in 15 % staaibtion, which is more
than expected based on the information found erdture. In these methods
SDS provided best results in terms of foam germmabioost, stability and

bubble size. The foam stability produced with caseiPVA was not as good.
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The needed surfactant concentration depends osittregion. Small amounts
of foam to be produced in batch can be done wiiketl SDS concentration.
If the required foam amount is very large from #aie solution volume, the
consumption of the surfactant has to be taken imcem. As expected in
hypothesis, the surfactant concentrates at the faduch has significantly
larger surface area. This leads to decreasing &iahility by time as the foam
generation continues. This happens with the foameggion process in an

open container.

To achieve good and even coverage the applicatiethhod has to break the
foam down quickly when it reaches the paper surf&est foam collapse in
the application stage results to even coverage shne material distribution in
fresh foam is most homogenous. If the foam isdetdllapse with long time,
the liquid in the foam has time to accumulate athhbble border points. As
the foam breaks down slowly, the bubbles collapskjain to bigger bubbles
and the solution distribution finally ends up unelye This was expected

based on the literature. It is crucial to conth@ foam collapse.

The blade and cylinder methods worked best whigenttethods where foam
dried freely resulted in poor coating quality andhhcoating amounts. All
methods resulted to higher starch amount than tedlgd he target was 0,5
g/m’ and the lowest amount achieved was 0,9°ghith blade method using
paper that was calendered before the foam treatrivegthods of rod, curtain
and cylinder with a gap resulted in thick layeradRmethod and cylinder
methods with gap let too much foam on the paper amdain coating
equipment applied dense solution that is not reflmlm. The used methods
required foam density approximately 100 g/dm3 orendighter foams were

not possible to apply on the paper since all methvoere based to gravity.

For future research an effective stator-rotor mixed SDS as foaming agent
would be suggested. To keep the foam stability gbedsurfactant should be
either added more to the solution as the foam gdioer continues or the
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process should be continuous in the sense thagutHactant is mixed to the
solution just prior the foaming. For further resdarthe surfactant

consumption rate would be good to find out.

A suitable foam application method should includgiipment with precise,
controlled and even foam feed by means of straigrtsfer right after the
generation. The application head with teeth suclchapter 6.1.3 could be
method worth research. This kind of method could us=d also for
researching foams with lower density to achievartar coating layer. If the
foam is directed onto the paper with pressure omtroled by proper
application head foams with lower than 100 gidiensity could be used as
the method would not require gravitation to setlle foam onto the paper
surface. Thinner layers could be achieved alsoiglgen paper running speed

at the application point. With foam application tiehis could be
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Appendix |. Measurements of the foaming experiments

Table I. Pure starch solution foam and liquid phasdemes during 15 minute
measurement with solution concentrations 5-15 % féam, L = liquid.

Starch 0 min 5 min 10 min 15 min
cm3 cm3 cm3 cm3
150% | F 138 124 123 116
150% | L 0 6 7 9
10,0% | F 138 130 120 106
10,0% | L 0 3 4 4
75%|F 145 130 125 120
75%|L 0 12 15 15
50%|F 138 118 75 45
50%|L 0 12 15 15

Table Il. 5 % starch solution foam and liquid pleaseith added SDS
concentrations 0.01-10 % on dry starch. F = foamliquid.

SDS Omin 5min  10min 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 Ill. 5 % starch solution foam and liquid peaswith added casein
concentrations 0.01-10 % on dry starch. F = foamliquid.

Casein Omin 5min  10min 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 praseith added PVA
concentrations 0.01-10 % on dry starch. F = foam 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 phasé&mwates during 15 minute
measurement with solution concentrations 2.5-1% % foam, L = liquid.

PVA 0 min 5 min 10 min 15 min
cm3 cm3 cm3 cm3
150% | F 138 130 126 123
150% (L 0 5 7 9
10,0% | F 138 132 129 127
10,0% | L 0 4 6 7
75%|F 138 130 127 126
75%|L 0 6 7 8
50%|F 138 131 126 123
50%|L 0 4 6 7
25% | F 138 131 125 122
25%|L 0 7 11 12

Table VI. 5 % PVA solution foam and liquid phasesghwadded SDS

concentrations 0.01-10 % on dry PVA. F = foam, liquid.

SDS Omin  5min  10min 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#th added casein
concentrations 0.01-10 % on dry PVA. F = foam, ligaid.

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 gleavolumes during 15
minute measurement with solution concentrations4®.%. F = foam, L =

liquid.
Latex Omin  5min 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
75%|F 138 20 14 9
75%|L 0 10 11 11
5% |F 138 17 12 9
5%]|L 0 8 8 9
25%|F 138 27 12 7
25%]|L 0 8 8 8

Table IX. 5 % latex solution foam and liquid phassgh added SDS
concentrations 0.01-10 % on dry latex. F = foars, llquid.

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 phaseish added casein
concentrations 0.01-10 % on dry latex. F = foars, llquid.

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 phasegh added PVA
concentrations 0.01-10 % on dry latex. F = foars, llquid.

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 phast&imes during 15
minute measurement with solution concentration 2@% 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 Xlll. Foam and liquid phase volumes during ribiute measurement
with 5 % starch solution with 0,1 % casein and #&f0 % on dry starch. F =

foam, L = liquid.
Talc Omin 5min  10min 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
209% L 0 13 16 18

Table XIV. Foam and liquid phase volumes duringmiute measurement
with 5 % starch solution with total 1 % foaming agen dry starch, parts of
3. 3/3 stands for equal shares of SDS, casein ¥Ad € = casein, S = SDS, P
= PVA. F = foam, L = liquid.

Mix 0 min 5 min 10 min 15 min
cm3 cm3 cm3 cm3

3/3F 138 122 98 66
3/3L 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 lihute measurement
with 5 % starch solution with 0,1 % casein on drch with no, normal and
high air feed flows. F = foam, L = liquid.

Flow Omin 5min  10min 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 duringmiute measurement
with 5 % starch solution with 0,1 % casein on digrch with 1000 to 5000

rpm mixing speeds. F = foam, L = liquid.

Rpm Omin  5min 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 duringriifhute measurement
with 5 % starch solution with 0,1 % casein on dtgreh with solution

temperature from 10 to 75 C. F = foam, L = liquid.

Temp. Omin  5min 10 min 15 min
C cm3 cm3 cm3 cm3
10F 138 71 6 0
10L 0 9 10 11
25F 138 126 118 116
25L 0 12 18 20
50 F 145 133 106 90
50 L 0 2 4 5
5F 138 118 97 87
75 L 0 2 3 3

Table XVIII. Foam and liquid phase volumes durirlgrhinute measurement
with 5 % starch solution with 2 % SDS on dry stavath multiple foaming
runs on same solution. 1 = first run, 2 = secomg 8= third run. F = foam, L

= liquid.
Cons. 0 min 5 min 10 min 15 min
cm3 cm3 cm3 cm3

1F 66 18,8 8,6 3,2
1L 0 8,8 9 9
2F 66 8,8 3,2 1,2
2L 0 7,2 7,2 7,4
3F 66 3,2 2 2
3L 0 7 7 7
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Table XIX. Foam and liquid phase volume averagesvefparallel 15 minute
measurements with 5 % starch solution with 2 % SIDSdry starch. F =
foam, L = liquid.

Average Omin  5min 10 min 15 min
cm3 cm3 cm3 cm3
1F 66,0 18,8 8,6 3,2
1L 0,0 8,8 9,0 9,0
2F 66,0 17,0 7,4 3,2
2L 0,0 6,6 7,0 7,0
3F 66,0 16,6 4,6 2,8
3L 0,0 8,4 9,4 9,6
4F 66,0 16,6 3,8 2,8
4L 0,0 8,4 9,0 9,0
5F 66,0 19,2 7,0 3,0
5L 0,0 7,8 7,8 8,0
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Appendix Il. Calendering of the samples

Table I. Calendering settings which were used toeae the targeted bulk of
0.84 cm3/g. The first number in runs refers to edatide against the hard roll
and the second is for the uncoated side againshdhe 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 lll. The measurement results of the paja@nples.

Table |. Measurement results.

Measurement | Unit | UB | CB | uc | CC | CR | R1 | R2

Burst strength kPa 75 67 75 70 69 73 65
Burst index kPam?g| 1,26| 1,20 125| 121| 106| 1,28| 1,17
Grammage g/m? 595| 55,7| 60,1| 578| 651| 56,9| 56,1
Thickness um 51,9| 49,3| 532| 505 59| 49,8| 49,8
Bulking thickness um 47,1| 459| 479| 475| 539 444| 464
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 cm3g 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 31| 285| 264
Tensile strength cd KN/m 0,78 071 082 0,73| 0,78| 0,76| 0,69
Tensile index md Nm/g 50,8 499| 54,1| 478| 476| 50,1| 47,1
Tensile index cd Nm/g 13,0 12,7| 13,7| 126| 12,0| 133| 123
Strein at break md % 1,3 1,3 1,4 1,3 1,3 14 1,3
Strein at break cd % 15 15 1,3 1,3 1,0 1,3 15
Tensile en. abs. md J/m2 254 | 22,6 29,5| 222| 26,1| 259| 21,7
Tensile en. abs. cd J/m2 8,4 7,6 7,4 6,4 52 7 7,3
Tens. en. abs. ind. md | J/kg 043| 041| 049| 0,38 04| 045| 0,39
Tens. en. abs. ind. cd J/kg 0,14| 0,24| 0,12| 0,12| 0,08] 0,2| 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 856| 835| 886| 823| 7,36| 863| 7,77
Modulus of elast. cd GPa 225 251| 258| 263| 248| 324| 254
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 233| 244| 229 232| 207| 227| 243
Tearing index cd mNm2/g 349| 403| 3,76| 388| 345| 3,72 411
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| 183| 143| 144| 051]| 0,46
Brightness 1SO ts % 67,0| 68,7| 66,1| 67,7| 67,8| 668 692
Opacity ts % 91,2| 909| 90,8 91,1| 914| 899| 914
Air resistance Gurley s/100ml | 5456 | 1051 | 10514 | 4872 | 4127 749 337
Rough. PPS 1 MPats | um 1,05( 1,21 111| 124| 1,71 0,98| 1,13
Gloss ts % 54 46 53 48 61 48 44
Emco S-v., dist. w,, ts Y%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 60sts | g/m? 48| 479| 451 441| 374| 535| 51,8
Ink abs. K&N 2 min ts % 3 4,1 2,4 2,4 21| 18,7| 222
Qil abs. Unger 3s ts g/m? 0,8 15 0,6 0,8 0,6 3,3 5
Contact angle, water ° 42,0 26,4| 352| 28,6| 40,7| 42,0| 38,3
Cont. ang., polyeth. gl. | ° 72,6 696| 675| 710| 752| 732| 78,0
Tot. Surf. Free Energy | mJ/m2 83,0 | 106,0| 87,4| 1053| 90,2| 84,1| 101,0
Starch amount g/m2 2,178 0,897 | 2,292 | 1,593 | 5,158 0 0
Starch coverage % 979| 970| 82,2 812]| 921 0,0 0,0
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Appendix IV. The errors in the results

The calculated errors are mean errors of averdgalated by equation
Error = 2*standard deviation /number of samples

Table I. Calculated values of means errors of ayera

Measurement | Unit | uUB | 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 kPam?g | 0,049 | 0,025 | 0,049 | 0,028 | 0,032 | 0,028 | 0,035
Grammage g/m? 0,001 | 0,092 | 0,049 | 0,304 | 0,608 | 0,127 | 0,014
Thickness pm 0,183 | 0,335| 0,281 | 0,212 | 0,683 | 0,332 | 0,225
Bulk thickn. pm 0,192 | 0,058 | 0,380 | 0,125| 0,425| 0,116 | 0,125
Bulk cmd/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 Jim2 1,044 | 1,135| 1,325 1,502 | 1,442 | 1,284 | 0,854
Tensile en. abs. cd Jim2 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 Jikg 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 mNm#?g | 0,033 | 0,049 | 0,069 | 0,036 | 0,042 | 0,030 | 0,046
Tearing index cd mNm#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 MPats | um 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

(1)



