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Various strength properties of paper are measured to tell how well it resists breaks in a
paper machine or in printing presses. The most often measured properties are dry
tensile strength and dry tear strength. However, in many situations where paper breaks,
it is not dry. For example, in web breaks after the wet pressing the dry matter content
can be around 45%. Thus, wet-web strength is often a more critical paper property than
dry strength.

Both wet and dry strength properties of the samples were measured with a L&W
tensile tester. Originally this device was not designed for the measurement of the wet
web tensile strength, thus a new procedure to handle the wet samples was developed.
The method was tested with Pine Kraft (never dried).

The effect of different strength additives on the wet-web and dry paper tensile strength
was studied. The polymers used in this experiment were aqueous solution of a cationic
polyamidoamine-epichlorohydrin resin (PAE), cationic hydrophilised polyisocyanate
and cationic polyvinylamine (PVAm).

From all three used chemicals only Cationic PAE considerably increased the wet web
strength. However it was noticed that at constant solids content all chemicals decreased
the wet web tensile strength. So, since all chemicals enhanced solid content it can be
concluded that they work as drainage aids, not as wet web strength additives. From all
chemicals only PVAm increased the dry strength and two other chemicals even
decreased  the  strength.  As  chemicals  were  used  in  strong  diluted  forms  and  were
injected into the pulp slurry, not on the surface of the papersheets, changes in samples
densities  did  not  happen.  Also  it  has  to  be  noted  that  all  these  chemicals  are  mainly
used to improve the wet strength after the drying of the web.



FOREWORD

This Master`s Thesis has been carried out at the Laboratory of Paper Technology at

Lappeenranta University of Technology.

In  the  first  place  I  would  like  to  record  my  gratitude  to  Professor  Isko  Kajanto  for

giving me the subject of the thesis. The subject became more interesting the more I

worked  with  it.  Also  I  would  like  to  express  my  thanks  to  Professor  for  his

supervision, advice and guidance provided throughout this work.

My special thanks go to my second supervisor Kati Turku for her valuable comments

during the whole writing process.

I am very grateful to Professor Andrzej Kraslawski for giving me the opportunity to

study on his program.

Words fail me to express my appreciation to my parents, who gave me a good

education and unlimited support in everything I have done.

There are not such words of gratitude that I could express to my beloved husband

Egor, who was always with me in good and bad times, who gave me unlimited support

and help during my studies.

Lappeenranta

21.12.2009

Marina Nikolaeva



TABLE OF CONTENTS

1. Introduction ............................................................................................................2

1.1 Background knowledge .......................................................................................2
1.2 Objective of this research ....................................................................................2

LITERATURE PART ................................................................................................3

2 Wood fibre structure and composition....................................................................3

3 Fibre charge .............................................................................................................5

4 Importance of wet-web strength in the paper production......................................6

5 Beating as a mechanism of activation of the strength properties of wet and dry
paper............................................................................................................................7

5.1 Effect of beating on fibres ...................................................................................7
5.2 Internal fibrillation ..............................................................................................9
5.3 External fibrillation ...........................................................................................10
5.4 Effect of fines on paper tensile strength.............................................................10
5.5 Effect of refining on the density of wet webs.....................................................11
5.6 Effect of refining conditions on resultant paper strength properties....................12

6 The effect of fibre morphology on the wet-web tensile strength ..........................13

6.1 Fibre length and coarseness ...............................................................................13
6.2 Curl and Microcompressions .............................................................................15
6.3 Shape factor and Kink .......................................................................................17

7 Wet strength and wet web strength mechanisms..................................................19

7.1 Wet strength mechanisms..................................................................................19
7.2 Surface tension and capillarity forces of wet web ..............................................19
7.3 Nature and formation of interfibrillar bonding forces.........................................23

8 The effect of failure envelope on the runnability of the paper .............................24

9 Methods for increasing wet-web strength .............................................................26

9.1 The addition of chemical pulp to mechanical pulp .............................................26
9.2 Refining ............................................................................................................26
9.3 Addition of chemicals .......................................................................................27

10 Some technological factors affecting wet-web strength ......................................28

10.1 Effect of temperature on wet-web strength ......................................................28
10.2 Effect of filler content on paper tensile strength...............................................28



11 Measurement of the wet-web strength of paper..................................................29

12 Wet-web tensile strength additives......................................................................37

12.1 Polyacrylamide and starch...............................................................................37
12.2 Chitosan..........................................................................................................38
12.3 Polyamidoamine-epichlorohydrin (PAE) .........................................................40
12.4 Hydrophilised polyisocyanate..........................................................................41
12.5 Polyvinylamine (PVAm) .................................................................................42

EXPERIMENTAL PART ........................................................................................44

13 Materials...............................................................................................................44

14 Experimental methods .........................................................................................44

14.1 Morphological study of the fibres ....................................................................44
14.2 Zeta Potential of the fibres...............................................................................44
14.3 Preparation of the laboratory sheets .................................................................45
14.4 Wet pressing of the sheets ...............................................................................45
14.5 Development of the wet-web strength test .......................................................47
14.6 Testing of the dry tensile strength and dry density ...........................................48
14.7 Measurement of the formation of laboratory sheets..........................................48

15. Results and discussions .......................................................................................49

15.1 Morphological and colloidal-chemical characteristics of the pulps...................49
15.1.1 Morphological characteristics of studied pulps..........................................49
15.1.2 Electrokinetic characteristics of studied pulps...........................................51

15.2 Influence of pressing on solid content and properties of the laboratory sheets..51
15.2.1. The effect of the pressure on solids content of the sheets..........................52
15.2.2 The effect of the pressing time on solid content ........................................53
15.2.3 The effect of solid content on the wet-web strength of the sheets ..............54
15.2.4 The effect of the pressure on the dry tensile strength and the density of the
sheet....................................................................................................................54

15.3 The effect of strength additives on the properties of laboratory sheets..............56
15.3.1 The effect of the chemical dose on the solid content of the sheets .............56
15.3.2 The effect of the additives and the pressing time on the formation of the
sheet....................................................................................................................59
15.3.3 The effect of strength additives on the dry tensile strength and the dry
density ................................................................................................................60
15.3.4 The effect of the strength additives on the wet-web tensile strength ..........67

16 Conclusions...........................................................................................................70

REFERENCES .........................................................................................................72

LIST OF APPENDICES...........................................................................................78



2

1. Introduction

1.1 Background knowledge

During last twenty years paper machine speed has been developed for all grades of

paper approximately on 30-45%. Wet web strength is one of the limited factors which

greatly affects on paper machine runnability and as a consequence on production

capacity. The weakest point of a paper machine is the open draw between pressing and

drying parts where breaks of paper web are frequent. Solid content in this point is

usually around 45-55% depending on pressing part and paper`s grade. /1/

The wet web strength in wet end conditions is determined mostly by surface tension

forces between water and fibres. Then in the end of the press section and in the

beginning of drying the fibre-fibre interactions become more considerable. /2/

Critically should be noted the difference between the wet web strength and wet

strength. Wet web strength or initial wet strength – is strength of never dried paper,

while the wet strength is property of dried and then rewetted paper. /3, 4/

Various  factors  exert  on  wet  web  runnability.  Solids  content,  temperature  of  pulp

slurry, fibre length, coarseness, flexibility, curl index and fines content have been found

to affect on wet web strength. /1, 5, 6/

There are many ways to enhance the wet web strength. Traditional way is to increase

the content of reinforcement fibres (softwood Kraft). Pressing section modification with

aim to increase the solid content, full spectrum of chemicals, like cationic starch,

chitosan, CMC and PAE are used to develop the wet web properties. /1, 7, 8, 9/

1.2 Objective of this research

The main goal of the work was to develop a new procedure to handle the wet samples

for  the  measurement  of  wet  paper  web strength.  Chosen  raw material  was Pine Kraft

(never dried).

Another objective of this work was to study the effect of different strength additives on

wet-web and dry paper tensile strength. The polymers used in this experiment were

aqueous solution of a cationic polyamidoamine-epichlorohydrin resin commonly used

as an additive for improving of wet strength, cationic hydrophilised polyisocyanate

which is used as wet strength paper agent and cationic polyvinylamine mainly used as a

good wet and dry strength agent.
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LITERATURE PART

2 Wood fibre structure and composition

Softwood contains 40-44% cellulose, 25-30% hemicellulose and 24-33% lignin. In

most wood species the main part of dry substance which is located in the secondary cell

wall is cellulose /10/. Cellulose is a homopolysaccharide consisting of a linear chain of

several hundred to over thousand ß (1  4) linked D-glucose units. Figure 1 shows

molecular structure of cellulose. Molecules of cellulose form hydrogen bonds:

intramolecular and intermolecular. These interactions lead to formation of microfibrils

/11/. Source of cellulose influences on diameter of macrofibrils. Large bundles of

microfibrils are macrofibrils. /12/

Figure 1. Molecular structure of cellulose. /13/

Hemicellulose is a group of amorphous heteropolysaccharides, which binds lignin and

cellulose together /11/. While cellulose is mainly crystalline, resistance to hydrolysis is

quite strong. Hemicellulose has amorphous and random structure with less strength.

The main components of hemicellulose in softwood are galactoglucomannans

(glucomannan) and arabinoglucuronoxylan (xylan). Many hemicelluloses can dissolve

into water and part of them readsorbs onto fibres during chemical pulping. Content of

hemicellulose in bleached pulp is 20-30%, whereas content of cellulose is 70-80%. /12/

Lignin is a complex chemical compound of wood. It is integral part of the secondary

cell wall of wood. The highest lignin concentration is in middle lamella; however the

most part of lignin located in the inner fibre wall (S2) owing to its prevalent size /11/.

The  wood  fibre  wall  consists  of  different  layers,  such  as:  the  middle  lamella,  the

primary wall and the secondary wall /10/. Schematic structure of wood fibre is

presented in Figure 2. Middle lamella (0,1-1 m) is found between the fibres and it

contains 60-80% of lignin. Cellulose and hemicellulose in the matrix of lignin
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correspond to the primary wall (0,1-0,3 m). The secondary layer consists of three

layers: S1, S2 and S3. S2 layer occupies 80% of the secondary layer and contains

cellulose, hemicellulose and lignin. The empty space in the central part of each cell is

lumen. /11/

Figure 2. Different layers in a softwood fibre and chemical composition of combined
middle lamella and secondary walls. /13/
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3 Fibre charge

Fibre charge has a great influence on properties of paper and on the papermaking

process. Cellulose fibres comprise different ionisable groups, such as: carboxyl,

sulfonic acid, phenolic and hydroxyl groups and consequently have negative charge at

all pH means /14/. Carboxyl and sulfonic acid groups can be found inside the cell wall

or on the fibre surface and under normal process conditions fibres are negatively

charged because of these groups. Surface charge is important for paper strength /11/.

Fibre charge affects on fibre swelling, drainage and bonding of the fibres and also it is

the driving force for polyelectrolyte adsorption. /12/

In Table I is presented the effect of surface and bulk charges on final paper properties

and paper machine operations. The surface charge also has effect on fibre-fibre

interactions, which create strength of the fibre network. /15/

Table I. The effect of surface and bulk charges on paper properties. /15/

High charge leads to increasing of swelling ability. Swelling makes fibres more flexible

that promote fibers conformability. Greater conformability promotes fibres bonding

since more fibre surfaces can get close enough to create more fibre-fibre contacts, thus

paper achieves a better web strength. /16/

Also it is known that swelling of fibres makes them straighter that in turn make the

initial web strength higher /17/. On the other hand, it has been found that there is a

negative correlation between solid content of the web after wet pressing and fibres
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swelling capacity. In other words, fibres with high charge give wetter webs under the

same pressing conditions. Meloney and Todorovic have studied pressability and

dewatering properties of pulps with different hexenuronic acid content (charge

originates mainly on pulp fibres from this acid). They noticed that pulps with higher

hexenuronic acid content have higher moisture content after static pressing. Since

moisture content is crucial parameter for the initial wet web strength and higher

charged fibers give wetter webs it may be concluded that in this case charge has

negative effect on the wet web strength. However other parameters, such as: high

flexibility, conformability and fibres straightening which are promoted by the charge

have positive effect on the strength of wet paper. /18/

4 Importance of wet-web strength in the paper

production

Wet-web tensile strength in the open draws is an important factor for the runnability of

paper machine.  Sufficient wet-web tensile strength in the open draw is necessary for

good paper machine runnability. The first open draw on the paper machine usually

occurs in the press section and mainly depends on age of the machine and its

modernization condition. /19/

From Figure 3 it can be seen that wet web strength from both chemical and mechanical

pulps increased with increasing of solids. In the first open draw the sheet is very wet

and thus very weak. After the first open draw the solid content of web is enhanced and

therefore the web becomes stronger and used machine speed can be higher. Apparently,

rising of the web solid content is very important for improving of runnability of paper

machine. /19/
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Figure 3. The breaking length of webs made from 100% hardwood kraft and a blend of
stone groundwood and softwood kraft increased with the rising web solids content. /19/

5 Beating as a mechanism of activation of the strength

properties of wet and dry paper

5.1 Effect of beating on fibres

The result of beating is a mechanical degradation of fibres and changing of fibres

structure. There are two main beating effects: primary and secondary. Primary effects

are divided on external fibrillation, internal fibrillation, cutting, formation of fines,

structural changes, dislocations, micro-compressions, fibre curl and release of chemical

components /10/. The secondary effects combine all other effects and changes in the

pulp properties which occur during beating, such as: internal splitting, longitudinal

compression, successive cleavage of external layers of the cell wall and delamination of

internal  cell  wall  layers  /20/.  Figure  4  shows  the  effect  of  beating  on  chemical  pulp

fibres. /21/
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Figure 4. The effect of refining on fibres of chemical pulp. /21/

Many kinds of papermaking treatment affect on the tensile properties of the wet web.

Extent of fibre-fibre interaction and presence of curl and microcompressions in the

fibres are the main checked factors. Fibre-fibre interactions are mainly improved by

increasing of fiber flexibility, fibrillation, collapse and fines content. Improvement of

fibre-fibre interactions increases wet web tensile strength and stretch.  Stretch at high

solids is improved in presence of microcompressions whereas stretch at low solids is

improved by fibre curl. /17/
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5.2 Internal fibrillation

The most visible difference between beaten and unbeaten fibres is that beaten fibres are

fibrillated. When fibre is dried it is in a glassy state, thus the cell wall of the fibre can

be soften by water. During beating internal dissolution is increased and fibrils are

separated from each other. It makes fibres more flexible, thus the bonded area increases

/10/. During refining the internal structure of fibres modifies and bonds which limited

the swelling of hemicelluloses are progressively broken. In pulp of the high yield and in

mechanical pulp such restricting factor is lignin. As the result of swelling fibres become

straighter that has positive effect on the wet web strength. /22/

Since beating increases swollen volume of pulp fibres so beating also increases

mechanical resistance to compressions. From the Figure 5 it can be seen that pores

inside the cell wall which open up in beating are collapsed by pressure 1 MPa. It can be

seen that curves for both beaten and unbeaten pulps are quite similar for the pressure

after 1 MPa. It shows that refining has opened comparatively big pores which can be

collapsed at low pressure. /23, 24/

Figure 5. The static compression curves for × – usw (unbeaten),  - usw beaten,  -
usw dried,  - TMP. Dashed lines are micropore water for the usw pulps. /23/
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5.3 External fibrillation

External fibrillation is accompanied by removing of the primary wall and making the

fibrils in the secondary wall visible /10/. The main result of the external fibrillation is

the appearance of new surfaces which enhance the possibility of bonding in the drying

process. Primary wall is more difficult to remove from dry pulp and also primary wall

of  kraft  pulp  is  more  resident  then  primary  wall  of  sulfite  pulp.  Also  at  the  external

fibrillation fines are created. Fines are small cellulosic materials that are small enough

to pass a 200 mesh screen (with diameter approximately 76 micro-meters) during

fractionating of the pulp. /22/

There are two reasons which prove the importance of the destruction and nature of

exposed fibres surfaces. First of all destruction of the fibre outer layers is able to verify

internal and external fibrillation. Another reason is that the chemical nature of exposed

surfaces which are joined with each other during the next stages of dewatering has a

great effect on the strength of the bonds in paper. /10/

Prolonged disintegration of the outer layer and changing of delignified softwood fibres

from polygonal to circular occur during beating, whereas perimeter length does not

change. /10/

5.4 Effect of fines on paper tensile strength

Fines of pulp can be divided on two types in conformity with their swellability: fines of

unrefined pulp (primary fines) and fines of refined pulp (secondary fines). Fines before

refining mainly consist of ray cells, chunky parts of fibre, commonly less swollen

elements, which promote more opacity then bonding. Fines of refined pulp are more

fibrillar and heavily swelled. They originate from the S1 and S2 layers of the cell wall

and operate as good bonding agents. Very important fact is that less refined pulp for the

strength development depends more on pulp fines than well refined pulp fibres. /25/

Fines  properties  and  fibre  fraction  properties  are  not  the  same and  significantly  differ

from each other. Fines can bind much water and increase swell better than fibre, since

particle size is very small and surface area is large. Pulp type, fines composition and

processing conditions are very important. Fines of mechanical pulp swell less than fines
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of chemical pulp because fines of the mechanical pulp include more hydrophobic lignin

and extractives. Fines content in the mechanical pulp have a great effect on the

properties and structure on the fibre network /26/. The main effect of fibres on network

is enhancement in density which is the reason of increasing of bonds quantity and

thereby paper tensile strength properties are improved. During sheet formation fines fill

free space between fibres and volume of bound water between fibrils of adjacent fibres

is extended, thus Campbell forces are increased. Campbell forces are surface tension

forces called by name of the scientist who first described the mechanism of these forces

in the wet web. Fines can also be as a free bonded filler matter and create new light

scattering surfaces and open compositions. This effect operates only for mechanical

pulp fines because they have both flake-like and fibrillar materials. But this effect is not

valid for fines of chemical pulp, since they include mainly fibrillous material. This

material has very high bonding ability and thus lights scattering cannot be increased.

Fines work as bridge between fibres, thereby promoting formation of coherent paper

network. Therefore local stress concentrations which were developed in the network

during straining are decreased and as a result more even stress allocation is created and

strength properties are improved. /27/

Wet-web produced from the mixture of mechanical and chemical pulp is much stronger

than strength of wet-web produced only from chemical or only from mechanical pulp.

So, the removing of fines decreases the strength of thermo-mechanical pulp (TMP)

webs but addition of thermo-mechanical fines to bleached chemi-thermo-mechanical

pulp (BCTMP) increases the wet-web strength. Manufacture of mechanical pulp with

rising of the refining energy makes fibres more fibrillated and also provides pulp with

higher amount of fines. /19/

5.5 Effect of refining on the density of wet webs

L.M. Lyne and W. Gallay found out the interest fact about effect of beating on density

of the wet web strength. The results of this fact are presented in the Table II. They have

studied the wet web strength development in wide range of solids content of unbeaten

and beaten sulphite pulp based webs. They have found that during refining the density

of  the  wet  web is  decreased  in  solid  content  in  the  range  from 15% to  45%.  At  solid

content about 45% the densities of refined and unrefined wet webs became equal and
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with further solid content enhancement the density of more beaten web becomes grater

than density of lightly beaten web. Eventually, beating increases the density of dry

paper. In spite of that beaten fibers give lower density of wet webs at low solids content

and the wet webs of refined pulps have higher strength than the lightly beaten. /28/

Table II. The effect of beating on density of air drying sulphite webs. /28/

Density, g/cm3Solids,
% Beaten 10 min Beaten 60 min
15

17,5
20,5
22,5
25
30
35
40
45
50

0,163
0,172
0,195
0,211
0,216
0,219
0,223
0,226
0,230
0,233

0,118
0,132
0,146
0,165
0,174
0,193
0,208
0,222
0,232
0,242

5.6 Effect of refining conditions on resultant paper strength

properties

Increasing of pulp temperature during refining effects negatively on the beating process

and paper properties. Duration of the refining is enhanced, fibres become shorter during

refining and fibres hydration is decreased. All these factors lead to reduction of paper

strength from this pulp and increasing of bulky, porosity and absorbency of the paper.

These paper properties are changed because hydration and swelling of pulp fibre has

exoteric character. The lower pulp temperature is during refining, the more the fibres

swell become hydrated and fibrillated and as a result fibres become more flexible.

Reduction of pulp temperature promotes decrease of refining time and decrease of

energy consumption with simultaneously improvement of the mechanical properties of

paper. /29/

Increasing of pulp temperature also causes coagulation of resin particles, and as a

consequence resin-based difficulties in paper production increase. To prevent harmful

effect of temperature on paper properties refining process in some cases leads at
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cooling of cold water. In other cases (for instance, in production of paper with high

absorbency), on the contrary, pulp is heated with hot water. /29/

Low temperature at which pulp is frozen also considerably influences on its sheet-

forming and physical-chemical properties. Frozen pulp at the next defrosting stage

becomes more unbeaten, and paper made from this pulp differs with greater swelling,

porosity and absorbability and also has less strength. /29/

6 The effect of fibre morphology on the wet-web tensile

strength

6.1 Fibre length and coarseness

There are many factors which improve fibre-fibre interaction and increase wet-web

strength: such as increasing of fibre flexibility, amount of fines, fibrillation and uniform

distribution of fibre-fibre interaction by improvement of sheet formation. /17/

Besides fiber flexibility, collapse, fibrillation and fines, there are other two properties

that great affect the wet web strength – fibre length and coarseness. Seth et al. have

studied the effect of fibre length and coarseness on wet web strength. In this study they

used synthetic fibres with different coarseness and fibre length and then mixed these

fibres  with  wood  pulp  for  detection  of  effect  of  fiber  dimensions.  The  result  showed

that presence of long fibres increased wet web strength, while enhance of fiber

coarseness decreased wet web strength. From Figure 6 it is seen that wet web strength

is almost linearly proportional to fibre length /5/. Figure 7 shows that tensile wet web

strength at constant solids for fibres with given length reduces with enhancement of

fibre coarseness. /2/
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Figure 6. Wet-web tensile strength at 30% solids as a function of fibre length. /5/

Figure 7. The effect of fibre coarseness on wet-web tensile strength divided by average
fibre length for two web solids. /5/

For the definition of the collapse index of fibres Seth used confocal laser scanning

microscopy and image analysis. He showed that the collapse index depends not only on

physical properties of material of the fibre wall, but also on crosscut dimensions, such

as perimeter and fibre wall thickness. Figure 8 shows, for webs of unbeaten pulp at two

solids content, plots of wet-web tensile strength divided by weighed-average fibre

length as a function of fibre double-wall thickness for all the hardwoods. With

enhancement of fibre wall thickness wet web strength divided by fibre length is
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reduced, since fibres with thicker walls cannot easily collapse and therefore have weak

fibre-fibre interaction. /2/

Figure 8. Wet-web tensile strength divided by average fibre length plotted as a function
of fibre double-wall thickness for webs at two solids for unbleached, unbeaten
hardwood kraft pulp. The species are identified as follows: EG – eucalyptus grandis,
SM – sugar maple, RA – red alder, TA – trembling aspen, WB – white birch, CW –
black cottonwood, ES – eucalyptus sieberi, YB – yellow birch. /2/

6.2 Curl and Microcompressions

Fibres are straight in their initial state. Usually microcompressions and curl are

introduced simultaneously into fibres under mechanical treatment. The main feature of

the mechanical treatment is using of mechanical shearing action on fibres with

consistency approximately 15-30%. At this consistency fibres have ability to form

nodules which are bound by surface tension forces. Pulp fibres in the nodule under

shear stresses exposed to axial compressive stresses and bending that give reasons for

microcompressed and curled fibre states. There are some factors which influence on

degree to which microcompressions and curl are found, such as type of wood, pulping

process, pulp yield and extent of mechanical action. Curled fibres have a tendency to

increase wet-web stretch. It was noticed that if wet web containing curled fibres are

stretched and web is quite wet with moisture content about 80%, fibres can slide upon

each other during straining and curl in fibres can, in part, be taken out. /17/
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However, if fibre-fibre interactions along the fibre length are very strong and the fibres

can not slide upon each other it will be impossible to remove curl. It is typically for

higher solids content, about 40%. Fibre-fibre interactions at this solid content are very

strong and relative fibers movements are not possible and thereby curl removal is

prevented. On the other hand cell wall of the fibre is still flexible and it is possible to

stretch fibres between fibre-fibre interactions, Figure 9. It means that only curl with

short radius of action can be removed. /17/

Figure 9. Schematic of microcompressions being pulled out as a wet web at high solids
is strained. /17/

Thereby  control  of  the  failure  envelope  is  realized  in  different  conditions  of  the  web

solid content. It means that at low solid content the wet web stretch is determined by

extent of curl in the fibres, while at high solid content the wet web stretch is determined

by micromompressions and curl with short radius of action. /17/

Fibre-fibre interaction and mechanism of extensions of the web are the main two

factors which determine position of the failure envelope. Curlation is a treatment which

enhances degree of curl and microcompressions and thus increases stretch of wet web.

On the other hand curlation reduces the tensile strength because of damage of the

regular stress distribution in the sheet. Besides the wet-web strength these two factors

affect also on the dry sheet strength. Microcompressions and fibre curl improve stretch

but negatively affect on the dry tensile strength and elastic modulus. /17/
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Consequence of this is that wet web stretch depends on two main factors. The first

factor is curl and microcompressions degree in the fibres which determines the stretch

potential. Another factor is the extent for which this potential can be accomplished.

However, the web fails can occur before the potential stretch if the fibre-fibre contact is

not sufficiently strong. Thus, fibre-fibre interactions which are the reason of fibre

flexibility, fines and fibrillation are very important. /17/

6.3 Shape factor and Kink

Shape factor is used for measuring of pulp quality. Shape factor is determined as the

ratio of the maximum extension length of the fibre (also called projected length, which

is close to the distance between the fibre ends) to the true length of the fibre (along the

fibre contour). The higher shape factor the straighter fibres, thus sheet mechanical

properties are better. Shape factor is good correlated with tensile strength and tensile

stiffness. Mildly treated pulp has quite straight fibres, but there are some processes

which make fibres curlier, such as mixers, presses and other. If fibres have shape factor

below 50% then they are not included in the Statistic of Fibermaster, because only

some fibres have such a low shape factor. After latency treatment CTMP fibres of

softwood are straighter than chemical softwood fibres. However, softwood chemical

fibres provide better strength of the sheet owing to better bonding, because softwood

chemical fibres are more flexible and contain less lignin. /30/

Kinks are local fibre deformations, like wrinkles and knees. Kinks are determined as

changes of the main axis direction of the fibres within limited distance of the fibre. A

direction on each side of a centre point is calculated. If the angle is above 200 a kink is

recorded. The fibre kink is calculated as part of fiber curl; however it has different

effect on paper properties. Kinks influence wet strength and wet rupture pulp energy.

Kink and curl are shown in Figure 10. /30/
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Figure 10. Picture of fiber curl and kink. /13/

Shape factor and kink are often correlated. Shape factor involves all kinds of

deformations. Usually number of deformations is one per fibre and it means that fibres

have weak places. /30/

Influence of morphological characteristics on the initial wet strength is presented in

Table III.

Table III. Morphological properties of fibre and their effect on the wet web strength.

Morphological
properties

Effect on the wet
web strength References

High coarseness – Rajinder S. Seth et al., 1995,
/5/

High fibre length + N.Garnagul and Rajinder S.
Seth., 1997, /2/

High shape factor + Rajinder S.Seth and Derek
H.Page, 1984, /17/

High fines content +/– I.I. Pikulik et al., 1997, /19/

High width +/– N.Garnagul and Rajinder S.
Seth., 1997, /2/

High curl index – Rajinder S.Seth and Derek
H.Page, 1984, /17/

High kink index – Rajinder S.Seth and Derek
H.Page, 1984, /17/
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7 Wet strength and wet web strength mechanisms

7.1 Wet strength mechanisms

There are two different mechanisms for explanation of wet strength: protection

and reinforcement mechanisms, Figures 11 and 12.

1. Protection mechanism or ‘homo-crosslinking mechanism’ involves distribution of

wet-strength additive on the fibre and formation of crosslinked networks with itself,

through and around the fibre contacts. These crosslinked networks prevent fibre

swelling when the paper next rewetted and keeps covalent bonds, thus a part of

initial dry strength is preserved. /31/

2. Reinforcement mechanism or ‘co-crosslinking mechanism’ involves reaction

between wet-strength additive and cellulose whereby linkages of covalent bonds

between cellulose molecules and between fibres are formed. Covalent bonds are

resistant to water and they add their strength to wet fibres, whereas ionic bonding

gives more temporary form of wet strength. /32/

Figure 11. Protection mechanism. /11/ Figure 12. Reinforcement mechanism. /11/

7.2 Surface tension and capillarity forces of wet web

At  low  solid  content  wet  web  is  kept  together  by  the  surface  tension  forces  between

fibres. During water removing it is created fiber-water-air interfaces where surface

tension forces can operate. As the result the fibre-fibre interaction is increased and

accordingly wet-web strength is also increased. /17/

Page, based on the fact that wet webs are held together by the water surface tension,

developed the equation (1) for determination of the wet-web strength. /33/
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T = PL RBA/12Cr (1)

Where,

T – wet web tensile strength, Nm/g

 – coefficient of friction between the two wet fibres

 – surface tension of water, N/m

P – perimeter of the average fibre cross-section, m

L – fibre length, m

RBA – relative bonded area in the wet sheet

C – fibre coarseness, g/m

r – radius of the curvature of water meniscus, m /33/

From this equation, it can be seen, that the decrease of water surface tension leads to

lower strength of the wet webs.  Presence of fatty and resin acids extracted from wood,

soaps, lignosulphates and other surface active materials make surface tension of white

water considerably lower. Addition of different papermaking additives can be used for

improvement of surface tension of white water. For instance, addition of small amount

of starch enhances surface tension of white water, but addition of large amount of the

same starch can reduce surface tension. One of the main reasons of surface tension

reduction is addition of surfactants.  Surface active matters are the main components of

many cleaning chemicals. Minimization of surfactants addition is one way to improve

machine runnability. /19/

P.M. Shallhorn modified Page equation and deduced a formula (2) for the calculation of

the wet relative bonded area. /34/

                                         (RBA)wet=[(2 W2r/t)/W2](RBA)dry                                       (2)

Where,

(RBA)wet - relative bonded area in the wet sheet

W2 – is the area of contact of dry collapsed orthogonal fibres, m2

r – radius of the curvature of water meniscus, m

t – fibre thickness, m

(RBA)dry - relative bonded area in the dry sheet (calculated from light-scattering

coefficient) /34/
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RBA is the proportion of the fibre surface contained within a water meniscus of radius

of curvature, holding adjacent fibres together. /34/

Interesting experiments for understanding the mechanisms of forces which act in wet

web were done by Lyne and Gallay. Initial wet strength of paper with wide range solids

content  made  from  fibres  of  different  nature  was  studied  in  their  work.  First  they

noticed that for many samples in tensile vs. solid content dependence some plateau or

even decline in solid range 25-40% took place. Also rapid growth of tensile strength

was noticed for all samples in solids range 40-100%. For the explanation of these two

facts  they  employed  well  known  postulate  that  in  wet  webs  with  low  solids  content

under 30% fibres are held together by the surface tension. When solid content increases

these forces are diminished and almost neglected in high solids content where fibres are

kept together mostly by interfiber bonding. This postulate authors support with

interesting experiments. They had applied different dosages of nonpolar liquid in which

interfiber bonding is not created and also they used a surface active substance to

diminish the surface tension forces. With adding of the first chemical the interfiber

bonding was deleted and as the result the strength was increased up to maximum at

solid content of 30% and after that it immediately fell down since with growing of solid

content higher than 30% surface tension is reduced and interfiber bonds that appear in

higher  solids  did  not  start  to  work  because  samples  was  treated  with  organic  oil.  To

support the second part of the postulate that in wet webs with high solids content

interfiber bonding is considerable authors applied the surface tension substance to

eliminate the effect of surface tension of wet web strength. As a result initial strength of

paper was extremely low and only in solid content around 30-40% it started to grow,

since interfiber bonding became to act. But it has to be noted that if to compare the dry

strength of resultant webs, one which was treated with surfactant has lower strength to

compare with untreated. It again confirms high importance of surface forces as for wet

web strength as for dry paper strength. The surface tension brings fibres together to the

distance required for creation of the interfiber bonds. However presence of surfactants

decreases this effect that negatively affect on number of hydrogen bonds and quality of

paper /4/. The solids content at which actual interfiber bonding starts to happen is not

known exactly. Therefore inflection points in tensile strength vs. solid content curves

occur at different levels of solid content depending on fibres nature and production

conditions. For instance, in kraft pulp, the elastic modulus starts to increase
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significantly at 50 % solids content /27/. Moreover, A. Smolin and S. Ivanov argue that

besides of hydrogen bonds another bonds known as water-hydrogen bonding act in the

wet webs. These bonds start to appear at lower solids content than hydrogen bonds.

Water-hydrogen bonding it is a bond between cellulose fibres through layers of water.

/29, 36/

There are two types of water in the fibres at low solid content: the first part is bound

with the swollen fibres, another part is free outside of the fibres. This free water keeps

fibres together by capillary forces. During pressing water is removed because of fibre

deformation and emerged elastic forces are balanced by capillary attraction. Moreover,

steric and electrosteric forces operate between fibres when fibres are covered by

hemicelluloses or adsorbed polymer. /37/

There is a large difference between wet-web strength caused by the papermaking bonds

and strength achieved from surface tension.  Even if one fibre slips on the surface of

another fibre, the capillary forces between these two fibres are conserved. Hence, even

very wet webs before break can be strongly stretched. Here is one example of the fact,

that dominant forces at low solid content is capillary forces and at high solid content is

fibre-fibre interaction. Curled fibres of the web made from curlated chemical pulp with

solid content of 20% can uncoil without sheet rupture. In the open draw of paper

machine the sheet with solid content of 44% ruptured when the draw reaches 4,5%. It

proves that at higher solid content, for instance more than 40% fibre-fibre interactions

prevent fibres slippage and stretch to break is considerably diminished. /19/

It  is  considered  that  webs  with  low  solid  content  are  held  together  by  the  surface

tension of water which is located between fibres. In the former, the fibrous mat is

saturated  with  water.  Capillaries  formed  between  fines  and  fibres  in  the  web  are

diminished, since water is removed by compression or suction, Figure 13. Thus,

capillary forces are increased which leads to improvement of the wet-web strength. /19/
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Figure 13. Capillary force between two adjacent fibres. /19/

7.3 Nature and formation of interfibrillar bonding forces

Nature of interfibrillar bonding forces in paper can be different; however the main and

basic type of this bonding is hydrogen bonding through hydroxyl groups, located on the

surface of microfibrils of adjacent fibres. Hydrogen bonding is described as a joining,

through hydrogen, of two electronegative atoms, where one side of the bonding is usual

covalent bond and another side is mainly electrostatic /29/. The picture of a possible

mechanism of hydrogen bond formation is shown in Figure 14.

Figure 14. Hydrogen bonding between two cellulose units. /38/

Energy of this bonding in definition of Korte is 18,8 kJ/mol and distance between

hydroxyl groups at which this bonding is created is 2,7  /35/. Along with hydroxyl

bonding Van der Waals forces are presented in paper, but their bonding energy cannot

provide required paper strength. Paper tensile strength in general is determined by

hydrogen bonding forces, share of Van der Waals forces in tensile energy is no more
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than 4-5% for strength types of paper and 20-25% for very weak paper, hydrogen

bonding of which are not sufficiently developed. /29/

Surface tension forces of water have a significant effect on formation of hydrogen

bonding between fibres because these forces tighten thin and flexible fibres and make

them in cramped contact with each other during pressing and drying. Bonding

formation between fibres of pulp occurs in three stages: on the first stage with dryness

bellow then 25-30% paper tensile strength specified only by surface tension forces of

water. At the dryness diapason of 30-65% hydrogen bonding is still absent between

fibres, since their surface is covered with adsorbed water molecules, however strength

is increasing. It can be explained by growth of friction force between fibres because of

their approaching under the influence of the tension. It also happens because

monomolecular water layer, through which fibres are connected, creates larger bonding

force than polymolecular, when the amount of water between fibres is so much. In the

third stage of the dewatering of web with dryness more than 65% hydrogen bonding is

created and paper strength is rapidly increased. /29/

8 The effect of failure envelope on the runnability of

the paper

The main factor which controls the runnability of paper machine is wet-web strength.

But there is another factor which is not less significant for runnability, so called failure

envelope, Figure 15 /17/. Failure envelope is derived by junction of points of tensile

strength and stretch obtained over a range of moisture content. During dewatering

tensile web strength enhances and stretch reduces. Improvement of runnability occurs

when envelope displaced up and to the right /2/. If the strains experienced by the web

are below the failure envelope, it has a lesser risk of failure. Thus, furnish with higher

failure envelope will be a better running furnish. /17/
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Figure 15. Failure envelopes for two furnishes. /17/

The failure envelope has a straight dependence on running speed of paper machine.

Figure 16 shows plots of tensile strength-stretch for furnishes on four similar newsprint

machines with open draws in four eastern Canadian mills. The average working speeds

for each machine is shown. Thus, the fastest machine has the highest failure envelope

and vice versa. /39/

Figure 16. Failure envelope for four newsprint furnishes and their working average
speed. /17/
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9 Methods for increasing wet-web strength

As longer fibres can have larger fibre-fibre interactions they can form webs with higher

strength properties. Sources of the wet-web strength can be two main factors: the

Relative bonded area (extent of fibre-fibre contacts) and strength of bonds in this area.

The wet-web strength and fibre strength are two different concepts, since fibres are not

broken when the wet-web is ruptured. There are some methods by which wet-web

strength can be improved, such as: changing of paper composition, rising of fibres

bonded area or enhancement of the bond strength. /19/

9.1 The addition of chemical pulp to mechanical pulp

Usually for the improvement of paper machine runnability chemical pulp is added to

mechanical pulp. Strength properties of paper made from chemical pulp are commonly

stronger than properties of paper made from mechanical pulp. Therefore, it is supposed

that wet web strength is also stronger in papers produced from chemical pulp. In spite

of this, wet webs made from mechanical, chemical or mixture of mechanical and

chemical pulp at low solid content can have equal tensile strength. In some cases, webs

from mechanical pulp can be stronger then webs from chemical pulp. /19, 40/

9.2 Refining

Increasing of the wet-web strength by refining is the mainly used method for

improvement of the paper machine runnability. During refining the fibres of the

chemical pulps become softer and their conformability is improved that leads to

increasing of the relative bonded area. Fibrillation of refined fibres creates new surface

for bonding that also increases bonded area. Bonded area of the fibres in the web

produced from mechanical pulp is enhanced by presence of large amount of fines which

fill all empty space between fibres. /19/

Usually chemical pulp has higher freeness level and better drainability than mechanical

pulp, so water from chemical pulp webs is better drained in the former section. By this

reason, it is usually supposed that in press section water removing rate for the chemical

pulp webs is higher than for mechanical. Dewatering mechanism in former and pressing

sections is different. It was noticed that difference between solid content of pressed
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webs from chemical pulp, mechanical pulp and mixture of chemical and mechanical

pulp is not significant. /19/

Enhancement of water retention by sheet fibres is one of the beating effects. Therefore,

a sheet made from more beaten pulp has lower solid content than a sheet from less

beaten pulp. At the same solid content, webs produced from more beaten fibres have

better strength properties; however at the identical conditions of paper machine the

webs from more beaten fibres are wetter. Thus, enhanced pulp refining might result in a

smaller improvement in the paper machine runnability than would be expected from

laboratory measurements on sheets with equal solids contents, Figure 17. /19/

Figure 17. Refining caused an increase in the strength of wet kraft pulp sheets. /19/

9.3 Addition of chemicals

Most chemicals which are used as additives in paper manufacture can decrease the wet

web strength. Starches are mainly used as dry strength additives and improve dry paper

strength by increasing the bond strength. But these bonds are created only at high solid

content, approximately more than 60%. Quite often these additives reduce strength of

wet web and promote the strength of rewetted paper. /19/

Wet-web strength additives crosslink fibrillar network with covalent bonds and these

bonds are retained even after rewetting. However, usually these covalent bonds are

created only at higher temperature in dryer section and reaction which leads to
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crosslinking can continue several weeks after manufacture of the final product has been

finished. /19/

10 Some technological factors affecting wet-web

strength

10.1 Effect of temperature on wet-web strength

Temperature also affects on the wet-web strength. As Back and Anderson showed, the

drop of the tensile strength at solid content range 45-50% and with increasing of

temperature  is  about  1%  per  one  degree  of  Celsius  /6/.  Surface  tension  of  water  is

diminished with increasing of temperature that leads to reduction of wet-web strength.

Some experiments proved, that pressing of the sheet using steam shower can be weaker

in the first open draw than the sheet pressed without steam shower. The high frequency

of sheet breaks occurs before the solid content is increased by the evaporation of water.

Increasing of temperature weakens wet-web and thus can cause often sheet breaks at

the initial cylinders of the dryer section. In other words, usage of the steam shower is

accompanied with two opposite processes. On the one hand increasing of temperature

leads to decreasing of the wet web strength. On the other hand increasing of solid

content improves the wet web strength. On the initial stages of pressing with usage of

the steam shower reduction of the surface tension by enhancement of temperature

predominates over increasing of the solid content. /19/

10.2 Effect of filler content on paper tensile strength

Enhancement of filler content has a negative effect on the tensile strength of dry paper

because of lower relative bonded area and density. In the web structure flocs cover

fibre-fibre crossing, thus filler, fibres and fines flocs prevent development of hydrogen

bonds between fibres. Tensile strength can be diminished by increasing the stress peaks

during strain as a result of flocculation and bad formation /7/. Figures 18 and 19 show

the effect of filler content on dry and wet paper strength.
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Figure 18. The effect of filler content Figure 19. The effect of filler content
on dry paper strength. /7/                                       on wet paper strength. /7/

Filler content has a greater influence on tensile strength of dry paper then on tensile

strength of wet paper. The main bonds which define mechanical properties of dry paper

are fibre-fibre interactions which are obstructed by particles of the filler. In wet paper,

the mean distance between fibres, the water surface tension and free water amount are

the main characteristics which describe mechanical properties of the web. /7/

11 Measurement of the wet-web strength of paper
Web tension  mainly  affects  on  a  good regulation  of  the  wet  web in  the  beginning  of

drying section. Web tension is formed by rate difference in web transfer between the

press and drying section. During web transfer paper solid content is normally 45-55%.

/1/

Many types of paper when wet are very weak and break or tear very often. Paper

moisture content has a large influence on testing and paper production and significant

works have been done to define paper properties at different moisture and temperature

conditions. /41/

There are a lot of methods and tools for measurement of paper strength. The strength

properties of paper were studied even at solid content equals 8%. Dry solid content of

wet paper increases very fast under laboratory conditions (humidity and temperature).

The uncontrolled changing of solid content and the shrinkage of samples can affect

negatively on the accuracy of the results. /1/
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Tensile strength, strain at break, elastic modulus and T.E.A. are typical parameters

characterized wet paper. The usual parameter for relaxation test is the tension at the

beginning of the strain step. The relaxation measurement can be made at specified

strain levels that can give more information about paper properties which are time-

dependent. Also, wet paper strength models which depend on coarseness, relative

bonded area, fibre dimensions and other fibre properties have been designed. /1/

It is difficult to compare different procedures with each other because of some reasons:

• Paper solids content

•  Laboratory conditions (moisture and temperature)

• Control of solids content changing

• Control of  wet sample ends exsiccation

• Checking and precision of jaw motion

• Checking and precision of strain rate

• Samples dimensions

With accurate control of these factors it is possible to make a reliable test conditions for

wet samples. The main need for successful trial of wet sample is laboratory conditions

(temperature and moisture) and also equally timed handling of samples and measuring

techniques. /1/

Web handling and good runnability can be reached at the next disparity:

Used forces for web moving = web tension < wet tensile strength

When rates are increased, more significant external force component compels us to use

greater web tensions. It brings to maximum limit of tension which is apparently the wet

tensile strength.

Paper is a viscoelastic-plastic material that means that elastic properties depend on the

time during and after web straining. Figure 20 gives us a presentation of web transfer in

press-to-dryer section.



31

Figure 20. Schematic  presentation  of  web  tension  drop  in  the  wet  paper  web  during
press-to-dryer section transfer. /1/

In the open draw the web tension changes after the straining and thereby can be

considerably lower in the beginning of the dryer section. Web transfer from the center

roll is quite sensing process because of the low web elasticity and low web strength.

Thus  tensioning  of  the  web  through  stretching  is  the  common  way  to  verify

stabilization of the web. However, because of increasing machine rates, increased

external force components compel the papermaker to increase open draw tension and

strain. On the other hand increase of wet straining has negative effects on the paper

quality.  The  main  results  are  decrease  of  the  web  plasticity  and  increase  in  porosity.

/19, 42/

In papermaking the greatest relative speed difference is about 4%. Therefore the

absolute straining with the fastest  machine is above 1 m/s.  It  means that the straining

rate in relaxation trial also has to be rapid, because it has influence on tensile values and

on the strain potential of the stretched paper. /1/

L.M. Lyne and W. Gallay were among the first who developed a technique and

instrument for measuring of the initial strength of paper. Constructed installation

worked with solids range from 8%. Their wet web tester was horizontal type and had

clever  developed  clamping  system  which  allowed  to  perform  the  test  of  wet  samples
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and prevent the wet strip damaging by clamps. The principle scheme and nuances of

testing procedures well described elsewhere /43/. Also during validation of this

technique they found that wet web tensile strength is depended on sample strip width.

Based on the experiments authors chose the most optimal width of the strip with which

this installation worked more sensitively. Moreover they found straight dependence

between sample basis weight and strength properties of the wet web. It  is  the author's

opinion that deviation in sheet making and pressing procedures may have great effect

on the wet web strength of resultant webs. /43/

There are some apparatus for the measurement of the wet-web tensile strength. One of

them was developed in 1973 by American scientists. Previous instruments required

control by hand of the test web in placement of the web in the tester. This is strongly

reduced the accuracy of the obtained results. Also previous equipment is quite

expensive  and  complex.  New apparatus  allowed testing  of  wet  web without  handling

and touching of the web by hands. Apparatus may also be employed to measure the

force required to peel the web specimen from the forming Fourdriner wire or screen.

This  tester  also  provides  measuring  of  the  tensile  strength  and  elongation  at  break  in

vertical position that improves repeatability of the results, while previous instruments

required usage only horizontal position. /44/

There are also two SCAN-test methods specify a process for definition the initial wet-

web tensile strength index, the initial wet-web stretch and the initial wet-web tensile

energy absorption index. The difference between these two methods is dry solid content

of tested handsheets. In the first method required dry matter content is 25%, in the

second is 35%. Both this methods are suitable for all kinds of paper pulps. [SCAN-CM

31:77, SCAN-CM-35:81]

The new Impact device was developed by VTT Process and Metso Paper. The mean

strain rate of the rig is 1 m/s. The Impact device is used for relaxation and tensile

strength tests.  Besides of tensile tests, very important instrument in the installation is a

moisture analyzer which can measure dry solid content of the sample after the tensile

test. During the test it is difficult to define true solid content since wet sample is dried

during the test. But by standardization of the work process, the retard between the
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tensile strength or relaxation test to the beginning of the moisture analysis is identical

every time. In Figure 21 is shown the principle of the test procedure.

Figure 21. Principle of test procedure with Impact. /1/

Figure 22 presents the tension-strain figure of wet paper in a dynamic tensile strength

test.

Figure 22. Tension-strain figure of dynamic tensile strength test. /1/
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Parameters which are defined in a dynamic tensile strength test are:

• Tensile strength – the largest tension in the figure

• Strain at break – strain conformable to the largest tension in the figure

• Elastic  modulus  –  the  highest  value  of  slope  of  secant  in  the  figure,  when  secant

fixed in origin

• Dynamic modulus – value of slope in the figure, when secant fixed between origin

and the highest tension value /1/

Figure 23 presents the tension-time figure of wet paper in a dynamic relaxation test.

Figure 23. Tension time figure of relaxation test. /1/

Parameters which are defined in a dynamic relaxation test are:

• Maximum tension – the highest tension in tension-time figure

• Residual (relaxation) tension – tension at an invariable strain at fixed time after

stopping of straining /1/

Figure 24 shows an instance of tensile-strain curves of 100% chemical (birch) pulp and

100% mechanical (TMP) pulp mouldsheets. The tensile strength of chemical never

dried pulp is twice less then the tensile strength of mechanical never dried pulp.
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Figure 24. Dynamic tensile strength curves of TMP, PGW, Birch/SW and Birch. /1/

Figure 25 shows an instance of tensile-strain curves of relaxation test at 100% of

chemical pulp and 1% with 100% of mechanical pulp mouldsheets. Residual tension

0.475 s at 1% strain of mechanical pulp is more than twice the corresponding residual

tension of chemical pulp.

Figure 25. Tension-time figures of TMP, PGW, Birch/SW and Birch. /1/

With the help of rig Impact it is possible to measure paper properties directly without

results caused by the wet end of paper machine. It also increases the process of product
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development and simplification of process because the effects of fibre treatment can be

determined without tests. /1/

However, there are some drawbacks with this method. The main of them are duration

and difficult process. Handsheets for the tests have to be done on laboratory equipment

with high accuracy. Moreover, preparation of samples and standardization of measuring

method are obligatory. /1/

Effect of preparation method of handsheet on wet-web tensile strength

Seth and Barbe have shown that wet-web strength depends not only on moisture

content  but  also  on  the  method  by  which  moisture  content  can  be  reached.  They

compared results of handsheets performed by two different methods. In the first method

they have used single pressing stage and two blotters. For the second method they have

used two stages and changing of blotter between stages. From the Figure 26 it can be

seen that the sheet after a single-stage pressing stronger by 50% than the sheet after

two-stage pressing. Also it was noticed that at single pressing stage and changing only

pressure it is possible to get wet web with solid content in the range 15-55%. /39/

Figure 26. Effect of single-stage and two-stage pressing on the wet-web tensile
strength of a softwood laboratory refiner mechanical pulp. /39/
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12 Wet-web tensile strength additives

12.1 Polyacrylamide and starch

The strength of the wet web has a great effect in papermaking process during press- to-

dryer section transferring without a support. Scanty adhesion between fibres can cause

web break. When the web is wet it has quite low strength and swollen fibres may easily

slide on each other. One of the methods for preventing of breaks is enhancement of

interfiber adhesion by addition of polymers which adsorb on the fibres. The thought of

this method is that the polymer which has long chain can create a bridge between

fibres, therefore to prevent its sliding /37/. Also for enhancement of drainage and web

solid content natural and synthetic polymers are used /8/. Usually for increasing of

tensile dry strength and strength of rewetted paper cationic starch and polyacrylamide

are used. On the other hand flocculation can cause weak spots between flocs of the

fibres and thus be a reason to weak papersheet /9/. Moreover practice has shown that

presence of these polymers is harmful for wet web strength and that these chemicals

can be used as strength agent only after drying. However, using of starch can decrease

the production cost if cheaper or less refined paper might be used. /45/

Figure 27 presents the effect of different cationic polyacrylamide doses on the wet web

for unbeaten kraft fibres. It is seen that the dose of 1 mg/g has the worst effect on the

wet web. It can be explained by the fact that flocculation at this dosage is maximum.

/37/

Figure 27. Strength as a function of solids content for unbeaten kraft fibres untreated
and treated with different amount of cationic polyacrylamide. /37/
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Mechanical pulp includes a high number of substances which are negatively charged.

These  substances  are  settled  on  the  surface  of  fibres  and  dispersed  in  process  water.

Example of such substances can be lignin and wood resins which also prevent creation

of fibre-fibre interactions and influence on mechanical properties of the paper.

However, dissolved hemicelluloses can work as a bonding agent and improve paper

tensile strength. /8/

Mechanical pulps also contain anionic materials, so called “anionic trash” which reacts

with cationic additives and influence unfavorable on their function. Fines content, pH

and ionic strength also affect on the effectiveness of different polyelectrolytes. /9/

It has been published that cationic starch with aldehyde substituents reacting with

cellulose is able to improve wet-web strength. These starches are capable to create

covalent bonds and electrostatic interactions with cellulose and thus to increase wet-

web paper strength /8/. Cationic aldehyde starch can crosslink the web by creation of

chemical bonds with the cellulose fibres. /45/

12.2 Chitosan

Another  polymer,  chitosan  was  recognized  as  wet  and  dry  strength  agent  of  chemical

and mechanical pulps, but the addition technique is important. Also it was noticed that

chitosan is able to improve wet-web strength. Chitosan is a high molecular mass linear

carbohydrate composed of -1,4-linked 2-amino-2-deoxy-D-glucose units, prepared by

hydrolysis of the N-acetyl groups from the natural polymer chitin /46/. Chitosan has

basic amino groups and it is soluble in water. In the acid condition amino groups are

protonated and chitosan acts as a cationic polyelectrolyte. While both starch and

chitosan are natural polymers of D-glucose, they have two distinctions. The first

difference  is  that  chitosan  contains  an  amino  group  in  each  glucose  unit  and  thus

cationic character of chitosan is stronger than cationic character of starch. The second

difference is that chitosan and starch have different molecular configuration. The

straight molecule of chitosan has more available functional reactive groups than starch

which has molecule with casual configuration /8/. Figure 28 presents three different

kinds of interaction between amino groups of chitosan and cellulose, called as hydrogen

interaction, ionic bonding and covalent interaction.
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Figure 28. Possible interactions between cellulose fibres and chitosan. /46/

Hydrogen bonding is formed by amino groups and this bonding is quite weak. This

kind of bonding does not contribute greatly to the wet web strength, especially at low

solid content. Ionic interactions are formed between carboxyl anions of cellulose and

ammonium of chitosan cations. Covalent bonds are imino bonds which formed by

reaction of primary amino groups of chitosan with carbonyl groups of cellulose. This

kind of interaction (covalent bonds) is responsible for the enhancement of the wet web

tensile strength. Another covalent type of interactions occurs between primary

aminogroups of chitosan and aldehyde groups of cellulose fibres. /9/

Usage of chitosan can improve both product properties and machine runnability. The

influence of chitosan on paper properties mainly depends on pH of the blend. The

highest effect on the dry and wet-web strength was reached at pH 10. At this value was

noticed the highest retention of chitosan on the fibres and probably interactions

between cationic groups of chitosan and pulp anionic groups was also the strongest at

this pH value. Therefore, the best effect of chitosan on paper dry and wet-web strength

achieved in alkaline conditions /8/. Petri Myllytie et al. studied cellulose – chitosan

interaction from the papermaking point of view. They are confirmed that chitosan

shows ability to the wet web strengthening only at high pH, when chitosan is in an

insoluble state. In this state adsorption of chitosan is more like a precipitation of

colloidal chitosan on the fibre surface. Chitosan charge and solubility are pH depended.
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Chitosan is soluble at pH levels under 6.8. At higher pH values polymer precipitates

from solution. It was also noticed that more chitosan was adsorbed on the fibres surface

when pH was increased. It happened since the negative charge of the cellulose was

increased and positive charge of chitosan was decreased under higher pH. Also with

increasing of pH the level of repulsion between coated by chitosan fibres was

decreased. /46/

Figure 29 shows the failure envelope of wet web formed with and without chitosan at

pH 10 shows that at low solid content the stretch was reduced, thus it is suggested that

chitosan forms bonds between adjacent fibres already at low solid content.

Figure 29. Failure envelopes prepared with and without chitosan at pH 10. /8/

12.3 Polyamidoamine-epichlorohydrin (PAE)

Commonly PAE is used as an additive for improving wet strength in the neutral pH

range /47, 48/. Fields of application are tissue, crêpe handtowels and filter paper and

also PAE can be used as an auxiliary in the production of crêpe. /49/
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Figure 30. Chemical structure of PAE. /50/

PAE is synthesized from polyamidoamine chains by reacting with epichlorohydrin,

resulting in the formation of the unique four-membered 3-hydroxy-azetidinium ring at

about 80% of each amidoamine repeating unit together with partial cross-linking

between polyamidoamine chains through 2-hydroxypropane bridges originating from

the attached epichlorohydrin /51/. Chemical structure of PAE is presented in Figure 30.

Carboxyl groups in cellulose fibres behave as anionic retention sites of cationic PAE

molecules  for  both  internal  addition  of  PAE  in  sheet-making  process  and  soaking

treatment of once-dried cellulose sheets with PAE solutions. Wet tensile strength of the

papersheets containing PAE can be increased by heating treatment when sheets contain

carboxyl groups. Formation of the ester bonds between carboxyl groups at the end of

polyamidoamine chains in PAE and azetidinium groups of PAE, i.e. within PAE

molecules, are possible to occur in PAE films. However, these bonds within PAE have

nearly no contribution to the wet-strength development of PAE-containing cellulose

sheets. Azetidinium groups of PAE are capable to create ester bonds with carboxyl

groups of cellulose fibres in sheet containing PAE. Number of these ester bonds

enhances by the sheets heating treatment. Development of the wet-web strength by

addition of PAE occurs by formation of the ester bonds between carboxyl groups of

cellulose and azetidinium groups of PAE, notably formation of the covalent bonds. /51/

12.4 Hydrophilised polyisocyanate

Polyisocyanates are produced by polymerization of isocyanites (ethers of isocyanate

acid), Figure 31. /52/
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Figure 31. Reaction of isocyanate polymerization. /52/

Polyisocyanates are used as the wet strength paper agent /53/. They can be added to the

stock or applied by surface coating using a size press. Hydrophilised polyisocyanate

works as a cross-linker interacting with OH groups of the cellulose /54/. The highest

wet strength is achieved in neutral or slightly alkaline conditions. Polyisocyanates act

the most effective at pH 4-8. Also it has some advantages, such as: formaldehyde free,

can be used in acid and neutral pH values, high storage stability, 100% active substance

content, partly suitable for constant wet strength, good resistance to yellowing, no

odour and good effect on the whiteness. /55/

Polyisocyanates do not dissolve in water, however they can be emulsified in water

without  dispersing  agents.  Polyisocyanate  reacts  quite  fast,  even  with  water  but  it

depends on the concentration and temperature. Low values of these parameters have a

good influence on the profile of emulsions. For the best effectiveness of emulsions they

should not be stored more then two hours. /55/

12.5 Polyvinylamine (PVAm)

Polyvinylamine is a linear hydrocarbon chain with pendent, primary amine groups on

alternating carbons, Figure 32. /56/

Figure 32. Chemical structure of PVAm. /57/

PVAm can be used for solving of problems in connection with anionic trash, prevention

from deposits and also for charge and turbidity control.  Additional effects result  from

an  increase  of  the  effectiveness  of  retention  aids  and  sizing  agents  as  well  as  an

improvement in runnability and productivity of the paper machine /58/. High molecular
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weight polyvinylamines with low charge densities are good drainage, however medium

molecular weight with high densities are good wet and dry strength agents /59, 60/.

PVAm are able to adsorb onto fibres and cover surfaces of fibres by ammonium and

cationic protonated groups. /56/

PVAm contains only primary amino groups and only part of them is dissociated and

has cationic charges in water at pH 7. Therefore, its retention ratios are below than of

the other cationic polymers. /61/

In Figure 33 some reactions of primary amines are presented. Primary amines are

strong bases and can be protonated by water in order to give ammonium groups with

positive charge. Amines are capable to create ammonium carboxylates, which have a

great effect for papermaking owing to presence of carboxyl groups in mechanical pulp.

/56/

Figure 33. Some amine chemistry. /56/

One of the improvements of the wet paper strength mechanisms is Schiff base creation

between amino groups of PVAm and aldehyde groups of the bleached kraft pulp fibres.

/61/
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EXPERIMENTAL PART

13 Materials
The pulp which was used in this work was never dried bleached pine kraft from Stora

Enso, Imatra. The pulp was refined in Valley Hollander to refining degree of SR 25.

(SCAN-C 25:76)

Aqueous solution of a cationic polyamidoamine-epichlorohydrin resin (PAE), cationic

hydrophilised polyisocyanate and cationic polyvinylamine (PVAm) were used as

strength  additives.  For  laboratory  trials,  1  %  stock  emulsion  of  each  chemical  was

produced using the following procedure: to weighed 1 g chemical into a conical flask

99 g  water  were  added.  Then  emulsion  was  stirred  until  there  were  no  streaks  on  the

side of the flask. The emulsion was then ready for use and it was used within 1 hour.

Used chemicals dosages were in case of PAE 0,5%, 1%, 1,5% and 2%, in case of

Polyisocyanate 0,2%, 0,5%, 0,8%, 1% and in case of PVAm 0,5%, 1,5% and 2%.

Addition levels of additives were calculated on dry pulp.

14 Experimental methods

14.1 Morphological study of the fibres

Straight after beating (on the Valley beater) the fibres were examined with a L&W fibre

tester. The following data was collected: fibres length, width, fraction distribution and

coarseness. Also fines content was determined. Fines by definition are cellulosic

materials that are small enough to pass a 200 mesh screen (with diameter approximately

76 micro-meters). But in the L&W fibre tester, fines are expressed as the percentage of

material shorter than 0,2 mm in relation to the number of fibres longer than 0,2 mm. Six

parallel tests were done in order to receive accurate data. Standard errors of the mean

were calculated and included in the results. /62/

14.2 Zeta Potential of the fibres

Zeta Potential of fibres of studied pulp samples was determined by Streaming Potential

method on System Zeta Potential, SZP 06 BTG Mütek Gmbh. This installation also

measures conductivity of the slurry. Because Zeta potential is sensitive to conductivity,

conductivity was also separately measured on Laboratory Conductivity Meter. The
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measurement of the zeta potential was done using the standard screen electrode (308

m). It should be noted that this installation is very sensitive to changes of temperature,

that’s why all samples were measured under the same conditions. Also, after each test

careful washing of the measuring cell with distilled water was applied. For the purpose

to increase accuracy of the results Zeta potential of each pulp sample was measured

five times and average value of these five results and standard errors of the mean were

used as the result. /63/

14.3 Preparation of the laboratory sheets

The target basis weight of the laboratory sheets for the wet web tensile strength

experiments was 60 ± 1 g/m2.  Motivation  of  such  strict  basis  weight  is  that  the

calibration  method  for  the  grammage  prediction  of  wet  samples  was  used.  In  this

method several  papersheets  were  done  with  the  aim to  define  required  amount  of  the

pulp to make a papersheet with basis weight 60 g/m2. In case of the dry tensile strength

and dry  density  experiments  of  papersheets  with  addition  of  PVAm actual  grammage

(measured) was used. For the experiments with addition of PAE and Polyisocyanate

nominal grammage equal 60 g/m2 was used. Laboratory sheets for the trials were made

with the KCL Laboratory Sheet former from bleached pine kraft. The sheets were made

without white water circulation. Air bubbles barbotage was used for fibres slurry

agitating.

14.4 Wet pressing of the sheets

Sheets were pressed with a laboratory L&W sheet press with different pressure values

and different time in order to have paper in different solids content (SCAN CM 26:99,

SCAN-C 26:76), Figure 34. Solid content in the range 40-50% is typical for the press-

to-dryer section transfer, where web breaks occur /1/. Therefore these bounds of solids

content were chosen for the experiments.
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Figure 34. L&W sheet press.

Figure 35 shows how pressing was performed. During each pressing three plastic, five

wooden and two metal plates were used to reach required solid content.  Tested sample

was covered with one new and five old blotters from each side.

Figure 35. Instruction for the sheet pressing procedure.
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14.5 Development of the wet-web strength test

Five or even more calibration papersheets were done to predict required basis weight of

wet  samples.  Aim of  the  calibration  was  to  determine  required  amount  of  the  pulp  in

order to receive a papersheet with certain grammage. Since this procedure gives an

ability to predict grammage but can not define it exactly, thus the resultant values of

basis weight can be called as expected values. The similar procedure was done during

the solid content determination. Since it is quite difficult to define solid content of

sample during or after the wet web tensile strength test, predicted solid content was also

used. It is called predicted because solid content was measured not with tested

papersheet but with sample which was performed under the same conditions in order to

define solid content. After pressing each sample was kept between two blotters in order

to avoid its damage. Sheets were put in a plastic bag with blotters to maintain moisture

content. The tensile strength values of the tested wet papersheets were determined with

L&W  tensile  tester.  For  the  test  sheets  were  cut  into  strips  with  standard  width  -  15

mm. Since the studied samples had low solids content and were extremely weak it was

difficult to use a laboratory cutter. Therefore wet paper samples were cut with scissors.

 The main problem in tensile testing of wet strip is that it is under stress in places

squeezed by the sample holders. As a result, the strip breaks in these points more

frequently. The destruction in the middle of the strip is preferable and near the holders

is undesirable. To prevent this problem strip edges were dried between blotting boards

on drying plates. During drying and transferring to the L&W tensile tester middle part

of the tested strips was covered with a foil to keep the moisture content constant. Each

trial included testing of 7 strips. Sample preparation for the wet web strength

development test is shown in Figure 36.
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Figure 36. Preparation of the sample for wet web strength test.

14.6 Testing of the dry tensile strength and dry density

For testing of dry strength, after pressing, samples were dried on the drying drum for 6

hours. Then, handsheets were conditioned for 8 hours (230C, 50% Relative Humidity),

(SCAN-P2). Three handsheets with similar basis weight were analyzed in each trial.

Every handsheet was cut into 7 strips with standard width - 15 mm, thus 21 strips were

tested per each pressing time and standard errors of the mean were calculated.

Before testing tensile dry strength, the densities of the samples were determined. For

this, thickness of each sample in 5 points was measured with L&W Thickness tester.

14.7 Measurement of the formation of laboratory sheets

Measurements of formation properties of handsheets were performed on an

AMBERTEC Beta Formation Tester. This equipment is based on measuring of

transmitted  -radiation (source of radiation is Promethium-147), with assumption that

attenuation coefficient of -radiation is the same for paper with different compositions
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and moreover mechanical actions which change density of paper samples does not

influence on absorption coefficient of  radiation.

Especially calibrated mode for KCL type papersheets was chosen. The settings for this

mode were:

• Measured points: 400

• Measuring area: 66,5 mm x 66,5 mm

• Step length: 3,5 mm

The  most  important  figure  in  the  results  obtained  by  Ambertec  formation  tester  is

formation index, low numerical value of which indicates good formation. Standard

deviation of the basis weight is used as the index for formation.

Specific  formation  in  this  work  is  normalized  standard  deviation  of  the  basis  weight.

The normalized standard deviation is obtained through division of the standard

deviation of grammage by the square root of the basis weight. /64/

15. Results and discussions

15.1 Morphological and colloidal-chemical characteristics of

the pulps

15.1.1 Morphological characteristics of studied pulps

Morphological characteristics have a great influence on the wet-web properties and on

performance attributes of finished product. For example, as discussed in the literature

section, the wet-web strength directly depends on length of fibrous material. Also it is

known that high coarseness has a negative effect on the wet-web strength. In other

words, flexible and long fibres have higher wet-web strength than short and stiff, under

the same others conditions.

From Table IV it is clear that expected changes happened with pulp fibres during

refining, such as: shortening, increasing in diameter (fibrillation and swelling),

coarseness reduction and rising of fines amount. In the context of this work changing of

coarseness is very important. Fibres swelling and partial destruction of fiber cell walls

occur in the beating process, and this leads to flexibility enhancement (coarseness

reduction) and growth of fines quantity (fragments of cell wall). Also it is seen that
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fibres became straighter, since shape factor was increased and kink index was reduced.

These changes bring about an increase of the relative bonded area and accordingly an

improvement of the wet web strength properties of fibre.

Wet-web strength measurements were performed for samples of both unrefined and

refined pulps. However, the papersheets from unbeaten pulp were extremely weak and

no numerical results were achieved from the tensile tester because the initial wet

strength was under capacity of the device. Therefore, absence of numerical results of

the wet web tensile strength of unbeaten samples is the indirect evidence that changes

which were caused by refining leaded to improving of the initial wet strength.

Table IV. Morphological properties of the unbeaten and beaten fibres.

Sample
name

Length
weighted

fibre length,
(mm)

      Fibre
width, ( m)

Fibre
coarseness,

g/m)

Fines
content ,

(%)

Kink
index

Mean
shape, %

BSK 140

SR
(unbeaten) 2,18±0,02 30,1±0,2 172±10 3,7±0,3 1,84±0,04 82,9±0,3

BSK 250

SR 1,90±0,02 31,1±0,2 120±3 4,4±1,2 0,71±0,02 88,8±0,1

Since coarseness represents a mass of fibre per unit of its length, therefore such

essential changing of the coarseness (approximately 42%) in comparison with changing

of fines amount which is minimum or generally absent (because of large standard

deviation) is questionable. So, where did the mass that lost from the fibres go? For this

question  refer  to  the  measurement  principle  of  the  Fibre  Tester.  It  was  noticed  in

paragraph 14.1 that installation on which the morphology study was performed

measures fines content as the percentage of material shorter than 0,2 mm in relation to

the number of fibres longer than 0,2 mm. In other words, dimensions of fines fraction

are lower than detection limit of the device. Consequently, the mass which was lost

from the fibres during refining should correspond to the increase of mass of the fines

fraction.
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15.1.2 Electrokinetic characteristics of studied pulps

The electrokinetic properties shown in Table V carry quite important information about

pulp samples. Conductivity change between BSK 140 SR  –  BSK  250 SR can be

explained  by  the  fact  that  factory  sample  was  diluted  with  tap  water  (from  10%

consistency to under 1,6%), that was able to increase conductivity by ions of tap water.

Secondly, during refining metal ions from fibres are liberated into the solution. These

ions also can increase conductivity. Third reason is that during beating anionic

dissolved polymeric and colloidal materials (mainly products of hemicelluloses

destruction) from fibres move to the solution. Reasons mentioned above can be also

related to changes of the Zeta potential. As shown in Table V, Zeta potential (surface

charge) rises with growth of refining degree. With addition even so small chemical

dose (PVAm 2%) we can see fibres recharge, that is also attended by doubling of the

conductivity.

Table V. Electrokinetic properties of studied pulps.

Sample name
Zeta

potential,
(mV)

Conductivity,
(µs/cm) T,0C

BSK 140 SR
(unbeaten pulp) -68,2 ± 3,2 68 21

BSK 250 SR
(beaten pulp) -81,3 ± 5,8 79 22

BSK 250 SR+
PVAm 2% +3,2 ± 0,5 160 22

15.2 Influence of pressing on solid content and properties of the

laboratory sheets

In this part  of the work, series of experiments was conducted with the aim to receive

papersheets with required solid content in the range 40-50%.  Based on the results,

optimal way of pressing was chosen which then was used during the whole work.

Experiments showed that the most effective dewatering was reached with increasing of
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pressing time than with variation of pressure. Solid content of the laboratory sheets was

determined by oven-drying method (ISO 638).

15.2.1. The effect of the pressure on solids content of the sheets

In this study never dried bleached pine kraft without chemicals was tested. Selected

pressure values were: 0,5; 0,55; 0,6 and 0,65 MPa and pressing time was 10 min. The

effect of pressure on solid content is presented in Figure 37.
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Figure 37. The effect of pressure on solid content of the laboratory sheets made from
Pine Kraft (never dried, 250 SR). Pressing time was 10 min. The result is the average of
3 sheets.

Results  of  the  tests  show  that  with  increasing  of  the  pressure,  solid  content  also

increase.  It  can  be  noticed  that  by  enhancing  of  pressure  on  0,15  MPa  solid  content

increased only on 1,2%-units.
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15.2.2 The effect of the pressing time on solid content

In this study the time of pressing was varied and pressure was constant. Selected times

were 5, 10, 15 and 20 min and the pressure was 0,6 MPa. The effect of pressing time on

solid content is presented in Figure 38.

R2 = 0,9748

38

39

40

41

42

43

44

45

46

5 10 15 20Pressing time, min

So
lid

 c
on

te
nt

, %

Figure 38. The effect of pressing time on solid content of papersheets from Kraft Pine
(never dried, 250 SR). The result is the average of 3 sheets.

On this picture it can be seen predictable tendency of increase of solid content with

longer pressing time. Increasing of pressing on 15 minutes increased solids content

almost 5%-units. From Figures 37 and 38 we can make a conclusion that increasing of

pressing time is more efficient than increasing of pressure. It is undoubtedly so, but

only within the bounds of laboratory researches where the time is not so critical in

comparison with real manufacture. For instance, in the case of the real manufacture

paper web remains in pressing part about 0,3 second (own calculation). That is why

multiple nip presses and long nip presses found a wide application in the industry.
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15.2.3 The effect of solid content on the wet-web strength of the
sheets

Figure 39 shows the relationship between the paper solid content and the wet-web

tensile strength for a bleached softwood kraft pulp (250 SR). Figure shows that the wet-

web strength increases with the solid content.
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Figure 39. The  effect  of  solid  content  on  the  wet-web tensile  strength  for  Pine  Kraft
(never dried, 250 SR).

15.2.4 The effect of the pressure on the dry tensile strength and

the density of the sheet

The effects of pressing time on the dry tensile strength and the dry density have been

examined and these results are reproduced in Figures 40 and 41.
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Figure 40. The  effect  of  pressing  time on  the  dry  tensile  strength  for  Pine  Kraft  (250

SR).
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Figure 41. The effect of pressing time on the dry density for Pine Kraft (250 SR).
Expected dry density means that the dry density was determined based on the nominal
grammage (60 g/m2), not on the actual measured grammage.
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The  results  in  these  two  figures  are  typical.  With  increased  pressing  time  dry  tensile

strength and dry density increased slightly. The trend to enhancement of dry density

and tensile dry strength was shown in works of many authors /19, 65, 66/. Wet pressing

brings fibres to the close contact and enables to build hydrogen bonding. Fibre

collapsing and enhancement of the bonding area lead to improving of the tensile

strength and density of a papersheet /65/. It was also observed that increasing of density

and strength of a papersheet by wet pressing is more evident for chemical fibres than

for high yield mechanical pulps. /66/

15.3 The effect of strength additives on the properties of

laboratory sheets

The  aim  of  this  part  of  the  work  was  to  study  the  effect  of  three  different  strength

additives on the properties of laboratory sheets. Following characteristics of

papersheets after applying of additives were studied: solid content of samples, wet web

tensile strength, formation, dry tensile strength and dry density.

15.3.1 The effect of the chemical dose on the solid content of the

sheets

From all pictures of this paragraph it can be seen that addition of the chemicals lead to

increasing of the solid content of papersheets for all pressing times, Figures 42, 43 and

44.  For  instance,  the  solid  content  with  addition  of  2%  of  PAE  was  enhanced  on

approximately 2-3%, Figure 42. With addition of Polyisocyanate and Polyvinylamine

the same but not so evident trend was observed, Figure 43 and 44.
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Figure 42. Solid  content  of  the  sheets  with  addition  of  different  PAE  levels  as  a
function of pressing time.
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Figure  43. Solid content of the sheets with addition of different Polyisocyanate levels
as a function of pressing time.
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Figure 44. Solid  content  of  the  sheets  with  addition  of  different  PVAm  levels  as  a
function of pressing time.

As can be seen from Figures 42, 43 and 44, increasing of additives dosage leads to

enhancement of solid content. All used chemicals are high molecular weight positively

charged polyamines, thus they can act as drainage additives. By mechanisms of

flocculation these additives aggregate fines onto fibres surface. Surface recharging by

addition of PVAm dosage 2% can be evidence of surface charge neutralization

mechanism of flocculation at smaller dosages of polyelectrolyte (see results in Table V,

paragraph 15.1.2). Since mainly fines response to drainability properties of fibrous mat

due to high surface area, agglomeration of fines leads to intensification of water

removing  from  the  wet  web  that,  in  turn,  increase  solid  content  of  the  paper.

Enhancement of dryness of the paper for sure positively affects on the tensile strength

of wet web.
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15.3.2 The effect of the additives and the pressing time on the

formation of the sheet

From the Figure 45 it is evidently seen that the specific formation with increasing of

PVAm dosage at first was decreased and then with bigger dosages became higher.  In

other words, formation was improved by adding of 0.5% of PVAm and became poorer

with dosage enhancement.  It can find the explanation in the fact that the high

molecular weight additive with low dosages works as a drainage agent. Fines create a

resistance to water removing due to high developed surface area. Fines carry negative

charge and this charge even greater than charge of the fibres. Since fibres and fines

have charges the same by meaning, thus they are dispersed by repulsion forces.

Dispersed in the volume, fines clog drainage channels during removing of water on the

wire /67/. It enhances dewatering time and creates favorable conditions for flocculation.

With addition of PVAm (cationic polyelectrolyte), fines coagulate to a small

agglomeration – soft flocs by applying of flocculation mechanisms (charge

neutralization) that prevents clogging of the drainage channels and hence improves the

drainage. Increasing of the drainage rate improves the formation. However further

increasing of PVAm dosage leads to recharge of the fibres surface. In recharged

system, repulsion forces start to operate that again disperses fibres and fines. That in

turn makes drainage poorer and hence leads to poorer formation /68/. From the wet web

strength point of view, improving of the drainage which is caused by fines flocculation

undoubtedly leads to increasing of the wet web strength since furnish with better

drainage gives dryer web.  Zeta potential was measured only with one dosage of PVAm

(2%). At this level the system has positive charge, (see Table V, paragraph 15.1.2). It

may be assumed that recharge of the system happened somewhere on the range 0-2% of

PVAm. Isoelectric point where charge was fully neutralized (zone of active

flocculation) also is in the same range.
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Figure 45. The effect of strength additives levels on specific formation of papersheets.

15.3.3 The effect of strength additives on the dry tensile strength

and the dry density

Figures 46, 47, 48 and 49 show that only PVAm increased dry tensile strength,

therewith relatively not much, approximately on 11%. PAE and Polyisocyanate

affected the dry strength negatively. In the case of PAE, maximum drop of the dry

strength corresponds to 18%. Polyisocyanate decreased the dry strength of handsheets

on 11%.

If to look on the results represented in Figure 49 it is distinctly that the dry tensile

strength is decreased when the low dosages of additives were added. When the dosage

of additives was increased it is visible that the tensile strength enlarged to some extent.

The explanation of these two trends can be found in Figure 46. The picture area of the

figure is divided into two parts – first stage and second stage. The first stage

corresponds to the changes which happened after addition of the small dosage of
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additive. The second area corresponds to the changes, reason of which is high dose

level of additives. Since all of used chemicals are positively charged polyelectrolytes,

therefore the charge neutralization mechanism of flocculation well explains the changes

occurred during addition of agents. Negatively charged fibres and fines adsorb

positively charged polyelectrolyte molecules, that leads to decrease of charge under to

neutral point (isoelectric point). In this point agglomeration of fibres has maximum,

since repulsion forces are absent. Further addition of polyelectrolyte leads to the

recharging of the fibres surface (see Table V, paragraph 15.1.2). Repulsion forces start

to grow in the recharged system with adding of the high dose of polymer. Repulsion

between recharged fibres diminishes the flocculation process since fibres are dispersed

in the slurry. Flocculation decay leads to improving of the formation that, in turn,

positively affect on tensile strength of the dry papersheet. This explanation could be

applied to all of the used chemicals since all of them are high molecular weight,

cationic charged polyamines.

Figure 46. Expected tensile index of bleached pine kraft (250 SR) with addition of
different PAE levels. Expected tensile index means that the tensile index was
determined based on the nominal grammage (60 g/m2), not on the actual measured
grammage, (see paragraph 14.3).
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It was already noticed in the previous paragraph that zeta potential was measured with

only one PVAm dosage. It does not give full picture but anyway in aggregate with the

result of zeta potential of the pure pulp it gives the valuable information. For instance, it

can be concluded that recharge and charge neutralization in the system fibres-PVAm

happened at addition of PVAm dosages 0-2%.

In  respect  to  the  wet  web  tensile  strength,  during  addition  of  PVAm  two  opposite

phenomenon took place. One promoted the wet web strength improvement; another

made the wet web weaker. Improving of drainage due to fines agglomeration is the

phenomenon which promoted improving of the wet web strength. Uneven distribution

of fibres which is caused by flocculation is the phenomenon which decreased the

strength of the wet web.
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Figure 47. Expected tensile index of bleached pine kraft (250 SR) with addition of
different Polyisocyanate levels. Expected tensile index means that the tensile index was
determined based on the nominal grammage (60 g/m2), not on the actual measured
grammage, (see paragraph 14.3).
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Figure 48. Tensile index of bleached pine kraft (250 SR)  with  addition  of  different
PVAm levels.

75

80

85

90

95

100

105

0 0,5 1 1,5 2

Chemical dose, %

Te
ns

ile
 in

de
x,

 N
m

/g

PAE Polyisocyanate PVAm

Figure 49. Tensile index of bleached pine kraft (250 SR)  with  addition  of  different
chemicals levels after pressing of 20 minutes. Tensile index for samples with addition
of PAE and Polyisocyanate was determined based on the nominal grammage (60 g/m2),
not on the actual measured grammage, (see paragraph 14.3).
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The theory suggested above quite well explains the changes which happened with

tensile strength when the additives were added. However it is in contradictory with

formation results (see paragraph 15.3.2, Figure 45), because formation was changed

vise versa to the tensile strength changing.  From Figure 50 it can be seen that the R2

value is too low and that there is no statistically significant correlation between the dry

tensile index and specific formation. Also contradiction in formation and tensile

strength results can be explained by that formation measurements have quite big

statistical errors.

R2 = 0,0606
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Figure 50. Tensile index vs. specific formation.

Since all chemicals were added directly to the pulp, not on the surface of the wet

handsheets, and initial solutions of the chemicals were strongly diluted (see paragraph

13), changes in density will be minimum or generally will be absent, that is clear from

the result presented in Figures 51, 52, 53 and 54.
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Figure 51. Expected dry density of bleached pine kraft (250 SR) with addition of
different PAE levels. Expected dry density means that the dry density was determined
based on the nominal grammage (60 g/m2), not on the actual measured grammage, (see
paragraph 14.3).
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Figure 52. Dry density of bleached pine kraft (250 SR) with addition of different
Polyisocyanate levels. Expected dry density means that the dry density was determined
based on the nominal grammage (60 g/m2), not on the actual measured grammage, (see
paragraph 14.3).
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Figure 53. Dry density of bleached pine kraft (250 SR) with addition of different
PVAm levels.
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Figure 54. Dry density of bleached pine kraft (250 SR) with addition of different
chemicals levels as a function of chemical level after pressing of 20 minutes. Dry
density for samples with addition of PAE and Polyisocyanate was determined based on
the nominal grammage (60 g/m2), not on the actual measured grammage, (see
paragraph 14.3).
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15.3.4 The effect of the strength additives on the wet-web tensile

strength

On the Figure 55 the direction of changing pressing time is indicated by arrow. This

marking can also be applied for Figures 56 and 57. For example for PAE 0,5% (pink

squares) the first point corresponds to pressing of 5 minutes and the last point

corresponds to pressing of 20 minutes.
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Figure 55. Wet-web tensile strength of bleached pine kraft (250 SR) with addition of
different PAE levels.
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Figure 56. Wet-web tensile strength of bleached pine kraft (250 SR)  with  addition  of
different Polyisocyanate levels.
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Figure 57. Wet-web tensile strength of bleached pine kraft (250 SR)  with  addition  of
different PVAm levels.
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Comparing influence of all three chemicals on the wet web strength properties of

handsheets the following conclusions can be made:

1. From the Figures 55, 56 and 57 it can be seen that the highest strengthening of the

wet web strength occured with addition of PAE, 527 N/m, whereas with addition of

Polyisocyanate it was 477 N/m and for PVAm maximum value was 464 N/m.

2. Dosages of chemicals with addition of which the maximum strength were reached

also are very important. For instance, for PAE it is 2%, for PVAm it is 2%, but for

Polyisocyanate this dosage is ten times as less, only 0,2%.

3. If to compare wet web strength at constant solids content it seems that all wet

strength  additives  decrease  the  wet  web  tensile  strength,  but  they  also  lead  to

slightly higher solids content (see Figures 55, 56 and 57). There is no strengthening

effect but a drainage aid effect especially with PAE. The wet web tensile strength

increasing is a result of better drainage.
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16 Conclusions
The main goal of the work was to develop a new procedure to handle the wet samples

for the measurement of the wet paper web strength. Chosen reference raw material was

Pine Kraft (never dried). The tensile strength values of the tested wet papersheets were

determined with L&W tensile tester. The difficulty of this development was that

laboratory tensile tester is not destined for the measurement of the wet web tensile

strength. Previously only dry and rewetted paper samples were tested on this

equipment. In web breaks after the wet pressing the dry matter content is in the range

40-50%. Thus one of the problems was to reach required solids content and to keep it

constant during the experiment. Another problem in tensile testing of wet strip was that

it is under stress in places squeezed by the sample holders. As a sequence, the strip

breaks in these points more frequently. It should be noted that breaking in the middle of

the strip is preferable and near the holders is undesirable. In the result of this work, the

procedure for performing of complex laboratory works, aim of which is determination

of the wet paper web strength was developed. Results of this work show that this

method has sufficiently high accuracy and repeatability of the results, whereas these

two factors are the main demands for each laboratory method.

Another objective of this work was to study the effect of different strength additives on

the wet-web and dry paper tensile strength. The polymers used in this experiment were

aqueous solution of a cationic polyamidoamine-epichlorohydrin resin (PAE), cationic

hydrophilised polyisocyanate and cationic polyvinylamine (PVAm).

From all three used chemicals only PAE considerably increased the wet web strength.

After pressing of 15 minutes and chemical dose of 2% the wet web strength enhanced

on 28% relatively to initial sample. However it was noticed that at constant solids

content  all  chemicals  decreased  the  wet  web  tensile  strength.  So,  since  all  chemicals

enhanced solid content it can be concluded that they work as drainage aids, not as the

wet web strength additives.

Concerning effect of chemicals on the dry strength and the dry density we can draw the

following conclusions. As chemicals were used in strong diluted forms and were

injected into the pulp slurry, not on the surface of the papersheets, changes in samples
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densities did not happen. From all chemicals only PVAm increased the dry strength and

two other chemicals even decreased the strength. Also interesting phenomenon was

noticed. All chemicals reduced the dry tensile strength at low dosages, but with high

dosages of all agents the dry tensile strength was increased. Since all of used chemicals

are positively charged polyelectrolytes, therefore the charge neutralization mechanism

of flocculation well explains the changes occurred during addition of agents. Negative

charge of the system is diminished by increasing of additive dosage under to isoelectric

point (charge = 0). In this point flocculation has a maximum since repulsion forces are

absent. High dosages of chemicals lead to the system recharging (from negative to

positive) and repulsion forces again occur. These forces enlarge dispersion of the

system that leads to flocculation decay. Therefore, decreasing of flocculation is a result

of formation improving that, in turn, increases the strength. Since zeta potential was

measured with only one PVAm dosage, it does not give full picture, but anyway, in

aggregate with the result of zeta potential of the pure pulp it gives the valuable

information. For instance, it can be concluded that recharge and charge neutralization in

the  system fibres-PVAm happened  at  addition  of  PVAm dosages  0-2%.  In  respect  to

the wet web tensile strength, during addition of PVAm two opposite phenomenon took

place.  One  promoted  the  wet  web  strength  improvement;  another  made  the  wet  web

weaker. Improving of drainage due to fines agglomeration is the phenomenon which

promoted improving of the wet web strength. Uneven distribution of fibres which is

caused by flocculation is the phenomenon which decreased the strength of the wet web.

If  to compare such parameter as efficiency (value of the wet web strengthening to

amount of used chemical), on the first place undoubtedly will be Polyisocyanate, since

this chemical showed comparatively high results at consistency only 0,2%, whereas

PAE and PVAm  showed maximum strengthening of the wet web at tenfold higher

doses.
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APPENDIX I

Paper properties, equipment and standards

Table I. Paper properties, equipment and standards.

Paper property Unit Equipment Standard

Fibre length mm

Fibre width m

Coarseness g/m

L&W Fibre Tester ISO 16065-
1:2001

Conductivity µs/cm Laboratory
Conductivity Meter ISO 6587:1992

Zeta potential mV SZP 06 BTG Mütek
Gmbh -

Grammage g/m2 KCL Laboratory
Sheet Former

SCAN-CM
11:95

Wet-web tensile strength N/m L&W Tensile Tester ISO 1924-2

Dry tensile strength Nm/g L&W Tensile Tester ISO 1924-2

Dry density kg/m3 L&W Thickness
Tester ISO 4593

Specific formation g/m AMBERTEC Beta
Formation Tester -



APPENDIX II

The effect of the chemical level on the solid content of the sheets

Table I. Solid  content  of  the  sheets  with  addition  of  different  PAE levels  ±  standard
deviation. The result is the average of 3 sheets.

Table II. Solid content of the sheets with addition of different Polyisocyanate levels ±
standard deviation. The result is the average of 3 sheets.

Table III. Solid content of the sheets with addition of different PVAm levels ±
standard deviation. The result is the average of 3 sheets.

PAE level, %
No dose 0,5 1 1,5 2Pressing

time, min Solid content, %
5 41.0 ± 2.0 41.7 ± 6.9 42.2 ± 1.5 42.6 ± 0.4 43.0 ± 0.2

10 42.5 ± 1.1 44.0 ± 3.7 44.1 ± 1.1 44.1 ± 0.3 44.9 ± 1.1
15 44.2 ± 1.6 44.9 ± 2.7 46.7 ± 3.7 46.8 ± 0.7 47.0 ± 1.3
20 44.9 ± 0.7 45.9 ± 2.2  47.2 ± 0.1 47.4 ± 0.6 47.9 ±0.7

Polyisocyanate  level, %
No dose 0,2 0.5 0.8 1Pressing

time, min Solid content, %
5 41.0 ± 2.0 41.4 ± 4.8 40.6 ± 3.2 40.7 ± 0.1 42.7 ± 0.6

10 42.5 ± 1.1 42.7 ± 0.9 42.0 ± 1.9 42.1 ± 5.5 44.5 ± 4.4
15 44.2 ± 1.6 44.8 ± 3.6 43.8 ± 7.0 43.4 ± 1.9 46.5 ± 5.7
20 44.9 ± 0.7 45.9 ± 5.1 45.1 ± 5.1 43.9 ± 5.8 47.3 ± 4.4

PVAm level, %
No dose 0,5 1,5 2Pressing

time, min Solid content, %
5 41.0 ± 2.0 42.5 ± 3.2 42.3 ± 2.5 43.0 ± 1.3

10 42.5 ± 1.1 43.1 ± 1.9 43.8 ± 1.3 44.5 ± 1.2
15 44.2 ± 1.6 45.5 ± 1.9 45.2 ± 0.0 45.9 ± 2.5
20 44.9 ± 0.7 46.1 ± 1.2 46.6 ± 3.2 48.0 ± 2.0
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The effect of the additives on the wet-web strength

Table I. Wet-web tensile strength of bleached pine kraft (250 SR) with addition of
different PAE levels ± standard deviation. The result is the average of 3 sheets (21
strips).

Pressing time, min
5 10 15 20PAE level

Wet-web tensile strength, N/m
No dose 316 ± 15 364 ± 27 391 ± 21 458 ± 29

0,5% 327 ± 30 381 ± 26 429 ± 11 462 ± 8
1% 337 ± 24 393 ± 25 432 ± 24 495 ± 37

1,5% 343 ± 32 396 ± 33 452 ± 27 519 ± 33
2% 360 ± 26 409 ± 24 499 ± 31 527 ± 29
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Figure 1.  Wet-web tensile strength of bleached pine kraft (250 SR) with addition of
different PAE levels. The result is the average of 3 sheets (21 strips).
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Table II. Wet-web tensile strength of bleached pine kraft (250 SR) with addition of
different   Polyisocyanate  levels  ±  standard  deviation.  The  result  is  the  average  of  3
sheets (21 strips).

Pressing time, min
5 10 15 20Polyisocyanate

level Wet-web tensile strength, N/m
No dose 316 ± 15 364 ± 27 391 ± 21 458 ± 29

0,2 320 ± 20 365 ± 36 454 ± 32 477 ± 31
0,5 334 ± 43 345 ± 23 386 ± 25 417 ± 33
0,8 302 ± 21 313 ± 31 444 ± 39 457 ± 40
1 298 ± 22 352 ± 29 418 ± 35 427 ± 40
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Figure 2. Wet-web  tensile  strength  of  bleached  pine  kraft  (250 SR) with addition of
different Polyisocyanate levels. The result is the average of 3 sheets (21 strips).
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Table III. Wet-web tensile strength of bleached pine kraft (250 SR)  with  addition  of
different  PVAm levels  ±  standard  deviation.  The  result  is  the  average  of  3  sheets  (21
strips).

Pressing time, min
5 10 15 20PVAm level Wet-web tensile strength, N/m

No dose 316 ± 15 364 ± 27 391 ± 21 458 ± 29
0,5 317 ± 19 385 ± 23 413 ± 26 450 ± 21
1,5 332 ± 27 340 ± 11 404 ± 24 455 ± 25
2 338 ± 35 373 ± 30 411 ± 27 464 ± 30
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Figure 3. Wet-web  tensile  strength  of  bleached  pine  kraft  (250 SR) with addition of
different PVAm levels. The result is the average of 3 sheets (21 strips).
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Figure 4. Wet-web  tensile  strength  of  bleached  pine  kraft  (250 SR) with addition of
different  chemicals  levels  after  pressing  of  20  minutes.  The  result  is  the  average  of  3
sheets (21 strips).
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Table IV. Wet-web  tensile  strength  of  bleached  pine  kraft  (250 SR) with addition of
different PAE levels ± standard deviation. The result is the average of 3 sheets (21
strips).

Table V. Wet-web tensile strength of bleached pine kraft (250 SR)  with  addition  of
different  Polyisocyanate  levels  ±  standard  deviation.  The  result  is  the  average  of  3
sheets (21 strips).

Solid content, %
41 42,5 44,2 44,9

Wet-web tensile strength, N/m
Without

chemicals
316 ± 15 364 ± 27 391 ± 21 458 ± 29

Solid content, %
41,7 44 44,9 45,9

Wet-web tensile strength, N/mPAE 0,5%

327 ± 30 381 ± 26 429 ± 11 462 ± 8
Solid content, %

42,2 44,1 46,7 47,2
Wet-web tensile strength, N/mPAE 1%

337 ± 24 393 ± 25 432 ± 24 495 ± 31
Solid content, %

42,6 44,1 46,8 47,4
Wet-web tensile strength, N/mPAE 1,5%

343 ± 32 396 ± 33 452 ± 27 519 ± 33
Solid content, %

43 44,9 47 47,9
Wet-web tensile strength, N/mPAE 2%

360 ± 26 409 ± 24 499 ± 31 527 ± 29

Solid content, %
41 42,5 44,2 44,9

Wet-web tensile strength, N/m
Without

chemicals
316 ± 15 364 ± 27 391 ± 21 458 ± 29

Solid content, %
41,4 42,7 44,8 45,9

Wet-web tensile strength, N/m
Polyisocyanate

0,2%
320 ± 20 365 ± 36 454 ± 32 477 ± 31

Solid content, %
40,6 42 43,8 45,1

Wet-web tensile strength, N/m
Polyisocyanate

0,5%
334 ± 43 345 ± 23 386 ± 25 417 ± 33

Solid content, %
40,7 42,1 43,4 43,9

Wet-web tensile strength, N/m
Polyisocyanate

0,8%
302 ± 21 313 ± 31 444 ± 39 457 ± 40

Solid content, %
42,7 44,5 46,5 47,3

Wet-web tensile strength, N/m
Polyisocyanate

1%
294 ± 22 352 ± 29 418 ± 35 427 ± 40
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Table VI. Wet-web  tensile  strength  of  bleached  pine  kraft  (250 SR) with addition of
different  PVAm levels  ±  standard  deviation.  The  result  is  the  average  of  3  sheets  (21
strips).

Solid content, %
41 42,5 44,2 44,9

Wet-web tensile strength, N/m
Without

chemicals
316 ± 15 364 ± 27 391 ± 21 458 ± 29

Solid content, %
42,5 43,1 45,5 46,1

Wet-web tensile strength, N/mPVAm 0.5%

317 ± 19 385 ± 23 413 ± 26 450 ± 21
Solid content, %

42,3 43,8 45,2 46,6
Wet-web tensile strength, N/mPVAm 1,5%

332 ± 27 340 ± 11 404 ± 24 455 ± 25
Solid content, %

43 44,5 45,9 48
Wet-web tensile strength, N/mPVAm 2%

338 ± 35 373 ± 30 411 ± 27 464 ± 30
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Figure 5. Wet-web tensile strength of bleached pine kraft (250 SR)  with  addition  of
different chemicals levels as a function of solid content. The result is the average of 3
sheets (21 strips).
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The effect of the additives on the formation of the sheet

Table I. Specific formation of the sheets with addition of different chemicals levels ±
standard deviation. The result is the average of 3 sheets.

PVAm level, % Polyisocyanate
level, %

No dose 0,5 1,5 2 1
Pressing
time, min

Specific formation, g/m
5 0.55 ± 0.09 0.47 ± 0.06 0.53 ± 0.12 0.64 ± 0.09 0.56 ± 0.07
10 0.55 ± 0.10 0.46 ± 0.03 0.51 ± 0.09 0.56 ± 0.03 0.61 ± 0.10
15 0.55 ± 0.11 0.47 ± 0.04 0.48 ± 0.03 0.53 ± 0.04 0.57 ± 0.10
20 0.56 ± 0.08 0.45 ± 0.03 0.49 ± 0.05 0.51 ± 0.09 0.54 ± 0.08
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Figure 1. The effect of the pressing time on specific formation of the papersheets. The
result is the average of 3 sheets.
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The effect of the additives on the dry tensile strength

Table  I. Tensile index of bleached pine kraft (250SR) with addition of different PAE
levels ± standard deviation. The result is the average of 3 sheets (21 strips).

Table II. Tensile  index  of  bleached  pine  kraft  (250SR)  with  addition  of  different
Polyisocyanate levels ± standard deviation. The result is the average of 3 sheets (21
strips).

Table III. Tensile index of bleached pine kraft (250SR)  with  addition  of  different
PVAm levels ± standard deviation. The result is the average of 3 sheets (21 strips).

PAE level, %
No dose 0,5 1 1,5 2Pressing

time, min Tensile index (Nm/g)
5 93.08 ± 4.33 79.02 ± 3.39 88.79 ± 6.20 85.78 ± 4.70 91.04 ± 4.36

10 97.81 ± 6.00 77.77 ± 3.80 86.61 ± 5.35 92.33 ± 3.64 91.21 ± 5.30
15 96.30 ± 5.24 81.72 ± 4.85 86.53 ± 6.06 92.25 ± 4.59 91.62 ± 4.33
20 99.00 ± 4.37 80.98 ± 5.66 84.65 ± 6.26 90.86 ± 4.27 92.76 ± 3.55

Polyisocyanate level, %
No dose 0,2 0,5 0,8 1Pressing

time, min Tensile index (Nm/g)
5 93.08 ± 4.33 92.96 ± 4.69 92.25 ± 5.61 87.71± 3.03 87.2 ± 4.87

10 97.81 ± 6.00 95.94 ±5.62 90.68 ± 4.11 85.46 ± 4.20 90.31 ± 3.04
15 96.30 ± 5.24 94.95 ± 5.49 92.6 ± 5.18 89.84 ± 4.99 91.26 ± 5.40
20 99.00 ± 4.37 98.31 ± 5.40 88.52 ± 5.08 89.28 ± 4.02 94.93 ± 7.10

PVAm level, %
No dose 0,5 1,5 2Pressing

time, min Tensile index (Nm/g)
5 93.08 ± 4.33 91.49 ± 3.08 96.03 ± 3.37 94.91 ± 6.12

10 97.81 ± 6.00 90.50 ± 2.37 90.05 ± 2.17 91.46 ± 2.50
15 96.30 ± 5.24 92.03 ± 3.92 99.16 ± 3.66 99.21 ± 2.28
20 99.00 ± 4.37 91.05 ± 5.72 99.43 ± 5.83 100.89 ± 1.51
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The effect of the additives on the dry density

Table I. Dry density of bleached pine kraft (250SR)  with  addition  of  different  PAE
levels ± standard deviation. The result is the average of 3 sheets.

Table II. Dry density of bleached pine kraft (250SR) with addition of different
Polyisocyanate levels ± standard deviation. The result is the average of 3 sheets.

Table III. Dry density of bleached pine kraft (250SR) with addition of different PVAm
levels ± standard deviation. The result is the average of 3 sheets.

PVAm level, %
No dose 0,5 1,5 2

Pressing
time,
min Dry density, kg/m3

5 617.3 ± 16.81 621.2 ± 28.98 625.1 ± 12.57 616.7 ± 16.28
10 619.2 ± 11.10 631.4 ± 22.92 632.7 ± 16.30 621.4 ± 11.84
15 625.7 ± 34.10 640.9 ± 8.75 636.5 ± 17.64 624.4 ± 10.47
20 636.3 ± 29.19 637.9 ± 1.41 642.0 ± 12.28   630.0 ± 9.32

PAE level, %
No dose 0,5 1 1,5 2

Pressing
time,
min Dry density, kg/m3

5 617.3 ± 16.81 604.8 ± 32.42 618.6 ± 21.40 626.8 ± 14.69 613.5 ± 24.14
10 619.2 ± 11.10 621.8 ± 18.94 629.6 ± 20.14 628.7 ± 21.50 623.7 ± 17.96
15 625.7 ± 34.10 623.0 ± 9.74 632.9 ± 15.32 634.9 ± 22.05 630.9 ± 16.99
20 636.3 ± 29.19 627.0 ± 26.94 641.7 ± 12.09 636.3 ± 5.73 634.2 ± 23.88

Polyisocyanate  level, %
No dose 0,2 0.5 0.8 1

Pressing
time,
min Dry density, kg/m3

5 617.3 ± 16.81 623.1 ± 16.27 610.4 ± 25.90 636.3 ± 13.82 600.0 ± 14.56
10 619.2 ± 11.10 635.6 ± 11.99 614.1 ± 15.36 630.9 ± 13.34 606.7 ± 10.07
15 625.7 ± 34.10 636.3 ± 8.92 637.1 ± 28.97 647.2 ± 7.64 617.9 ± 31.41
20 636.3 ± 29.19 637.0 ± 15.97 652.2 ± 25.49 648.6 ± 11.18 631.6 ± 11.33
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Thickness and basis weight values for samples with PVAm addition

Table I. Measured thickness and basis weight values for PVAm 0,5%. Pressing time
was 5 minutes. Thickness of each sample was measured in five points.

Table II. Measured thickness and basis weight values for PVAm 0,5%. Pressing time
was 10 minutes. Thickness of each sample was measured in five points.

PVAm, 0,5%
Pressing time, 5 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

100 96 96
104 100 100
100 98 100
100 97 100
102

63

96

62

97

60

PVAm, 0,5%
Pressing time, 10 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

95 94 102
100 100 105
100 102 98
100 101 98
96

63

98

63

101

63
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Table III. Measured thickness and basis weight values for PVAm 0,5%. Pressing time
was 15 minutes. Thickness of each sample was measured in five points.

Table IV. Measured thickness and basis weight values for PVAm 0,5%. Pressing time
was 20 minutes. Thickness of each sample was measured in five points.

PVAm, 0,5%
Pressing time, 20 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

96 96 97
97 97 95
101 97 97
98 95 100
99

63

98

62

95

62

PVAm, 0,5%
Pressing time, 15 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

96 98 96
96 100 98
101 94 98
98 101 100
98

63

101

63

100

63
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Table V. Measured thickness and basis weight values for PVAm 1,5%. Pressing time
was 5 minutes. Thickness of each sample was measured in five points.

Table VI. Measured thickness and basis weight values for PVAm 1,5%. Pressing time
was 10 minutes. Thickness of each sample was measured in five points.

PVAm, 1,5%
Pressing time, 5 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

110 107 105
110 105 112
106 111 110
107 109 107
107

67

110

68

107

68

PVAm, 1,5%
Pressing time, 10 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

104 110 103
107 110 103
105 104 108
109 103 106
105

67

108

67

104

67
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Table VII. Measured thickness and basis weight values for PVAm 1,5%. Pressing time
was 15 minutes. Thickness of each sample was measured in five points.

Table VIII. Measured thickness and basis weight values for PVAm 1,5%. Pressing
time was 20 minutes. Thickness of each sample was measured in five points.

PVAm, 1,5%
Pressing time, 15 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

102 103 106
103 105 101
109 103 101
105 105 103
103

66

106

66

101

66

PVAm, 1,5%
Pressing time, 20 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

109 102 101
107 197 102
100 103 102
103 106 103
102

67

102

65

102

66
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Table IX. Measured thickness and basis weight values for PVAm 2%. Pressing time
was 5 minutes. Thickness of each sample was measured in five points.

Table X. Measured thickness and basis weight values for PVAm 2%. Pressing time
was 10 minutes. Thickness of each sample was measured in five points.

PVAm, 2%
Pressing time, 5 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

104 105 100
98 102 99
104 110 106
105 104 104
103

64

104

64

102

63

PVAm, 2%
Pressing time, 10 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

96 103 103
105 102 104
113 102 102
105 101 105
104

64

100

63

104

63
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Table XI. Measured thickness and basis weight values for PVAm 2%. Pressing time
was 15 minutes. Thickness of each sample was measured in five points.

Table XII. Measured thickness and basis weight values for PVAm 2%. Pressing time
was 20 minutes. Thickness of each sample was measured in five points.

PVAm, 2%
Pressing time, 15 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

103 105 102
102 105 103
100 102 104
100 102 101
103

64

100

64

105

65

PVAm, 2%
Pressing time, 20 min

First sample Second sample Third sample

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

Thickness,
m

Basis
weight,

g/m2

104 103 102
104 98 102
102 102 102
101 102 102
100

64

100

64

100

64


