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ABSTRACT 

 
 

Cationic starch is a common wet-end additive in the paper industry which is mainly used to enhance 

retention and dry strength of the finished paper. At Smurfit Kappa Piteå, cationic starch is by far the 

most costly chemical used in the paper mill. It is therefore important that the added starch works 

efficiently, as poor adsorption of starch causes dissolved starch to circulate in the systems. This could 

cause slime deposits affecting the runnability of the paper machine and other equipment. In the planned 

production expansion at Smurfit Kappa Piteå during the nearest future, the demand on well-functioning 

wet-end starch will increase. 

Through mappings and laboratory studies, the purpose of the present project was to determine the 

efficiency of the current starch used in the paper mill and to identify any potential for improvements.  

A method to measure starch content in paper, pulp and white water was implemented to enable the 

above-mentioned activities to be carried out. As a tool for quality control of cooked starch, a microscopic 

method was implemented. The method was proven to be a simple and quick tool to verify whether the 

cooked starch was completely solubilized or not. 

Mappings at both paper machines were performed where adsorbed and dissolved starch content were 

analyzed according to the above-mentioned test method. The results showed the highest level of 

adsorption in the top ply system at PM2 while the base ply systems at both paper machines displayed 

lower levels. A significant difference of conductivity in pulps as well as furnishes is likely to explain 

the difference in adsorption efficiency between the systems. High levels of dissolved starch were 

observed in the top ply system at PM1 despite any use of cationic starch in this system. This is explained 

by dissolved starch in the white water that originates from other stock preparation systems is introduced 

via the shared dilution of pulp. 

A laboratory study was conducted to compare the adsorption of starches with different degree of 

substitution in pulp suspensions. The electrolyte concentration was adjusted to reflect the conditions in 

the base ply systems at PM1 and PM2.  Slightly higher adsorption was observed at higher levels of 

dosage for starch with a higher DS. Based on these values, the use of this product in the base ply systems 

at PM1 and PM2, could reduce the costs of starch through lowered dosages. 

A suggestion on how a rebuilding of the starch preparation system could be implemented has been made.  
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SAMMANFATTNING 

 
 

Katjonisk stärkelse är ett vanligt tillsatsämne vid mäldberedning i pappersindustrin, dess syfte är att öka 

retention och torrstyrka hos det färdiga arket. Vid Smurfit Kappa Piteå är katjonisk stärkelse den 

kostnadsmässigt största kemikalien som används i pappersbruket. Det är därför viktigt att den doserade 

stärkelsen fungerar effektivt, dålig adsorption leder till att löst stärkelse cirkulerar i systemen vilket kan 

leda till slemavsättningar som påverkar körbarheten på pappersmaskinen och annan maskinutrustning. 

I den planerade produktionsökningen vid Smurfit Kappa Piteå under den närmaste framtiden, kommer 

kraven på en väl fungerande mäldstärkelse att öka. 

Genom kartering och studier i laboratoriemiljö var syftet med föreliggande projekt att utröna 

mäldstärkelsens nuvarande effektivitet i pappersbruket och eventuell förbättringspotential. 

En metod för att kunna undersöka stärkelsehalt i papper, massa och bakvatten implementerades för att 

möjliggöra ovan nämnda aktiviteter. Som ett verktyg för att undersöka kokt stärkelse implementerades 

en mikroskopisk metod. Metoden är ett enkelt och snabbt verktyg för att verifiera om en kokt stärkelse 

är fullständigt solubiliserad. 

Karteringar vid båda pappersmaskinerna genomfördes där adsorberade och lösta halter analyserades 

enligt ovan nämnda metod. Resultaten visade på högst adsorptionsgrad i mäldberedningssystemet för 

toppskiktet på PM2 medan systemen för basskiktet på båda maskinerna uppvisade lägre nivåer. En 

signifikant skillnad i konduktivitet antas förklara skillnaderna i adsorption mellan skikten.  Höga halter 

löst stärkelse kunde påvisas i systemet för toppskiktet på PM1 trots att ingen stärkelse doseras till detta 

skikt. Detta tillskrivs faktumet att löst stärkelse i bakvatten från andra skikt introduceras via den 

gemensamma spädningen av massa.  

En laboratoriestudie genomfördes med syfte att jämföra adsorptionen av stärkelser med olika 

substitutionsgrad (DS) i en massasuspension. Elektrolythalt justerades för att spegla förhållanden i 

systemen för basskiktet på båda pappersmaskinerna. Något högre adsorption observerades vid högre 

dosering för stärkelse med en högre DS. Baserat på dessa värden skulle användandet av denna produkt 

i basskikten på PM1 och PM2 kunna sänka kostnaderna för stärkelse genom minskad dosering. 

Ett förslag på hur en ombyggnad av stärkelseberedningssystemet skulle kunna genomföras har tagits 

fram. 
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GLOSSARY 

 
 

Chest –vessel for storing and processing pulp suspensions.  

Consistency – the percent bone dry solids by weight in pulp or stock. 

Cook-out – the point during a starch cook where all granules has released their amylose and amylopectin 

molecules to the surrounding water. 

Fines – cellulosic parts being small enough to pass through a round aperture with a diameter of 76 µm. 

Furnish – aqueous suspension of cellulose fibres and additives that is fed to the forming wire of the 

paper machine.  

Head box – device on a paper machine distributing the stock onto the forming wire. 

Kraftliner – used as outer layer in corrugated board, consists of kraft pulp. 

Overcooked – in the context of starch cooking this denotes the hydrolysis of amylose and amylopectin 

chains (i.e. shortening of the molecules). 

Retention – the amount of material that is retained on the forming wire in relation to what is fed to the 

wire from the head box, given in percent. 

Retrogradation – re-association of amylopectin and amylose in a cooked starch solution. 

Emulsification – the process of making an emulsion. 

Emulsion – a mixture of two or more liquids, such as oil and water, that are usually immiscible. 

Size – a category of additives that can be used in paper making to improve the water resistance of the 

finished paper. 

Slime – microbial growth in the form of gel-like buildups. 

Stock – suspension containing refined pulp and additives such as fillers, pigment, sizing agent etc. 

Surface sizing – the addition of a film to the paper to improve water resistance, properties like surface 

strength and smoothness can also be improved. 

Virgin fibre – cellulose fibre derived directly from trees or other plants that has not been recycled from 

paper or any other material, in other words.  

Wet-end section – can be defined as the section in a paper mill where pulp is converted to a furnish and 

subsequently starts to be formed into paper on the first section of the paper machine.  

White water – process water in a paper machine system. Containing unretained material as fibres, fillers 

etc. 
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ABBREVIATIONS 

 
 

ADP – Adenosine-5’-Diphosphate 

ADT – Air Dry Tonne (90 % dry content) 

AMG - Amyloglucosidase 

ASA – Alkenyl Succinic Anhydride 

ATP – Adenosine-5’-Triphsophate 

BDT – Bone Dry Tonne (100 % dry content) 

DS – Degree of Substitution 

G6P – Glucose 6-phosphate  

HPLC – High Performance Liquid Chromatography 

IC – Ion Chromatography 

NADPH – Nicotinamide Adenine Dinucleotide Phosphate 

PM1 – Paper Machine 1 

PM2 – Paper Machine 2 

SCAN – Scandinavian Pulp, Paper and Board Testing Committee 

SKP – Smurfit Kappa Piteå 
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1 INTRODUCTION 

 
 

1.1 Smurfit Kappa Piteå 

Smurfit Kappa Piteå is a part of the global paper company Smurfit Kappa Group. The plant in Piteå is 

the largest kraftliner producer in Europe with an annual capacity of 700 000 tonnes. At the site, kraftliner 

is produced on two paper machines, PM1 and PM2. Kraftliner is mainly used as the outer surface of 

corrugated board. At the mill in Piteå, two ply kraftliner is produced in both brown and white top 

qualities. The top plies are made from virgin fibre, either unbleached softwood or bleached hardwood. 

Base plies consist of unbleached softwood and varying content of recycled fibre.  

1.2 Background 

In Smurfit Kappa Piteå’s strategic plan, one project is “Piteå 750” referring to the planned production 

expansion from 700 000 to 750 000 annual tonnes. The increased pulp consumption that follows is to 

be achieved mainly by increasing the use of recycle fibre.  

A number of different chemicals are added in the paper mill in order to produce kraftliner successfully. 

Cationic starch is the most costly additive added in the paper mill and has the primary function of 

improving dry-strength and retention. The preparation system for cationic starch is shared between the 

two paper machines and therefore the same type of starch product is used at both machines. Earlier 

studies have indicated that there might be some potential for improving the performance of cationic 

starch.  

It is however important for the process that the added starch functions to enhance strength and retention 

as intended. Poor performance can lead to deposits and other negative effects on the process. The effects 

on cost performance has great potential. The plan of increasing the use of recycled fibre in the future 

will put higher demands on the cationic starch to work efficiently in order to maintain a high paper 

quality.  

1.3 Objectives 

For this thesis work, objectives were formulated in the form of five items that will be used as a backbone: 

1. Implementing a method for determining adsorbed and dissolved amount of starch in paper, pulp 

as well as white water. 

2. Introducing a tool for controlling the quality of cooked starch. 

3. Investigate the adsorption efficiency of the cationic starch presently used in the different stock 

preparation systems on the two paper machines. 

4. Investigating the efficiency in terms of adsorption of starch products with different degree of 

substitution. Experiments shall be carried out in laboratory in applicable furnish environment. 

5. Investigate the possibilities and requirements to rebuild the current starch preparations system 

enabling two different starch products to be used simultaneously. Economic calculations shall 

be included. 
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2 LITERATURE SURVEY 

 
 

2.1 Starch 

Starch is a common additive used in the papermaking industry, the functions ranging from enhancement 

in dry strength and surface properties to retention of fillers, pigment and fines. Starch is a carbohydrate 

consisting of glucose polymers. In solution, the monomeric unit of glucose is predominantly present in 

one of its cyclic form, called D-glucopyranose. Pyranose is a term used to describe six-membered rings 

consisting of five carbon atoms and one oxygen atom. The prefix D is used to differentiate the molecule 

from the, not as common, L-glucose which is an optical isomer (i.e. mirror image) of D-glucose. 

Polymers of D-glucopyranose are present in starch as the macromolecules amylose and amylopectin.  

Amylose is essentially linear where the D-glucopyranose mainly are linked together through α-1,4 

covalent bonds. The molecular weight of amylose is typically less than 500 000 Da. The span is however 

large and in terms of polymer chain length, it ranges between 1000 – 4000 glucose units (de Clerk, 

2009).  

In amylopectin, the monomers are linked together by α-1,4 bonds as well, but have the additional α-1,6 

bonding that results in a branched structure. The carbons in each monomer are referred to as C1, C2, C3 

…, etc. The bonding is defined as being of the type α when the hydroxyl group on C1 is oriented in the 

opposite plane of C6. In another case where these are oriented in the same plane, the linkage between 

monomers are denoted β. β-1,4 linkages between D-glucopyranose results in the formation of cellulose. 

The structure of amylose and amylopectin is shown in Figure 1. 

 

Figure 1. To the left: Section of amylose displaying the α-1,4 bonding between D-glucopyranose molecules.       To the right: 

Section of amylopectin displaying the linear α-1,4 bonding as well as the α-1,6 bond that gives rise to the branched structure 

(adapted from (Herrero-Martínez, Shoenmakers, & Kok, 2004)). 

The molecular weight of amylopectin typically ranges between 50 – 500 million Da (Thomas & Atwell, 

1999). However, chain lengths of up to 4 000 000 units can occur which corresponds to a molecular 

weight of 720 million Da. The fraction of amylose to amylopectin varies depending on the origin of the 

starch. Potato starch has an amylose to amylopectin ratio of approximately 1:4 (de Clerk, 2009). 

Amylose and amylopectin are present in starch as semicrystalline aggregates, called granules. The size 

of the granules usually ranges from less than 1 µm up to more than 100 µm with a round or elliptical 

shape, however, both shape and size vary substantially between and within different plant sources. 
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2.1.1 Production of starch 

The commercial production of starch in the world was around 72 million tonnes in 2011, with maize 

being the main source with over 76 % of the total production. Tapioca (12 %), wheat (7 %) and potato 

(4 %) are the remaining sources of starch that individually represents more than 1 % of the total 

production. Food and paper making industries are the largest consumers of starch (Grommers & Van 

der Krogt, 2009). Corn and potato starch are the types that predominates in wet-end applications in the 

paper industry (Maurer, 2009). 

When producing starch from potatoes, mainly high starch content potatoes are used which give higher 

yields and contain granules more easily processed than starch from food potatoes. The general process 

for producing starch from potatoes can be divided into the following steps: Storage and washing, 

grinding/crushing, potato juice extraction, fibre separation, purification of starch fraction and drying. 

Ground/crushed potatoes contain a fraction known as potato juice which is water and all water soluble 

components, that is, proteins, amino acids, sugars and salts. The order in which fibres, starch and potato 

juice are separated differs in the industry today. Although starch represent the absolute majority of the 

sales value (> 90 %), fibres, potato protein and deproteinized potato juice can be treated and are mainly 

sold as animal feed (Grommers & Van der Krogt, 2009). 

2.1.2 Modification of starch 

The properties of native starch (i.e. starch recovered in its native form) can be enhanced by certain 

modifications to suit a particular application. In the use as a wet-end additive in papermaking, native 

starch has the disadvantage of poor adsorption on stock components. Improvement of the adsorption 

properties can be achieved by introducing positive charges, resulting in what is known as cationic starch. 

Positive charges are introduced through attachment of certain functional groups, e.g. diethylamine ethyl 

chloride, epoxy propyl trimethyl ammonium chloride (Roberts, 1996).  

Each D-glucopyranose unit has three hydroxyl groups (at positions C2, C3 and C6) available for 

substitution with a functional group, making the maximum theoretical degree of substitution (DS) 3.0 

(Liu, Li, & Xu, 2010).  

 

Figure 2. Quaternary ammonium cationic starch prepared by treatment with 2,3-epoxy propyl trimethyl ammonium chloride  

(Hubbe M. , n.d.). 

Cationic starch ethers are frequently used in wet-end applications and can be produced by reacting native 

starch with compounds such as tertiary amino derivatives or quaternary ammonium derivatives. Tertiary 

amino derivatives reacted with native starch results in a modified starch with the property of being 

cationic at values below pH 7, as the tertiary amine is protonated. For this type of cationic starch ether, 

cationic charge is reduced with increased pH. Quaternary ammonium derivatives used to produce 
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cationic starch have the advantage of being positively charged independently of pH. Worth considering 

might be that screening from hydroxide ions can occur at high pH resulting in lowered adsorption 

efficiency (Chiu & Solarek, 2009). 

2.1.3 Production of cationic starch 

The conversion of native starch into cationic starch can be performed batchwise in aqueous or semi-dry 

processes. Continuous production can be achieved by using reactive extrusion. The aqueous processes 

can be performed with starch in granular or nongranular form. The processes can be carried out 

differently with regards to conditions such as concentration, temperature etc. depending on the reagent 

used (de Clerk, 2009) (Bertolini, 2009). 

The aqueous processes are carried out by reacting an aqueous starch slurry of approximately 35 

weight/volume-% with a reactant, in most cases either a tertiary amino derivative or a quaternary 

ammonium derivative. The process is carried out at alkaline conditions to catalyze the reaction. The 

reaction is carried out for several hours at temperatures up to 50 °C. Gelatinization inhibitors in the form 

of electrolytes might be needed at elevated temperatures. The process can also be carried out in organic 

solvents where certain side reactions as well as gelatinization is repressed. Washing and drying is carried 

out subsequently to the reaction step (de Clerk, 2009) (Chiu & Solarek, 2009) (Bertolini, 2009). 

Cationization of starch using the semi-dry processes have the possibility to reach higher yields than 

aqueous processes and is used when higher degree of substitution is desired. The dry starch is mixed 

vigorously together with the reagent and transferred to a storage unit where the reaction proceeds for 

several days. Also here, the reaction is catalyzed using alkali (Chiu & Solarek, 2009). 

The resulting cationic starch differs as a result of the methods used and generally the semi-dry process 

yields a broader distribution in terms of degree of substitution compared to the aqueous processes. The 

starch produced in the semi-dry process also require more energy to solubilize in water (de Clerk, 2009). 

2.2 Production process at Smurfit Kappa Piteå (SKP) 

2.2.1 Pulp production 

The main pulp used in kraftliner production at SKP is virgin fibre pulp which is produced on site. 

Softwood and hardwood are transported to the wood yard where it is debarked, chipped and screened 

before it is sent to one of the digesters in the pulp mill. The chips are treated in the kraft process with 

sodium hydroxide and sodium sulfide, known as white liquor. It is used to release individual fibres by 

delignification and thereby converting the chips into pulp. The chemicals used in the digester is 

recovered in a chemical recovery section, where also a large fraction of the energy needed for the plant 

is being produced. Subsequent washing of the pulp and also bleaching of the hardwood pulp is 

performed before the pulp can be used in the paper mill for the production of kraftliner. 

2.2.2 Wet-end stock preparation 

Before kraftliner can be produced on the paper machine, a series of operations are performed to adjust 

the properties of the pulp to suit the paper quality that is to be produced. This is done in the wet-end 

stock preparation section. At SKP where two ply kraftliner is produced, there is a separate stock 

preparation system for each ply. The stock preparation systems start at the pulp towers, where outgoing 

pulp is diluted with white water.  The diluted pulp is then pumped to a pulp chest from where it is fed 

to the refining step where fibres are mechanically treated to increase their bonding ability. Refined pulp 

goes to the machine chest where recycled and broke pulp can be mixed in. This can also be done in a 

separate blend chest prior to the machine chest. The broke pulp system handles pulp that has not become 

finished, sellable paper. The pulp can for example be from a web-break at the paper machine or from 
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unsalable quality paper that has been repulped. The broke pulp system is partly separated between the 

two paper machines at SKP. In the top plies at SKP, neither broke nor recycled pulp are used in the mix 

since these plies only consist of virgin fibre pulps. Adjustment of pH is performed in the machine chest, 

addition of fillers, brightening agents, size, starch etc. can be added in connection to the machine chest. 

Additives can also be added closer to the head box, the additives used depend on which quality of liner 

that is to be produced. The outgoing stream from the machine chest has a consistency of about 3-4 %, 

denoted thick stock. To produce paper with an acceptable formation, the thick stock has to be diluted to 

a consistency in the range of 0.5 %. Dilution of the thick stock is performed with white water from the 

wire pit, this is called the short circulation. 

The diluted thick stock, also denoted thin stock, is transferred to the head box from where it is fed to the 

wire section where the paper sheet starts to form. A scheme of a SKP stock preparation system is shown 

in Figure 3. 

 

Figure 3. Overview of a wet-end stock preparation system at SKP (adapted from (Smurfit Kappa Piteå, 2016)). 

A large fraction of the water is removed along the first section of the wire, this water goes to the wire 

pit from where it then can be reused to dilute the thick stock. The water is called white water and contains 

unretained fibre material and additives. This recirculation of water is known as the short circulation. 

Dewatering in later sections of the wire is carried out using suction boxes that creates a pressure 

difference over the forming wire. On the two ply paper machines at SKP, there are suction boxes located 

both before and after the point where the two sheets has been joined together. At PM1, the water from 

all the suction boxes are mixed together and used to dilute pulp going to the stock preparations systems 

of both the top and the base ply. At PM2, the flows are instead separated, water flows from suction 

boxes located at the base sheet and after the sheets has been joined together are sent to an “unbleached” 

white water chest. The water from the suction boxes located at the top sheet, is sent to another white 

water chest and is only used to dilute bleached pulp. The white water collected in the chest can then be 

used to dilute pulp from the pulp towers, this is called the long circulation. A paper machine of the type 

used at SKP is displayed in Figure 4. 

 

Figure 4. Wet-end section of a two-ply Fourdrinier paper machine (adapted from (Smurfit Kappa Piteå, 2016)). 
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It is worth mentioning that pulp going from the pulp mill to the pulp towers are diluted from about 30 

% to 10 % consistency. For the bleached hardwood pulp, the water used is usually condensate from the 

evaporation plant. For the unbleached pulp it is white water from the paper mill, it can either be from 

the white water chest at PM1 or from the “unbleached” white water chest at PM2. The unbleached pulp 

is then used both for the base ply at PM2 and for both plies at PM1. 

2.2.3 Functions of wet-end starch 

2.2.3.1 Starch as a dry strength additive 

In the paper industry, cationic starch is commonly added to the stock preparation of the paper mill, with 

the primary objective often being to increase the dry strength of paper.  

Dry strength is primarily determined by the bonding strength between fibres. Breaking individual fibres 

tend to require more energy than to break interfibre bonds in a sheet of paper. 

The most significant contribution to the interfibre strength in dry paper is ascribed to hydrogen bonds 

as well as van der Waals forces. The formation of these interfibre bonds occur for distances shorter than 

0,35 nm. This short distance required for hydrogen bond formation limits the number of bonds as a result 

of surface roughness of the fibres (Fornue, Allan, Quinones, Gonzalez, & Saucedo, 2011). An additive 

such as cationic starch can improve the interfibre strength. 

The mechanisms by which starch improves dry strength parameters are somewhat conflicting in the 

literature. It is suggested that the strength development yielded from starch addition is explained by 

either increased bonding area or increased specific bond strength. An increased specific bonding strength 

would be explained by existing bonds between cellulosic fibres being reinforced by starch molecules. 

There are studies showing this but others contradicting it by showing that an increased bonding area is 

the sole mechanism of strength development. Increased bonding area occurs through “bridging” of 

starch polymers between fibres. More precisely by hydrogen bond formation between hydroxyl groups 

on starch and cellulose (Lindström, Wågberg, & Larsson, 2005) (Hubbe M. A., 2006). Thus, starch can 

increase the bonding area by bridging between fibres where the surface roughness will not allow 

interfibre bonds to form. An early study explained strength development from the starch containing 

additive locust bean gum, as a combination of increased bonding area as well as specific bond strength 

(Leech, 1954). 

2.2.3.2 Starch as a retention additive 

Starch can also be used to improve retention of small furnish components as fines and fillers. To improve 

printability, opacity and brightness in some paper qualities, fillers can be added in the wet-end of the 

paper mill. The particle size of these are typically around 1 µm. Present in the furnish are also fines, 

these are small cellulosic parts, which mainly can be of two origins. The first one being small wood cells 

(ray tracheids and parenchyma cells) that are released during the kraft pulping (Ferreira, Matos, & 

Figueiredo, 1999). The second is from the refining step where external fibrillation and fibre shortening 

takes place (Hartman, 1984). The size of fines is generally defined as being small enough to pass through 

a round aperture of 76 µm (TAPPI Test Method T 261 cm-94). The retention (i.e. the amount of material 

retained on the wire in relation to what is fed onto the wire) of such small particles is low but can be 

enhanced. By linking fines and fillers to each other as well as to cellulosic fibres, retention can be 

increased. Since both cellulosic fibres, fines and often fillers are anionic, they repel each other. Addition 

of cationic starch can via electrostatic attractions attach to fibres and fillers and form flocs and thereby 

increase the retention. As a result of this, dewatering is also enhanced (Maurer, 2009). 
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Dewatering is an important factor in paper making since the production capacity is greatly related to the 

dewatering capacity on the wire. This is because the paper web has to be sufficiently dry when entering 

the press section as it otherwise could result in web breaks and thereby production losses. 

2.2.3.3 Starch as an emulsifying agent 

Cationic starch is an important additive also for emulsification of sizing chemicals. An important feature 

of cationic starch is its ability to both act to disperse and encapsulate size droplets and act as a retention 

agent. Since these sizing agents are not charged, the requirement of having a retention agent is easily 

solved by using an emulsifying agent with dual functionality (Hagiopol & Johnston, 2011). 

2.2.4 Preparation of starch for wet-end applications 

To meet the desired properties of starch as a strength or retention aid in paper making, the individual 

amylose- and amylopectin chains have to be dispersed in water. However, hydrogen bonding between 

molecules inside a starch granule makes it impossible to dissolve the granules in cold water. Heating 

starch granules in water causes water to penetrate the granules. Hydrogen bonds between starch 

molecules will first break in the amorphous region and amylose will diffuse out of the granule. The 

granules will thereafter swell and the viscosity of the solution increases. As the temperature increases 

further hydrogen bonds in the crystalline regions begin to break and the granules swell even further. The 

stage is known as gelatinization, the temperature range at which this occurs is characteristic for each 

type of starch (Coral, Pineda-Gómez, Rosales-Rivera, & Rodriguez-Garcia, 2009). The viscosity 

reaches its highest value when the granules reach their maximum volume. Further heating causes the 

granules to disrupt, resulting in a starch slurry, a mixture where molecules are dispersed in water (Agro 

by nature, 2007). In Figure 5, the change in viscosity of a starch solution as function of temperature is 

illustrated. The cooking requirements to achieve a completely solubilized starch solution differs from 

starch to starch. Temperature, shear forces and time are parameters that all affect the solubilization of 

starch during cooking. Cooking of starch can be performed continuously or as batch, where continuous 

systems of jet-cooking is commonly used in the paper industry (de Clerk, 2009). 

 

Figure 5. Viscosity of starch as a function of time (x-axis) and temperature (secondary y-axis). A - pasting temperature (when 

swelling starts), B – maximum swollen volume of granules, C – complete dispersion of molecules, D – retrogradation (see 

section 2.2.5.1) (adapted from (Hosokawa Micron Corporation, 2017)). 

Steam-jet cooking is carried out by direct injection of high pressure steam at temperatures ranging from 

100-160 °C to a starch-water slurry. The cooking is rapid and the slurry is subjected to high shear forces 

as a result of turbulence and pressure drop. Shear forces causes fragmentation of the granules improving 

the conditions for dispersion of amylose and amylopectin. Granule fragmentation improves size 
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distribution in terms of homogeneity which increases the possibility to get a fully cooked starch without 

having any fractions being “overcooked”. In this context, the term “overcooked” refers to shortening of 

the amylose and amylopectin chains. High temperature and shear forces promote molecular dispersion, 

but too harsh conditions will result in the aforementioned molecular degradation (de Clerk, 2009). 

2.2.4.1 Retrogradation 

Cooked starch solutions can go through a process known as retrogradation. It is mainly a function of 

time and/or temperature and can be described as a form of re-association of dispersed, disassociated, 

molecules of amylose and amylopectin. Depending on several conditions such as cooking procedure, 

pH, concentration, time, type of starch, the characteristics of the retrogradation process can vary. In 

dilute solutions, insoluble precipitates will begin to form over longer periods of time. For solutions with 

higher starch concentrations, the retrogradation will instead be characterized by an elastic gel formation 

that occurs at lower temperatures (de Clerk, 2009). 

2.2.4.2 Starch hygiene 

As starch is a common source of energy for many living organisms, including microorgansims, starch 

hygiene is therefore important to avoid contamination when dealing with solutions of starch. Starch 

powder delivered to the paper mill have a low moisture content and is not especially susceptible to 

bacterial contamination. However, during the preparation of starch, the risk of contamination is 

imminent if not the right precautions are taken. The consequence of a bacterial attack is degradation of 

the starch molecules, leading to adverse effects on the intended functions of the wet-end starch. Regular 

cleaning of equipment as well as addition of biocides are basic actions to prevent any buildup of bacteria. 

The occurrence of contamination can be detected as a decreased viscosity of the starch solution (de 

Clerk, 2009). 

2.2.5 Adsorption of cationic starch 

A prerequisite for starch to act effectively and economically as either a strength or retention additive is 

effective adsorption onto furnish components. Adsorption of cationic starch on cellulose fibres is to a 

large extent an irreversible process and is mainly driven by electrostatic attractions as mentioned 

previously (Zakrajšek, Knezs, Ravnjak, & Golob, 2009).  

Adsorption of cationic starch onto cellulose fibres has been shown to decrease with increasing 

concentration of NaCl (van de Steeg, de Keizer, Cohen Stuart, & Bijsterbosch, 1993). This is explained 

by cationic starch and anionic cellulose being screened by the electrolyte. In the presence of MgCl2 as 

well as CaCl2, the adsorbed amounts are ten times lower than in the case of NaCl. This phenomenon is 

not considered to be explained only by more effective screening but also by some specific interaction 

between Ca2+ or Mg2+ and the negatively charged carboxyl groups on cellulose (Zakrajšek, 2014). High 

conductivity has also a shrinking effect on amylopectin (de Clerk, 2009). The cationic charges on 

modified amylopectin will be screened by the dissolved ions and consequently, the internal repulsion 

forces decrease which in turn results in the molecules to shrink. This causes the viscosity to decrease as 

well as the bonding radius of the molecules to decrease leading to undesirable effects on the adsorption 

behavior (de Clerk, 2009). 

In a study by van de Steeg et al. the adsorption of cationic potato starch onto microcrystalline cellulose 

(MCC) was studied from pH 2 up to pH 7, the amounts of starch adsorbed increased with increasing pH. 

The effect was ascribed to an increased accessible surface area for the molecules to adsorb onto (van de 

Steeg, de Keizer, Cohen Stuart, & Bijsterbosch, 1993). 

The degree of substitution (DS) will also affect the adsorption behavior of starch onto MCC. At low 

electrolyte concentrations, low DS starch will adsorb more effectively than high DS starch. For a low 
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DS starch, larger amounts of starch can adsorb until the cellulose becomes surface charge compensated 

than in the case of a high DS starch. However, at high electrolyte concentrations the relationship is 

reversed, here the factor of screening comes into play and results in high DS starch to adsorb in higher 

amounts than low DS starch. Low DS starch has weaker electrostatic attraction to the cellulose and is 

therefore more easily screened (van de Steeg, de Keizer, Cohen Stuart, & Bijsterbosch, 1993). 

The adsorption of cationic starch is, as mentioned earlier, not only restricted to cellulose fibres, but does 

also occur to other furnish components. The adsorbed amounts are correlated to the available surface 

area, structure and charge of a given component in the furnish. In accordance with this, fines and fillers 

has been shown to adsorb larger amounts of cationic starch than cellulosic fibres ( (Marton, 1980) 

adapted from (Roberts, 1996) ). The combination of near irreversible adsorption onto fibres, fines and 

fillers, has led to the suggestion that the point of addition for starch is of relevance. Cationic starch added 

early, before fillers are introduced and when the fines content is low, would mainly adsorb onto fibres 

resulting in the primary effect of increased dry-strength. For late starch addition, where filler addition 

has been made and the thick stock is diluted with fines and filler containing white water from the short 

circulation, the primary effect is increased retention of fines and fillers. 

2.2.6 Environmental effects of unretained starch 

Good retention of starch is essential from both an economic and environmental point of view. The first 

and most obvious effect of unretained starch is loss of functionality in terms of dry-strength, retention 

and dewatering. Economically, having a fraction of the added starch that is not contributing to its 

dedicated functions is wasteful. Starch not retained in the paper will circulate in the white water systems 

and thereby increasing the risk of microbial activity. This can lead to slime formation and problems with 

deposits on equipment. Since a fraction of the white water is continuously removed from the systems 

and sent to the waste water treatment, unretained starch will also have the effect of increasing the load 

on the waste water treatment. 
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2.3 Starch preparation system at Smurfit Kappa Piteå  

The current starch preparation system at SKP is only capable of handling one product of starch 

simultaneously with the consequence that stock preparation systems in the mill use the same starch 

product. Cationic starch delivered to the mill in powder form is stored in a silo from which it is fed to a 

bin. From the bin, starch is transferred to separate lines in the preparation system with two dosing screw 

feeders. The starch powder is diluted with water to a slurry with a concentration of 6-8 % and filtered 

before sent to the jet-cookers. Two jet-cookers are used to produce the starch needed. The slurries are 

cooked at elevated pressures and with high temperature steam injected in the cooking zone. Special 

designed plates are present in the zone to increase shear forces and to achieve the appropriate residence 

time. The cooked solution is cooled as water is added to dilute the solution to 3 %, this solution is 

thereafter homogenized in a mixer before entering a storage tank. The cooked starch is then transferred 

from the storage tank to a pressurized vessel. This is done using a progressive cavity pump which applies 

low levels of shearing which is important to avoid degradation of the molecule chains. The distribution 

of starch to each stock preparation system is managed from the pressurized vessel. To achieve more 

homogenized mixing at the different points of addition, the solution is further diluted prior to this 

(Andersson, 2017). An overview of the system described is shown in Figure 6. 

 

Figure 6. Overview of the starch preparation system used at SKP.  
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3 METHOD 

 
 

3.1 Determination of starch content in paper, pulp and white water 

A method for determining starch content in paper, pulp and white water was tested out at SKP. There 

are different methods that can be used for this purpose. Enzymatic methods for starch content 

determination is generally considered as more versatile than methods relying on acid hydrolysis that 

cannot be applied to all kind of modified starches (Megazyme, 2017). There are several standards 

available that utilizes the enzymes α-amylase and amyloglucosidase to break down starch into glucose 

to determine the starch content. The main differences between the standards can be found in the pre-

treatment steps and the end determination. Some of these standards are:  

AOAC Official Method 996.11,  

AACCI Method 76-13.01,  

SCAN-P 91:09/SCAN-W 13:09 

The standards SCAN-P 91:09 and SCAN W-13:09 were chosen for starch analysis at SKP. SCAN-P 

91:09 is intended for starch determination in paper and board samples whereas SCAN-W 13:09 is 

intended for samples of process water. SCAN is the abbreviation for the Scandinavian Pulp, Paper and 

Board Testing Committee which is an organization establishing standardized methods for testing pulp, 

paper and board as well as other materials being used or produced in the pulp and paper industry 

(Breitenberg, 1990). The method is enzymatic where α-amylase and amyloglucosidase is used to convert 

starch into glucose, the end-determination of the glucose content is finally performed using either 

HPLC/IC or a spectrophotometer. The end determinations were chosen to be performed 

spectrophotometrically at SKP. 

A general description of the assay procedure is given below. For more detailed information about the 

method is given in appendix 9.1. 

The sample, being paper, process water or pure starch is dissolved in 50 ml distilled water and 5 ml of 

5 M KOH at 95 °C for 5 minutes. For white water samples, no distilled water is required before addition 

of potassium hydroxide. The sample is then treated with 5 M acetic acid in order to adjust the pH to 5.0. 

α-amylase then hydrolyses starch into soluble branched and unbranched maltodextrins at 95 °C for 60 

minutes, see equation 1. 

α-amylase hydrolyzes the α-(1,4) glucan linkages in polysaccharides of three or more α-(1,4) linked D-

glucose units. The α-(1,6) bond is not hydrolyzed (Sigma-Aldrich). This enzyme is a metal ion 

containing protein and requires a small amount of calcium ion during use for maximum activity and 

stability (Borglum, 1980). 

S𝑡𝑎𝑟𝑐ℎ + 𝐻2𝑂
𝛼−𝑎𝑚𝑦𝑙𝑎𝑠𝑒,   𝑝𝐻 5,   95 °𝐶
→                   𝑚𝑎𝑙𝑡𝑜𝑑𝑒𝑥𝑡𝑟𝑖𝑛𝑠  (1) 

Subsequently, amyloglucosidase (AMG) is added after cooling the sample below 60 °C, maltodextrins 

are hydrolyzed to D-glucose by AMG at 60 °C for 60 minutes, see equation 2. 

M𝑎𝑙𝑡𝑜𝑑𝑒𝑥𝑡𝑟𝑖𝑛𝑠 + 𝐻2𝑂
𝐴𝑀𝐺,   60 °𝐶
→        𝐷-𝑔𝑙𝑢𝑐𝑜𝑠𝑒  (2) 
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When the end determination is carried out using a spectrophotometer, the steps described below are 

required. 

Glucose is phosphorylated when reacted with adenosine 5’-triphosphate (ATP) in the presence of 

hexokinase, to form glucose-6-phosphate (G6P) and adenosine 5’-diphosphate (ADP), see equation 3. 

D-𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + A𝑇𝑃
𝐻𝑒𝑥𝑜𝑘𝑖𝑛𝑎𝑠𝑒
→        𝐺6𝑃 + 𝐴𝐷𝑃    (3) 

Thereafter, a redox reaction where G6P is oxidized to gluconate-6-phosphate when reacting with 

nicotinamide-adenine dinucleotide phosphate (NADP+) that reduces to NADPH, see equation 4. The 

reaction is catalyzed by glucose-6-phosphate dehydrogenase (G6PDH), 

G6𝑃 + 𝑁𝐴𝐷𝑃+
𝐺6𝑃𝐷𝐻
→     𝐺𝑙𝑢𝑐𝑜𝑛𝑎𝑡𝑒-6-𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +𝑁𝐴𝐷𝑃𝐻 + 𝐻+  (4) 

The amount of NADPH that is formed is stoichiometric with the amount of D-glucose. The end 

determination of the starch content is done using spectrophotometry and it is the increase in absorbance 

of NADPH measured at 340 nm that gives the starch content. 

A blank test is performed along with the other samples analyzed. This sample does not contain starch 

and is used to find the absorbance contribution from the assay reagents. Subtracting the result from the 

blank test will then give the actual starch content in the samples. 

All cationic starches are not fully hydrolyzed during the enzyme treatment in this method. Therefore, a 

reference starch must be analyzed along with the other samples. The calculation of the starch content in 

the samples should then be based on the yield of the reference starch. 

The standards SCAN-P 91:09 and SCAN W-13:09 does not describe starch determination in pulp or 

stock samples. However, using a filtration procedure to get a filtrate and a filter cake makes it possible 

to treat the filtrate like samples of process water and the dried filter cake as a paper. In this manner, the 

SCAN standards are utilized also for pulp and stock samples. 

The results from the method are calculated in mg dry starch/litre of sample (mg/l) for water samples and 

in kg dry starch/bone dry tonne sample (kg/bdt) for paper samples. 

3.1.2 Sample preparation 

The SCAN method is intended for samples of paper, board and process water. It was of interest to also 

use the method for analysis on samples of pulp and stock. By filtrating these type of samples prior to 

analysis, it should be possible to treat filtrate as process water and the filter cake as paper. 

The amounts taken to analysis should be approximately 20 mg (dry weight) for the analysis of reference 

starch, 1000 mg (dry weight) for paper. For process water, the amount should be 50 ml. Samples of 

process waters (e.g. white water) are used directly for analysis if the total content is the purpose of the 

analysis. If dissolved starch content is to be determined, starch analysis is preceded by filtration through 

a micro glass fibre filter (Munktell MGC, 47 mm). 

Tests were performed to find an appropriate procedure of preparing samples of thick and thin stock prior 

to analysis. 

3.1.1 Mixing effects during α-amylase hydrolysis 

During the first enzymatic step where amylose and amylopectin are hydrolyzed into maltodextrins by 

means of α-amylase, the standards SCAN-P 91:09/SCAN-W 13:09 states that mixing of the samples 

should be done continuously in a heated shaking water bath. However, with the lack of such equipment, 

some tests were performed to find out the importance of mixing. Firstly, reference starch samples were 
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prepared at two different occasions to test different degrees of mixing and its effect on yield. The 

standards (SCAN-P 91:09/SCAN-W 13:09) states that modified starches will not be hydrolysed to 100 

percent with the enzymatic procedure, the yield decreases with increased DS. The reference starch used 

when trying out the method had a DS of 0.040 which, according to the standard (SCAN-P 91:09/SCAN-

W 13:09), would have a yield of 86 %. The hydrolysis with α-amylase is carried out for one hour, some 

samples were during this time manually mixed every five minutes, others were mixed at 0, 15, 30, 45 

and 60 minutes while the remaining samples were not mixed. The mixing was done for five seconds per 

occasion and was done in a manner that avoided high shear forces that might have affected the enzymes 

negatively.  

The mixing effects during hydrolysis might not be similar for sample of reference starch and samples 

containing pulp or paper. A test was performed to also check whether mixing had any on effect on these 

types of samples. 

3.2 Microscopic method for investigating cooked starch 

A tool was needed to investigate the quality of cooked starch i.e. to examine if there is starch that is not 

yet solubilized. Microscopy was evaluated for this purpose. It is a known fact that starch granules and 

the degree of gelatinization can be studied by microscopy. Starch swells during cooking and amylose 

and amylopectin is leached out until complete solubilisation is reached if the cook is continued. The use 

of microscopy to check whether complete solubilisation has been reached is therefore interesting. 

The microscope used was a light microscope of type ZEISS Axiophot equipped with a digital camera 

(QImaging MicroPublisher 3.3). Objectives used were of type ZEISS Plan-NEOFLUAR. 

To test the method, starch granules were suspended in water and studied under the microscope. The 

suspension was heated in a boiling water bath and samples were withdrawn and analysed continuously. 

A second cook was also performed were shear forces were introduced to the suspension, sampling was 

made continuously also for this case. 

3.3 Mapping of starch content in the paper mill 

To get an overview of the performance of the cationic starch in the paper mill, mappings were made at 

the stock preparation systems of the two paper machines, PM1 and PM2. Measurement of starch content 

in the produced kraftliner was also included. As mentioned earlier, the kraftliner produced at both paper 

machines consists of two plies, each ply having its own stock preparation system. At each paper 

machine, adsorbed and dissolved starch content were determined at 11 positions. These are displayed 

together with the positions of addition of cationic starch in Figure 7 and Figure 8. Note that no starch is 

added in the stock preparation system of the top ply at PM1. Since the white water systems are partially 

combined for the base and top plies and even between the two paper machines, it was of interest to 

examine to what extent this affects the starch content in this stock system. 

The base plies at both PM1 and PM2 consisted of virgin fibre-, recycled- and broke pulp at the time of 

the mappings whereas the top plies entirely consisted of virgin fibre pulp, unbleached softwood at PM1 

and bleached hardwood at PM2. The first point of sampling for all systems was in the pulp chest. Here, 

virgin fibre pulp from the pulp towers has been diluted with white water in the long circulation to 

approximately 4 % consistency. In the systems where recycled and broke pulp was used, these pulps 

were sampled prior to the machine chest where mixing with virgin pulp is carried out. The first addition 

of cationic starch is in the machine chest. Therefore, sampling points were chosen directly after the 

machine chest. The outgoing pulp from the machine chest is diluted with white water in the short 

circulation to approximately 0.5 % consistency. At PM2, cationic starch is added to both plies after this 
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dilution is made. Sampling was done after addition of starch, i.e. prior to the head boxes. To get a more 

comprehensive view of the starch performance, measurements were also made on the kraftliner 

produced at both machines. 

A small amount of starch is introduced to the systems at PM1 via the emulsification of alkenyl succinic 

anhydride (ASA), a sizing agent used to increase the resistance to water penetration of the finished liner. 

This is since cationic starch is the emulsifying agent used for the emulsification. The emulsified ASA is 

added prior to the head box in the base ply stock preparation system. 

During the sampling, measurements of conductivity, pH and temperature were carried out on all 

samples. A linear temperature compensation of 2.10 %/°C was used during measurements of 

conductivity, this was based on some simple tests on samples of both thick- and thin stock sampled from 

the mill. 

 

Figure 7. Stock preparation systems at PM2. Green arrows showing positions where starch is added and red arrows samplings 

point included in the mapping (adapted from (Smurfit Kappa Piteå, 2016)). 
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Figure 8. Stock preparation systems at PM1. Green arrow showing the position where starch is added and red arrows 

samplings point included in the mapping (adapted from (Smurfit Kappa Piteå, 2016)). 

3.4 Separation of starch preparation systems 

An investigation was performed with the purpose to find a solution to how the starch preparation system 

in the paper mill could be revamped in order to have two completely separated systems, one for the top 

ply system at PM2 and one for the base ply systems at both PM1 and PM2. Discussions with personnel 

at SKP was held to understand the current system and the possibilities/requirements to be considered 

when planning a rebuilding proposition. Archived documentation from projects concerning the current 

starch preparation system, and earlier versions of it was used as a basis for the work. Included in the 

investigation was a preliminary economic assessment of the reconstruction.  

3.5 Adsorption of starch with different DS in stock environment - a lab study 

To investigate the effect of different degree of substitution (DS) on the adsorption behaviour of the 

cationic starch on the pulp, a laboratory study was performed. Three cationic potato starches were used 

during the tests, each having different DS. Two starches with DS 0.065 and 0.080 was used in the tests 

together with the current product used in the mill having a DS of 0.040. The starches were cooked in the 

laboratory in a boiling water bath under shear forces. The cooked starches were studied in a light 

microscope to ensure that complete “cook-out” was reached. The samples were then diluted to 0.5 % 

concentration prior to addition to the pulp samples. 

Softwood pulp suspensions were prepared at a concentration of 10 g/l. The unbleached pulp was sampled 

from the pulp mill where no starch had been introduced to the pulp. The pulp was suspended in distilled 

water during gentle mixing. The pH was adjusted with HCl to 7.0. Then, NaCl and CaCl2 were added in 

such amounts that the sodium- and calcium ion concentrations were 475 mg/l and approximately 150 

mg/l, respectively. The conductivity of the suspension was measured to about 2800 uS/cm. This 

suspension was supposed to mirror the conditions at the base stock preparation system of PM1. The 
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conditions can be considered to also be reasonably similar to the conditions found in the base stock 

preparation system at PM2. 

The different starch products were added to pulp suspensions in three different dosages, 2.5 mg dry 

starch/g dry pulp, 5.0 mg/g and 7.5 mg/g. Samples were placed on a laboratory shaking table (SM B1, 

Edmund Bühler) at level 4 for 60 minutes at room temperature. Thereafter the samples were prepared 

and analysed with respect to adsorbed and dissolved starch content according to the method described 

in this report. 
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4 RESULTS AND DISCUSSION 

 
 

4.1 Developing a method for determining starch content in pulp, paper and 

process waters 

4.1.1 Sample preparation 

To analyse stock and pulp samples according to the SCAN test-method, a filtration procedure was tested. 

The idea was to dry the produced filter cake and analyse it according to the procedure described for 

paper and board given in the SCAN-test method. This content corresponds to the adsorbed fraction 

within the pulp sample. The dissolved content would be determined from the filtrate which is analysed 

according to the procedure for process waters. There was a suspicion that the filtration procedure would 

cause dissolved starch to be caught in the filter cake. If this was the case, the results would overestimate 

the adsorbed starch fraction and underestimate the dissolved fraction. A sample of recycled pulp, which 

is known to contain high content of dissolved starch, was examined to determine if this was the case. 

The sample was first diluted with destilled water to 0.5 % consistency before being filtered through a 

125 mm filter paper (Munktell grade 3). The filtrate was then analysed with respect to starch content. 

The filter cake was resuspended in distilled water to 1 % consistency and filtered once more. This filtrate 

was also analysed with respect to starch content. The same procedure was repeated two times. The result 

from this test is shown in Table 1. Already after the second filtration, the starch content in the filtrate is 

less than 5 % of the first filtrate analysed. After analysing the results, it was decided that analysis of 

pulp and thick stock samples should be analysed accordingly. Thin stock samples were analysed with 

the modification that first dilution was neglected since the consistency already is in the range of 0.5 %.  

Table 1. Starch content determined in the filtrate after the filtration test on a sample of recycled pulp. 

 Starch content (mg/l) 

Original filtrate 662.7 

Filtrate from 1st resuspension 30.5 

Filtrate from 2nd resuspension 15.2 

Filtrate from 3rd resuspension 0 
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4.1.2 Effect of mixing during α-amylase hydrolysis and variation in measurements 

The effect of mixing during the α-amylase hydrolysis step was investigated for a number of reference 

starch samples. Two test series were carried out with analyses performed in duplicate, the results from 

these tests are displayed in Figure 9. The yields are similar for all measurements with an average slightly 

higher (< 3%) for samples with intermediate mixing. Yields for all measurements are in the level of 40-

45 %, this variation was considered low and is further discussed on page 22.  

The samples mixed every five minutes shows the lowest standard deviation among the measurements. 

There is however not a trend that increased mixing would result in lower variation as the intermediate 

mixing shows the largest variation in terms of standard deviation. Here the assumption was made that 

white water would display a similar behaviour as samples of reference starch suspended in water. 

 

Figure 9. Effect of mixing during α-amylase hydrolysis on yield in reference starch measurements. Bars colored blue represents 

the first occasion for which the test was performed and bars in orange the second occasion. Tests were run in duplicate. During 

the second occasion, a sample was unfortunately destroyed and therefore no error bar is displayed for the orange colored bar 

for “No mixing”. 
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Pulp was sampled from the mill and filtrated according to the method described earlier. From the filter 

cake, three subsamples were taken for analysis. The effect of mixing during hydrolysis with α-amylase 

for these samples were measured and are shown in Figure 10.  There is no observable trend that more 

frequent mixing results in higher content of starch detected. Neither are there any trend that the 

frequency of the mixing affects the variation. Slightly higher values can be observed for intermediate 

mixing. It was thereafter assumed that samples of kraftliner would behave as dried filter cakes of filtrated 

pulp. 

 

Figure 10. Mixing effect during α-amylase hydrolysis on starch content in pulp. Tests were run in duplicate and error bars 

displaying the standard deviation is shown in the figure. 
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The variation during starch measurements was investigated for samples of reference starch as well as 

for paper. All measurements were carried out without any mixing during the hydrolysis with α-amylase. 

The yield of the measurements using the reference starch are shown in Figure 11, the average yield from 

all 18 measurements was 43.3 % and the standard deviation 3.1 %. 

 

Figure 11. Hydrolysis yield for 18 measurements carried out on the same reference starch. 

Starch determinations were also carried out on kraftliner to examine the variation in the measurements. 

To further verify the results, samples were sent to the supplier of the starch currently used at SKP. The 

samples were analysed for starch content and the results were compared. The supplier carried out the 

measurement according to the same method, with the exception that an IC-PAD was used for the end 

determination of starch content. Twelve test pieces were taken from one sheet of kraftliner, six test 

pieces were analysed at SKP and the other six were sent to the supplier for analysis. 

The results are displayed in Figure 12. The measurements carried out at SKP showed an average of 11.3 

kg/bdt and a standard deviation of 0.9 kg/bdt. The supplier results had an average starch content of 11.1 

kg/bdt and a standard devation of 0.3 kg/bdt.  Worth considering is that the reference starch analysed at 

SKP had a yield of about 50 % when analysed and the supplier had a level exceeding 70 %. Low 

variations as well as verification, that despite different yields measured on the reference starch, the 

results are very similar. The results are therefore considered satisfactory. 
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Figure 12. Six subsamples of kraftliner analysed both at SKP and by the supplier. 

Starch measurements performed at a later stage of the project revealed higher yields for reference starch, 

see Figure 13. The reference starch being the same product that was used in the tests described earlier. 

The average yield in this test was 65.8 % and the standard deviation 2.7 %. 

 

Figure 13. Hydrolysis yield in five measurements carried out on the same reference starch. These measurements were 

performed at a later stage of the project than the tests that are results displayed in Figure 11. 

 

0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5 6

S
ta

rc
h
 c

o
n

te
n

t 
(k

g
/b

d
t)

Supplier SKP

0

20

40

60

80

100

1 2 3 4 5

Y
ie

ld
 (

%
)



22 

 

The yield of the reference starch with a DS of 0.040 used in the initial tests was below 50 %. According 

to the standard (SCAN-P 91:09/SCAN-W 13:09) the yield should be 86 %. The supplier of the starch 

product that was used in the tests was contacted and could explain that for this specific product, it was 

not unrealistic to expect the yield to be in the range of 70-80 %. However, compared to this, the initial 

tests still showed notably low numbers. As mentioned, the yield of the reference starch is used to 

calculate the starch content in samples of paper, pulp and process water. Therefore, it could seem that a 

low yield might not be a problem since this is accounted for when calculating the starch content in 

samples that have been analysed. This is true for samples containing only the starch that is also used as 

the reference. Samples can contain starch from different sources, which is common in a paper mill where 

recycled fibre is used. Recycled fibre often contains a large fraction native starch, which according to 

the standard (SCAN-P 91:09/SCAN-W 13:09) should have a yield of 100 %. Since it is not possible to 

determine the fraction of native and modified starches within a sample, the starch content will be 

overestimated when basing the calculations on a yield lower than 100 %. The lower the yield of the 

reference starch, the more overestimated the results will become when native starch is present. Also, 

starch content within samples containing large fractions of native starch will be more overestimated than 

samples containing low fractions of native starch. As a conclusion, it is beneficial to report the yield of 

the reference starch along with the starch content. 

Later measurements however showed yields at levels of approximately 65 %. The reason for this 

difference is unknown, perhaps an explanation could be that some solution used during the analysis were 

prepared in an incorrect manner. As new solutions were prepared continuously as they were consumed 

or approached their expiry date, this problem was overcome.  

Approximately 10 samples can be analysed at a time using the described test method. If all assay 

reagents are prepared and the samples collected and prepared for analysis, it can be approximated that 

20 samples could be analysed during one day. 

4.2 Microscopic method as quality control for cooked starch 

Examination of granules of cationic starch dispersed in water was done in a light microscope and typical 

images obtained are shown in Figure 14. 

 

Figure 14. Light microscopic image of cationic potato starch granules suspended in water. a) 5x magnification, b) 10x 

magnification. 

Microscopic images of cationic starch at different stages of heating are displayed in Figure 15. In image 

a) it can be observed that some granules have not yet started to swell, others just beginning to swell 

while some have reached further in their swelling process. Image b) and c) shows how the swollen 

a) b) 
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granule structure becomes less defined as the cook is continued. Image d) is sampled from the cook 

performed with shear forces and displays an almost completely solubilised starch. This is evidenced by 

the absence of swollen granular structures, but that some single granules still can be observed. Based on 

the multiple samples studied in the microscope, it was concluded that a sample volume of 1000 µl (at 

approximately 3 % concentration) was sufficient to get a good perception of the degree of solubilisation. 

  

  
Figure 15. Light microscope images of cationic potato starch at different degrees of gelatinization. 5x magnification. Samples 

were taken at temperatures a) 55 °C, b) 60 °C, c) 65 °C. Image d) is from a sample cooked at 25 minutes with shear forces 

present during the cook. 

The results from this investigation was positive as the method turned out to be easy and fast for checking 

if a cooked starch is fully solubilized.  

Starch cooked during too harsh conditions causes shortening of the molecule. It should be considered 

that studying cooked starch using a microscope can be used to check if complete dispersion has been 

reached. It does however not give any information if the dispersed starch molecules have been shortened 

or not. 

 

 

 

 

 

 

a) b) 

c) d) 
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4.3 Mapping of starch content in the paper mill 

Results from the mappings at PM1 and PM2 are presented and discussed in this section. Data are shown 

in the concentration units mg/l and kg/bdt. To clarify, the units are mg dry starch per litre of sample 

(mg/l) and kg dry starch per bone dry tonne sample (kg/bdt). To be able to compare adsorbed and 

dissolved contents, data in kg/bdt are converted into mg/l and vice versa using the dry content at the 

position of interest.  

Whether white water from PM1 or PM2 was used to dilute the pulp going to the unbleached pulp towers 

during and prior to the mappings is not known. Dilution of unbleached pulp is where starch originating 

from a stock preparation system at PM2 can end up at PM1. In the same way, starch from PM1 can end 

up in the base ply stock preparation system at PM2. 

4.3.1 PM2 

During the sampling at PM2, the pulp mix to the base ply consisted of 65 % unbleached softwood, 30 

% broke and 5 % recycled pulp. Starch was added to the stock preparation system in the machine chest 

(4.5 kg/adt) and prior to the head box (4.5 kg/adt). The top ply consisted of 100 % bleached hardwood 

and starch was here added in the machine chest (10.5 kg/adt) and prior to the head box (11.0 kg/adt). 

As a reminder, in the stock preparation system for the base ply at PM2, unbleached softwood from the 

pulp chest is mixed together with broke and recycled pulp in the machine chest. The consistency in the 

machine chest is approximately 4 %. This mixture is then diluted with white water from the wire pit on 

its way to the head box where the consistency is in the range of 0.5 %. In the stock preparation system 

for the top ply, only bleached hardwood pulp is used, going from the pulp chest to the machine chest 

before being diluted prior to the head box.  

Figure 16 displays the results from the mapping of PM2 in mg/l. The bars are arranged from left to right 

beginning with positions in the base ply system. The bars furthest to the right-hand side represent 

positions in the top ply system. 

Figure 17 similarly displays the results from the mapping of PM2 in kg/bdt. As the consistency of the 

pulp suspensions differs significantly between some sampling points in the mapping, the data chosen to 

be presented in kg/bdt. It is also easier connecting the content to the levels of starch added. 

4.3.1.1 Base ply 

The starch content detected at the pulp chest most certainly has its origin from the white water used to 

dilute the pulp before and after the pulp tower. Almost all starch in this position is found as dissolved in 

the water. The white water used must therefore contain the majority of the starch as dissolved in the 

liquid phase. Starch not adsorbed to fibres or other furnish elements have a lower probability of being 

retained on the forming wire. The starch found in the white water used in the short or the long circulation 

therefore has a high content of dissolved starch. The content of adsorbed starch in the pulp chest was 

lower than 1.0 kg/bdt  

High content of starch, mainly present as dissolved in the liquid phase, is detected in the recycled pulp. 

Recycled pulp can be composed of a variety of different paper grades, often surface sized and coated 

paper. As mentioned previously, the adsorption of native starch to stock components is poor, explaining 

the high fraction of dissolved starch content in the recycled pulp. It should be emphasized that only 5 % 

of recycled pulp is used in the base sheet. 

Broke pulp shows a high degree of adsorption for the starch found in this position. The broke pulp is a 

mixture of base and top ply stock not being converted into finished, sellable, paper. Broke pulp can for 
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instance be composed of unsellable paper that is repulped, trim from normal operations or material 

during a web break that is sent to the press pulper. Broke pulp therefore contains both the top and the 

base sheet of the kraftliner. It is therefore reasonable to expect a slightly higher level of adsorbed starch.  

At the sampling point for the machine chest, unbleached softwood, broke and recycled pulp have been 

mixed together and cationic starch has been added. A slight dilution down to 3.8 % consistency has also 

been made. Dilution is made with the same type of white water used to dilute pulp from the pulp tower. 

The sampling made at the head box for the base sheet shows a decrease in adsorbed starch fraction which 

can be ascribed to the dilution with white water from 3.8 % to 0.3 % consistency. The adsorbed content 

is only about 40 %, leading to suspect that the added starch in this position does not adsorb as effectively 

as wanted. 

4.3.1.2 Top ply 

The pulp chest containing bleached hardwood showed low starch content, the adsorbed fraction 

amounted to far less than 1 kg/ton, which is a content lower than the test method is intended for. The 

reproducibility of the measurement at such low levels is unknown and the dissolved starch content is 

about 10 mg/l which is considered low in comparison to results from other sampling points. Combined, 

this leads to high uncertainty also when studying the level of adsorbed starch. In this position, the 

important conclusion is however that the total starch content is low. It follows that the starch content is 

low in the white water diluting the pulp between the pulp tower and the pulp chest in this stock 

preparation system. This indicates good retention of starch on the paper machine. 

Cationic starch addition of 10.5 kg/adt is made in the machine chest, the data (see Figure 16) shows that 

in principal, all starch added in this position is adsorbed to stock components. The dissolved starch 

content is lower than 4.0 mg/l which, according to the test method, causes the reproducibility to be low. 

The adsorbed content is significantly higher than the dissolved content, the level of adsorbed starch can 

thus be regarded as accurate since the uncertainty in the dissolved content only has a small effect on the 

fraction of starch adsorbed.  

Dilution of thick stock from the machine chest causes the total concentration of starch to decrease even 

though 11.0 kg/adt starch is added, see the positions “Machine chest (top)” and “Head box (top)” in 

Figure 16. In the same figure, the starch content in the wire pit explains the diluting effect observed on 

starch from machine chest to head box. With such a high level of dosage combined with the fact that the 

adsorbed starch fraction decreases, this might indicate that the starch added in the head box might not 

adsorb as effectively as the starch added in the machine chest. The white water used for dilution 

contributes to lowering the adsorbed starch fraction as shown in Figure 16, compare positions “Machine 

chest (base)” and “Head box (top)”. 
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Figure 16. Adsorbed and dissolved starch content (mg/l) at PM2, the fraction of adsorbed starch is displayed in percent on the 

secondary axis. 

 

Figure 17. Adsorbed and dissolved starch content (kg/bdt) at PM2, the fraction of adsorbed starch is displayed in percent on 

the secondary axis. 
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4.3.2 PM1 

During the sampling at PM1, the pulp mix to the base ply consisted of 59 % unbleached softwood, 28 

% recycled pulp and 13 % broke pulp. The top ply consisted of 100 % unbleached softwood pulp. 5.5 

kg/adt of starch was added to the machine chest in the stock preparation system for the base ply. 

As described earlier, in the stock preparation system for the base ply at PM1, unbleached softwood from 

the pulp chest is mixed together with broke and recycled pulp in a blend chest prior to the machine chest. 

The consistency in the machine chest is approximately 3 %. This mixture is then diluted with white 

water from the wire pit on its way to the head box where the consistency is approximately 0.5 %. In the 

stock preparation system for the top ply, only unbleached softwood pulp is used, going from the pulp 

chest to the machine chest before being diluted prior to the head box. 

Adsorbed starch content lower than 1.0 kg/ton was observed in the pulp chest (base) and machine chest 

(top). As mentioned, it should be kept in mind that the reproducibility could be quite low at such low 

levels. In any case, in both samples, it can be concluded that the adsorbed levels are low and that the 

dissolved levels are several times higher for these samples. 

Figure 18 shows the results from the mapping of PM1 expressed in mg/l. The bars are arranged from 

left to right beginning with positions in the base ply system. The three bars furthest to the right-hand 

side represent positions in the top ply system.  

Figure 19 displays the results from the mapping of PM1 expressed in kg/bdt. As the consistency of the 

pulp suspensions differs greatly between positions sampled in the mapping, presenting the data in kg/ton 

will visualize this in a clear way. It is also easier connecting the content to the levels of starch added. 

The wire pits are excluded in this figure for the benefit of having the other positions in a more viewable 

scale. 

4.3.2.1 Base ply 

Similarly to the base pulp chest at PM2, the starch content amounts to approximately 200 mg/l with an 

adsorbed fraction of about 10 %. 

The recycled pulp had a total starch content less than half of what was observed during the PM2 

mapping. The adsorbed fraction of starch was 60 % compared to less than 30 % during the PM2 

mapping. The variation can thus seemingly be high over time which could tentatively be explained by 

different qualities of recycled paper fed into the plant having different starch content. 

The handling of broke pulp is partly shared for the two paper machines, there is however separate towers 

and chests for the broke pulp at each machine. It is reasonable to expect the starch content to be similar 

in these positions at a given time. From Figure 18 it can be noticed that at PM1, the adsorbed starch 

content in the broke chest sample is similar to the corresponding sample at PM2 (see Figure 16) but the 

dissolved amount is almost five times higher. As the composition of the broke pulps can vary over time, 

this might explain the difference observed in dissolved starch content. The broke pulp reasonably 

contained a higher fraction of pulp originating from PM1 at the time of the mapping at PM1, which will 

be explained later, shows higher levels of dissolved starch compared to positions sampled at PM2. 

In the machine chest, unbleached softwood, recycled and broke pulp has been mixed together and diluted 

to 3 % consistency. A cationic starch addition of 5.5 kg/adt has been made which is reflected in a higher 

adsorbed fraction. 

At PM2 it could be observed that the dilution between machine chest and head box caused the adsorbed 

starch fraction to decrease and the same trend is observed at PM1. This was explained by that the 

adsorbed starch is following the paper web to become kraftliner and dissolved starch following the water 
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being drained from the forming wire is reused to dilute the stock prior to the head box. At the same time, 

a small contribution of starch is also added to the system via the addition of the sizing agent (ASA) as 

explained above. 

4.3.2.2 Top ply 

The only stock preparation system at the mill where cationic starch is not added is at PM1’s top ply. 

Neither is recycled fibre used, from this fact, the starch levels detected are remarkably high. Almost all 

starch is present in the liquid phase throughout the system. The white water in the long circulation at 

PM1 as well as white water from PM2 used to dilute softwood pulp to the pulp towers are causing starch 

to find its way in to this system. 

 

Figure 18. Adsorbed and dissolved starch content (mg/l) at PM1, the fraction adsorbed starch is displayed in percent on the 

secondary axis. 
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Figure 19. Adsorbed and dissolved starch content (kg/bdt) at PM1, the fraction adsorbed starch is displayed in percent on the 

secondary axis. 

At PM1 and in the stock preparation system for the base ply at PM2, it is obvious that the cationic starch 

is far from efficiently utilized. The use of only 5 % recycled fibre at PM2 explains that dissolved starch 

largely is originating from the addition of cationic starch. It should be noticed that the kraftliner qualities 

produced at PM2 contains either a small or a non-existing fraction of recycled pulp. It is therefore not 

likely that relatively high levels of dissolved starch have its origin directly from the recycled pulp added 

in these systems. However, starch originating from recycled pulp used at PM1, can be introduced to the 

system via the dilution of pulp from the pulp mill. 

Conductivities were in the range of 2500 uS/cm in almost every position, except in the top stock system 

at PM2, where levels were below 1000 uS/cm. According to the theory explained in the introduction, a 

high electrolyte concentration will decrease the adsorption of cationic starch. However, substituting the 

currently used starch to a starch with higher degree of substitution would likely increase the adsorption 

in systems where conductivities are high. The potential for improvement by changing to a starch having 

higher DS is smaller for PM2’s top ply system because of the lower conductivities found here. Moreover, 

since the degree of adsorption in the machine chest at this system showed excellent levels, it might be 

beneficial to redistribute some of the starch added in the head box to this position. 

Dissolved starch will circulate in the systems and might adsorb at one point or another thus leaving the 

systems with the produced kraftliner. A certain amount of water is continuously sent to the waste water 

treatment and a high content of dissolved starch in the white water has the negative effect of increasing 

the load on the waste water treatment plant. It is probable that starch accumulates in the systems until 

certain levels are reached and then steady-state is reached with equal amounts entering and leaving the 

system. Since adsorption of starch is low in the base ply at PM2 as well as in PM1, high dosage levels 

are necessary to achieve the desired effects in terms of dry-strength and retention. With high levels of 

starch, the risk of microbial growth cannot be overlooked. Microorganisms can for example be 
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introduced to the process with the fresh water input or via the recycled pulp. Many microorganisms have 

the possibility to utilize starch as a substrate, combining this with favourable temperature and pH, the 

probability of slime deposits is high. Slime deposit may in turn lead to product quality, efficiency and 

runnability problems.  

There is a definite potential to lower the consumption of cationic starch if the adsorption efficiency 

could be increased, this could result in large economic savings and reduced load on the waste water 

treatment plant. 

4.4 Separation of starch preparation system 

The present starch preparation system is described in the introduction. As mentioned it is only possible 

to use one single starch product in the system. Results from the mapping in the paper mill indicates that 

the starch product currently used is not functioning properly in the base ply systems at PM1 and PM2. 

As expected, better efficiency was observed in the system for the top ply at PM2. To achieve better 

performance in the base ply at PM2 and PM1, another starch product, better suited for the prevailing 

conditions should be used. As mentioned, a starch with higher DS could potentially increase the 

retention of starch. Starch with higher DS is however more expensive. It might therefore not be 

beneficial to change the starch product in every stock system. Sufficient increase in adsorption must 

therefore be reached to have any economic incentive to switch to a starch with higher DS. Since the top 

ply system at PM2 showed less potential for increased efficiency, it might only increase costs by 

switching to a starch with higher DS in this system. The starch consumption is highest in this system, 

therefore savings made at other systems could be lost as a result of the increased costs at the top ply 

system at PM2. Using different starch products for systems with different electrolyte concentration could 

solve this. This would however require a rebuilding of the current starch preparation system. In Figure 

20 an overview of how a reconstructed system could look like is shown. In this system, one line could 

produce the current starch (DS 0.040) for the top ply system at PM2 while the other line could produce 

a starch with higher DS to the other systems.  

The estimated costs for reconstructing the starch preparation system are shown in Table 2. Some 

information could be found in archived documents from an earlier investment made to the starch 

preparation system in 2007. A general scaling factor of 2.0 % per year was used to estimate what the 

corresponding costs would be for the year 2017. For some items, calculations were performed with 

archived drawings as basis. Estimates were made to get an approximate investment cost for the 

reconstruction in collaboration with personnel at the project department. The total investment cost 

includes complete assembling and installation of the equipment. 

A complete separation of the preparation system would increase the redundancy of the equipment. In a 

scenario where an equipment in the system handling high DS starch would break, the other line could 

supply the 0.040 DS starch for the time required to repair the faulty equipment. In an opposite scenario 

with a failure in the system handling the starch with low DS, the high DS starch system could supply all 

systems and thereby avoiding production losses. 

Planned maintenance and cleaning of the equipment would also be simplified with separated systems. 

The opportunity to continuously clean the equipment (tanks) would make it possible to lower the use of 

a costly biocide.  

The new system would also have twice the storage capacity of starch powder compared to the current 

system, which has a capacity corresponding to approximately five days of production. This would 

decrease the dependency of on time deliveries. 
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Table 2. Estimated costs of a reconstruction of the current starch preparation system. 

 Cost (kSEK) 

Conical bottom in silo 800 

Screw conveyor 225 

Starch bin 570 

Storage tank 215 

Progressive cavity pump 150 

Pressurized vessel 300 

Total investment cost 4000 

 

For an investment of this type to be economically feasible, the level of dosage needs to be lowered 

sufficiently. In section 4.5 a calculation of the required efficiency of a new product in the base ply 

systems at PM1 and PM2 is presented. 

 

 

 

 

 

 

 



32 

 

 

 

 

Figure 20. Starch preparation system capable of handling two separate starch products simultaneously. Red markings display the new sections introduced to the current system.
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4.5 Adsorption of starch with different DS in a stock environment - a lab study 

This section displays and discusses the results from the lab study where starch with different DS was 

added to a stock with an electrolyte level similar to that in the base ply systems in the paper mill. The 

ion concentration in the test was adjusted to 475 mg/l of Na+ and 150 mg/l of Ca2+, conductivity was 

measured to 2800 µS/cm. The pulp concentration was 10 g/l and pH was adjusted to 7.0. 

The dissolved starch content was in all samples below 5.0 mg/l which is lower than the SCAN-test 

method is intended for. According to the test method, reproducibility is quite poor even in samples 

having dissolved starch contents of approximately 10 mg/l. This is unfortunate since it would have been 

a good possibility to further validate the starch content determination method. This could have been 

done by using the knowledge of the amount of added starch and comparing this to the sum of adsorbed 

and dissolved starch detected in the samples. However, since the added amount of starch is known and 

the adsorbed amounts were measured, the fraction that was adsorbed to fibres could be calculated and 

are shown in Figure 21.  

At the lowest dosage level, 2.5 kg/bdt, no difference can be observed between the starches used in the 

test. The adsorbed amount of starch detected at this dosage is close to 1.0 kg/bdt, some uncertainty can 

be expected at such low levels according to the test-method used. At the dosage levels of 5.0 kg/bdt and 

7.5 kg/bdt, the starch with a DS of 0.040 (the starch currently used in the paper mill) showed the lowest 

adsorbed fractions. At the dosage level of 5.0 kg/bdt, the adsorbed fraction is 7.5 % and 4.8 % higher 

for the starches having a DS of 0.065 and 0.080 than the starch having a DS of 0.040, respectively. At 

the dosage level of 7.5 kg/bdt, the adsorbed fraction is 10.8 % and 13.2 % higher for the starches having 

a DS of 0.065 and 0.080 than the starch having a DS of 0.040, respectively. From the results it could be 

speculated that the effect of a higher DS would be even higher at dosage levels above 7.5 kg/bdt. 

In the paper mill, dosage levels higher than 2.5 kg/bdt are used. At the base ply system at PM1, dosage 

levels of 4.5 kg/bdt are used whereas dosage levels higher than 10.0 kg/bdt are used at the base ply 

system at PM2. Therefore, the results at the two highest dosage levels in this test are of greater interest. 

 

Figure 21. Degree of adsorption for three products of cationic starches with different DS at three different levels of dosage. 

The adsorption was tested in pulp suspensions of unbleached softwood prepared in the laboratory. The ion concentration was 

adjusted to 475 mg/l of Na+ and 150 mg/l of Ca2+, conductivity was measured to 2800 µS/cm. The pulp concentration was 10 

g/l and pH was adjusted to 7.0. 
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The conductivity and pH used during the adsorption test were similar to those found in the base ply 

system for PM1. The conductivity is also similar to the base ply systems at PM2, however, here a lower 

pH is used. In the mill, additional components as fillers and pigments are present in the stock, the pulp 

is refined which increases the area accessible for adsorption, also the temperature are a bit elevated being 

in the range of 50 °C. The observed adsorbed starch amounts should therefore not be expected to be 

identical to the levels found in the mill. The difference in adsorption between the starches on the other 

hand is of interest. 

The procedure for preparing the starches was very similar for all starches, with the cooking conditions 

having been tested out at SKP earlier for a starch with DS 0.040. Complete solubilization was, at that 

time, determined based on the viscosity recommendation given by the supplier. These conditions were 

used as a starting point when cooking the starches for the present study. In the microscope, it was 

however revealed that higher shear forces were required to reach complete solubilization of starches 

with DS 0.065 and 0.080. Even though complete “cook-out” out the solutions were verified, any 

information about whether shortening of the molecule chains occurred is not available. Since the cooked 

starch solutions were checked in the microscope at different cooking times and levels of shear forces, 

the final settings used should yield starches close to the point where total solubilization was reached. It 

is therefore not likely that molecular degradation occurred in any significant way to affect the results 

obtained in the present work. 

4.5.1 Connecting adsorption efficiencies to economic savings 

As determined in section 4.4 above, the estimated cost for rebuilding the starch preparation system 

amounted to ca 4000 kSEK. If a product that adsorbs more efficiently could be used, the profit of this 

could either be higher levels of adsorb starch at the current dosage levels. This could in turn increase 

both retention as well as the dry-strength of the produced kraftliner. An alternative profit can be the 

potential to lower the level of dosage and thereby reducing costs. Depending on the level of efficiency 

and the price of a new product, it might be possible to motivate a reconstruction of the starch preparation 

system.  

For the different starches used in this work, prices, as stated by the supplier, increase with increased DS. 

With the current starch preparation system, changing to the starch with a DS of 0.065 would result in 

greater adsorption at the base ply systems while it would not likely affect the adsorption in the top ply 

system at PM2. Assuming no difference in adsorption efficiency between the starch with a DS of 0.040 

and the starch with a DS of 0.065 in the top ply at PM2, the higher cost of the latter product would 

increase the total costs in this system with approximately 2000 kSEK/year. Results from calculations of 

the savings that could be made in the base ply systems are presented below. 

By assuming that the results displayed in Figure 21 are directly applicable to the base ply systems at 

PM1 and PM2, it is possible to correlate the adsorption results to the investment cost in section 4.4. As 

mentioned, the average dosage at PM1 is about 4.5 kg/bdt and the corresponding number is above 10 

kg/bdt in the base ply system at PM2. Therefore, in the calculations of starch consumption costs, the 

difference in adsorbed fraction observed at 5.0 kg/bdt is used for the base ply system at PM1 and the 

difference at 7.5 kg/bdt is applied to the base ply system at PM2. With this input, it was calculated that 

the annual savings would correspond to about 2400 kSEK purely in terms of reduced dosage at both 

base ply systems combined, if the currently used starch would be substituted with the starch having a 

DS of 0.065. If the trend that starch with DS 0.065 will adsorb to a greater extent in levels higher than 

7.5 kg/bdt, the savings could be even higher. 

Using the same approach for the starch with a DS of 0.080, there higher cost of this product would result 

in combined savings corresponding to only 750 kSEK/year in the base ply systems. It is therefore clear 
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that it is more beneficial to substitute the current starch used in base ply systems with the starch having 

a DS of 0.065 than the starch having a DS of 0.080. 

From the results it can also be concluded that it would be beneficial to reconstruct the starch preparation 

system to be able to keep the starch with a DS of 0.040 in the top ply system and change to the starch 

with a DS of 0.065 in the base ply systems where there is potential of improvement. 
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5 CONCLUSIONS 

 
 

A SCAN test-method for determining the starch content in paper, pulp as well as white water was 

modified and implemented at SKP. Analyzing the starch content in a sample requires approximately 6-

8 hours with sampling, pretreatment as well as preparation of the reagents included. By maximizing the 

number of samples that can fit in the water bath (approximately 10), the time effectiveness of the method 

increases. The method can be performed without mixing during the step where α-amylase hydrolyzes 

starch. The results show good accuracy and repeatability in the measurements performed. The yield of 

the reference starch should be displayed along with the analysis results. This together with knowledge 

of the origin of the sample can give information if, and approximately to what extent, the starch content 

is overestimated as a result of native starch being present.  

A method to check whether cooked starch is completely dispersed using a light microscope was 

developed. The method proved to be a fast and easy method that can be very useful. The method should 

be combined with other methods to get a better sense of the quality of the cooked starch. 

The starch content in different flows in the paper mill was mapped. The mapping of starch showed some 

interesting results with great potential for improvement in the base plies at PM1 and PM2. The low 

adsorption of starch to the pulp is thought to be ascribed to the cationic starch currently used having too 

low degree of substitution at the conditions prevailing. Higher adsorption was observed in the top ply 

system at PM2. High levels of dissolved starch were detected in the top ply system at PM1, although no 

starch is added in this system. This was ascribed to the white water used to dilute softwood pulp from 

the pulp mill containing dissolved starch. 

A suggestion for rebuilding the starch preparation system that would enable the use of two different 

starches simultaneously, was made. The investment cost for the rebuilding was estimated to ca 4000 

kSEK.   

A laboratory study was carried out where starches with different degree of substitution were compared 

in terms of adsorption efficiency. At the two highest levels of dosage, the adsorbed fractions for both 

starch with DS 0.065 and DS 0.080 were higher than for the starch used currently in the paper mill 

(having a DS of 0.040). A calculation based on the results showed that the use of a starch with DS 0.065 

in the base ply systems could potentially generate savings corresponding to ca 2400 kSEK/year. This 

corresponds to a payback time for the reconstruction of the starch preparation system of less than two 

years. 
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6 FUTURE WORK 

 
 

A mill trial to investigate the possibility to increase starch efficiency through optimization of the starch 

preparation system could be carried out. The trial could be constructed using factorial design with 

parameters such as cooking temperature, slurry concentration prior to the steam injection cooker with 

corrected dilution subsequent to the cooker and pressure. To monitor the effect, microscopy together 

with measurements of viscosity could be performed. Differences in quality of the cooked starch between 

the two different steam injection cookers should be examined. Cooked starch sampled throughout the 

tests could be used in an evaluation of retention and strength in the laboratory. The solutions of cooked 

starch would be allowed to adsorb in a pulp suspension containing fillers for a given time before added 

to a dynamic sheet forming machine in-lab. The produced paper would then be tested for dry-strength 

properties. 

It would also be interesting to perform a study to investigate if greater effects of DS can be observed at 

dosage levels higher than 7.5 kg/bdt. The study could be done using pulp suspensions mirroring the 

conditions found in the base ply system at PM2. Running the tests in, at least, duplicate would be 

recommended considering that the accuracy in the economic evaluations are of utmost importance. 

Expanding the study to also include recycled and broke pulp in the suspensions prepared, could further 

improve the similarities to the conditions found in the mill.  

A study to investigate whether the dissolved starch content can be correlated to the total organic content 

(TOC) should also be performed. If an approximate conversion chart could be developed for different 

positions in the mill, the routine measurements of TOC carried out today could in that case be used as a 

simple tool to monitor the performance of the starch. The information could also be used in a dynamic 

simulation model covering the paper mill that is available at the company. In this model, it can for 

example be studied how the starch adsorption affects the load on the waste water treatment plant. 

Performing a mill trial with the starch having a DS of 0.065. Continuous measurements of starch 

adsorption as well as monitoring of the retention and paper strength properties throughout the trial 

should be performed. The trial will provide knowledge to what extent the indications from the lab study 

performed in this work were applicable to the real conditions found in the mill.  
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9 APPENDIX 

 
 

9.1 Method to determine starch content in pulp, paper and process water 

This method describes the procedure for determination of both dissolved and total starch content in 

samples of pulp, paper and white water. The method is a modification of the standard test-method 

SCAN-P 91:09/SCAN-W 13:09 (Scandinavian Pulp, Paper and Board Testing Committee, 2008). 

9.1.1 Principle 

The samples are treated with α-amylase and amyloglucosidase that hydrolyzes starch into free glucose, 

this is followed by spectrophotometric determination of the free glucose content. The enzymes used 

does not fully hydrolyze cationic starches, therefore, a reference starch shall be analyzed and the yield 

of this used to calculate the starch content within the sample. 

9.1.2 Apparatus 

Flat-bottomed laboratory flask 100 ml 

Spectrophotometer (DR 5000; Hach) 

Filtration set-up 1, Magnetic filter funnel (Ø 47 mm, 300 ml capacity; Gelman Sciences Corp.), Micro 

glass fibre filter (Ø 47 mm MGC; Munktell Filter AB) and a Büchner flask. 

Filtration set-up 2, Büchner funnel, filter paper (Ø 125 mm, Grade 3; Munktell Filter AB) and a Büchner 

flask. 

Heated circulated water bath, (Grant TC120) 

Shaking incubator (SI500 orbital incubator with temperature control; Stuart, Cole Parmer Ltd.) 

Micropipettes, volume 20 µl, 100 µl and 1000 µl 

Cuvettes (pathlength 10 mm and a minimum volume of 3.2 ml) 

9.1.3 Reagents 

Distilled water 

Phosphate buffer, 20 mM NaPO4 and 6.7 mM NaCl, pH 6.9. 

Thermostable α-amylase solution. > 300 U/ml; α-amylase from Bacillus globigii (Bacillus 

licheniformis) (> 300 U/mg; optimum pH, 7.0-9.0; Sigma-Aldrich Inc.) is dissolved to a concentration 

of 1 mg/ml in phosphate buffer. 

Ammonium sulfate solution, 3.2 M (NH4)2SO4 

Amyloglucosidase solution. 122 U/ml; Amyloglucosidase (0.45 ml) from Aspergillus niger (3.2 M 

ammonium sulfate solution, pH approx. 6.0; > 40 U/mg protein; Sigma-Aldrich Inc.) is diluted with 

ammonium sulfate solution to a total volume of 10 ml. 

Potassium hydroxide solution, c(KOH) = 5 mol/l 

Acetic acid solution, c(CH3COOH) = 5 mol/l 
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Calcium chloride dihydrate, c(CaCl2∙2H2O) = 50 wt-% 

For the spectrophotometric determination, 

Sodium hydroxide solution, c(NaOH) = 5 mol/l 

Triethanolamine buffer, 14.0 g of triethanolamine hydrochloride and 0.25 g magnesium sulphate hepta 

hydrate is dissolved in water in a 100 ml volumetric flask, pH is adjusted to 7.6 with NaOH. 

NADP solution, 60 mg air-dry β-Nicotinamide adenine dinucleotide phosphate trihydrate dissolved in 6 

ml water. 

ATP solution, 300 mg of air-dry adenosine 5-triphosphate disodium salt trihydrate and 300 mg air-dry 

NaHCO3 are dissolved in 6 ml of water. 

Hexokinase/Glucose-6-phosphatedehydogenase solution (HK/G6P-DH). Used directly without dilution. 

(3.2 mol/l ammonium sulfate solution, pH approx. 6; 340 U HK/ml at 25 °C with glucose and ATP as 

substrates, 170 U G6P-DH/ml at 25 °C with G6P as substrate; Roche Molecular Systems Inc.; origin: 

HK from yeast and G6P-DH from Leuconostoc mesenteroides and recombinant in E.coli.). 

9.1.4 Procedure 

9.1.4.1 Pretreatment 

Filtrates and samples of process water that is not to be analyzed the same day as they were sampled 

should be kept in freezer to avoid any possibility of contamination that could risk the starch to be 

consumed. 

9.1.4.2 Analysis 

9.1.4.2.1 Blank test 

Along with the other samples, a blank test should always be performed where no starch is added. The 

analysis is carried out in the same manner as for the other samples as described in Paper samples. The 

purpose of the blank test is to know to what extent the absorbance is affected by the reagents used in the 

analysis. 

9.1.4.2.2 Reference starch 

The starch present in the samples should also be analyzed separately in its pure form, as a reference 

starch. The purpose of this is to calculate the yield and compensate for this in the actual samples. 

Approximately 20 mg of dry starch is weighed with 0.1 mg accuracy in a 100 ml laboratory flask. Add 

50 ml of distilled water and 5 ml of potassium hydroxide solution, place in water bath (95 °C, 5 min). 

The reference starch is then analyzed according to the instructions given in Paper samples. The end 

determination of the starch content is then performed according to the instructions given in End 

determination of starch content. In the cases where the reference starch is unknown, the theoretical yield 

of 100 % can be assumed. 

9.1.4.2.3 Paper samples 

Cut the paper in small pieces and weigh approximately 1 gram of dry pieces in a laboratory flask. Add 

50 ml of distilled water and 5 ml of potassium hydroxide, place in water bath (95 °C) and leave until the 

paper has dissolved (approximately 30 minutes). Vigorous shaking of the samples will improve the 

dissolution of the paper. 

When the paper has dissolved, 

Adjust the pH to 5.0 using acetic acid 

Add 5 drops of CaCl2∙2H2O 
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Add 225 µl of α-amylase 

Place the sample in the water bath (95 °C, 60 min) 

Cool the sample to below 60 °C 

Add 115 µl of amyloglucosidase 

Place the sample in shaking incubator (60 °C, 60 min, 150 rpm) 

 

Use filtration set-up 1 to filter the content of the sample. Wash the sample with 50 ml of distilled water 

and rinse the funnel and the flask. Once the water is removed from the sample, the filtrate and the rinse 

water is transferred to a 200 ml volumetric flask. If the filtrate contains any visible particles, filter it 

once more through a new filter paper. Use distilled water to fill to the marking in the volumetric flask 

and continue with the spectrophotometric end determination. 

9.1.4.2.4 Process water 

To analyze the total starch content in a sample of process water/filtrate, 50 ml of the sample is transferred 

to a 100 ml laboratory flask, add 5 ml of potassium hydroxide solution and place in water bath (95 °C, 

5 min). The sample is then analyzed according to the instructions given in Paper samples. 

If the dissolved starch content is to be determined, more than 50 ml of sample is filtered using filtration 

set-up 1. From the filtrate, 50 ml is transferred to a laboratory flask. Add 5 ml of potassium hydroxide 

and place in water bath (95 °C, 5 min). The analysis is then carried out according to the instruction given 

in Paper samples. By analyzing both the total and the dissolved starch content it is possible to calculate 

the adsorbed starch content. 

9.1.4.2.5 Pulp samples 

Weigh an amount of pulp corresponding to approximately 2 grams of dry weight. Dilute the pulp to 0.5 

% using distilled water, note the amount of water used. Filtrate the contents using filtration set-up 2. 

The filter cake is dissolved in distilled water, note the weight of the distilled water added, to the 

concentration of 1 % and filtered once more using a new filter paper. This is repeated two times to ensure 

that no dissolved starch is trapped inside the filter cake. The filter cake is then dried in an oven at 105 

°C. Approximately 1 gram of the dried filter cake is weighed with 0.1 mg accuracy and analyzed with 

respect to starch content according to the instructions given in Paper samples. 

9.1.4.3 End determination of starch content 

The following is added to a cuvette:  

1000 µl triethanolamine buffer 

100 µl ATP 

100 µl NADP 

100 – 2000 µl of sample, depending on the starch content in the sample, this volume can be adjusted. 

The chosen volume shall be noted to later calculate the dilution factor. Finally, distilled water is added 

to reach the total volume of 3200 µl. It is important to use the same amounts for the blank test as during 

the analysis of the other samples. 

Mix the contents by gently inverting the cuvette. 

Measurements are taken at a wavelength of 340 nm and the spectrophotometer is zeroed using distilled 

water. The absorbance (A1) of the content in the cuvette is measured after three minutes. Thereafter, 20 

µl of HK/G6P-DH is added to the cuvette before gently inverting it. After fifteen minutes, the absorbance 

(A2) is measured. 
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9.1.5 Calculations 

9.1.5.1 Reference starch 

The yield of the reference starch is calculated according to equation 1. 

𝑋𝑟𝑒𝑓 =
∆𝐴𝑟𝑒𝑓∗𝑀𝑊∗𝐷∗𝑉

𝜀∗𝑑∗𝑚𝑟𝑒𝑓
   Equation (1) 

𝑋𝑟𝑒𝑓 – yield of the reference starch (g/kg or kg/tonne) 

∆𝐴𝑟𝑒𝑓 - (𝐴2𝑟𝑒𝑓 − 𝐴1𝑟𝑒𝑓) − (𝐴2𝑏𝑙𝑎𝑛𝑘 − 𝐴1𝑏𝑙𝑎𝑛𝑘) 

Where A1ref is the absorbance at 340 nm for the reference starch, three minutes after inverting the cuvette 

and A1ref the absorbance for the reference starch fifteen minutes after the addition of HK/G6P-DH. 

A1blank and A2blank is the similar denotation but for the blank test. 

𝑀𝑊 – molecular weight of anhydroglucose (= 162 g/mol) 

𝐷 – dilution factor, the total end volume in the cuvette (ml) divided by the added sample volume to the 

cuvette (ml).  

𝑉 – volume of the filtrated sample (= 0.2 litre) 

𝜀 – molar absorptivity for NADPH at 340 nm (= 6.3 l/mmol cm)  

𝑑 – pathlength of the cuvette (= 1 cm) 

𝑚𝑟𝑒𝑓 – weight of the reference starch (dry) in grams 

 

9.1.5.2 Paper samples 

The starch content in a paper sample is calculated according to equation 2. 

𝑋𝑝𝑎𝑝𝑝𝑒𝑟 =
𝑓∗∆𝐴𝑠𝑎𝑚𝑝𝑙𝑒∗𝑀𝑊∗𝐷∗𝑉

𝜀∗𝑑∗𝑚𝑝𝑎𝑝𝑒𝑟
  Equation (2) 

𝑋𝑝𝑎𝑝𝑒𝑟 – starch content in the dry sample (kg/tonne) 

∆𝐴𝑠𝑎𝑚𝑝𝑙𝑒 – (𝐴2𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴1𝑠𝑎𝑚𝑝𝑙𝑒) − (𝐴2𝑏𝑙𝑎𝑛𝑘 − 𝐴1𝑏𝑙𝑎𝑛𝑘) 

𝑚𝑝𝑎𝑝𝑒𝑟 – dry weight, in grams, of paper sample taken to analysis 

𝑓 – correction factor,   𝑓 =
1000

𝑋𝑟𝑒𝑓
 

1000 – maximum theoretical yield for the reference starch (kg/tonne) 

𝑋𝑟𝑒𝑓 – yield of the reference starch (kg/tonne) 

The rest of the denotations in equation 2 are mentioned in Reference starch. 
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9.1.5.3 Process water 

𝑋𝑤𝑎𝑡𝑒𝑟 =
𝑓∗∆𝐴𝑝𝑟𝑜𝑣∗𝑀𝑊∗𝐷∗𝑉

𝜀∗𝑑∗𝑉𝑠𝑎𝑚𝑝𝑙𝑒
   Equation (3) 

𝑋𝑤𝑎𝑡𝑒𝑟 – starch content (mg/l) 

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 – volume of the sample taken to analysis (= 50 ml) 

The rest of the denotations in equation 3 are mentioned in Reference starch. 

9.1.5.4 Pulp 

9.1.5.4.1 Adsorbed starch content 

Calculated in kg/tonne according to equation 2. Can be converted into mg/l by multiplying with the pulp 

consistency (g/l) of the original sample. 

9.1.5.4.2 Dissolved starch content 

The dissolved starch content is calculated according to equation 4. 

𝑋𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 =
𝑓∗∆𝐴𝑠𝑎𝑚𝑝𝑙𝑒∗𝑀𝑊∗𝐷∗𝑉

𝜀∗𝑑∗𝑉𝑠𝑎𝑚𝑝𝑙𝑒∗𝑤
   Equation (4) 

𝑋𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 – dissolved starch content (mg/l) 

𝑤 – fraction of liquid phase in the pulp sample in relation to the total volume after washing/filtration, 

defined according to equation 5 

𝑤 =
𝑚𝑚𝑎𝑠𝑠𝑎 − 𝑚𝑓𝑖𝑙𝑡𝑒𝑟𝑘𝑎𝑘𝑎

𝑚𝑑𝑖𝑠𝑡_1 + 𝑚𝑑𝑖𝑠𝑡_2 +(𝑚𝑚𝑎𝑠𝑠𝑎 − 𝑚𝑓𝑖𝑙𝑡𝑒𝑟𝑘𝑎𝑘𝑎)
  Equation (5) 

𝑚𝑚𝑎𝑠𝑠𝑎 – weight, in grams, of pulp taken to filtration 

𝑚𝑑𝑖𝑠𝑡_1 – weight, in grams, of the distilled water used for dissolving the 1st filter cake 

𝑚𝑑𝑖𝑠𝑡_2 – weight, in grams, of the distilled water used for dissolving the 2nd filter cake 

𝑚𝑑𝑖𝑠𝑡_3 – weight, in grams, of the distilled water used for dissolving the 3rd filter cake 

𝑚𝑑𝑖𝑠𝑡_2 – weight, in grams, of the distilled water used for dissolving the 4th filter cake 

𝑚𝑓𝑖𝑙𝑡𝑒𝑟𝑘𝑎𝑘𝑎 – weight, in grams, of the dried filter cake 

The rest of the denotations in equation 4 and equation 5 are mentioned in Reference starch, Paper 

samples or Process water 

 


