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1. Introduction 

The forest industry is a major contributor to the Finnish economy. In 2016, the 
gross value of Finnish pulp, paper and board industry was 13.1 billion euros, 
which accounted for 17% of Finland’s exports (Finnish Forest Industries 
Federation 2017). The extensive forest resources of Finland and the strong 
tradition in the pulp and paper production from forest biomass as well as in its 
R&D make Finland a competitive actor in the bioeconomy sector. 

The paper industry, and especially the producers of printing and writing 
papers, have faced revolutionary changes over the last decade. The sharp 
reduction in demand has compelled paper manufacturers to develop new means 
to increase profitability. In addition to the development of novel fiber-based 
materials with wide range of applications, cost-effective utilization of 
papermaking raw materials under optimized production conditions has been 
the focus of recent development work. 

The substitution of virgin fibers with less expensive materials, such as 
inorganic minerals and recycled furnish, has been one of the methods used to 
gain competitiveness in paper industry. The decreased fibre content in paper 
has led to a need to enhance strength via other means, such as by trying to 
incorporate more strength-providing additives to paper. For this, one possible 
route could be the integration of the strength additive with low cost, inorganic 
fillers. As well as improved economics, these so-called bondable pigments could 
contribute to the structure and strength of formed paper and provide novel 
functionalities for traditional products.  

This work focuses on the development of novel hybrid pigment from the 
existing raw materials widely utilized in papermaking. As a vital part of the 
development work, various reactor technologies were exploited in synthetic 
pigment production. The thesis comprises of four publications, which together 
attempt to answer the following three research questions: 

 
1. Can a polysaccharide and precipitated calcium carbonate (PCC) be 

integrated into a bondable hybrid pigment with a straightforward and 
cost-efficient technique? 

2. Can the hybrid pigment be used to increase the filler content of paper? If 
so, which advantages does the replacement of fiber material with hybrid 
pigment bring to paper? 
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3. Is a high shear semi-batch reactor applicable for precipitation processes 
and can it impart a new variable to control the performance of PCC in 
hybrid pigments? 
 

Each publication provides a partial solution for these research questions and 
this dissertation summary combines the contributions of these articles (Figure 
1). Publications 1 and 2 explore the first research question. Publication 1 
concentrates on analyzing the applicability of two precipitation processes, i.e. 
batch and fed-batch, for the production of calcium carbonate (CaCO3) in the 
presence of dissolved polysaccharides, i.e. starch and carboxymethyl cellulose 
(CMC). The results indicated that the addition of dissolved polysaccharide into 
the precipitation was unsuitable for crystal morphology control and the targeted 
improvements in paper properties were minor.  

 

  
Figure 1. The relationship between the articles outlined in this thesis. 

Based on the findings of the first article, the polysaccharide treatment prior to 
co-precipitation was changed. Publication 2 investigates the suitability of 
starch heat treatment, later called starch activation, prior to its addition to the 
co-precipitation. The target was to encapsulate the swollen starch granules and 
thereby form a permeable PCC shell around the starch. The purpose of the 
porous shell was to restrict the swelling of the granule and allow starch to 
completely hydrate and swell without dissolving. Without the shell, starch 
would completely dissolve when heated to the cooking temperature of about 95 
°C and would have severe impact for wet end runnability during papermaking 
process.  Low cost native corn starch and a batch process were selected as a 
polysaccharide and method of co-precipitation, respectively. The focus of the 
research was on realising a starch treatment, i.e. how to get starch into a 
bondable form without fully dissolving it. The article also provides a partial 
solution to the second research question. 

The third research question is answered in Publications 3 and 4. A new 
type of precipitation reactor with a high shear mixer and recirculation system 
was designed and tested in Publication 3. In addition, the suitability of semi-
batch lime slaking equipment for high consistency slaking was examined. The 
novelty of the PCC reactor was the high shear mixer in the carbon dioxide (CO2) 
feeding zone, which enabled the adjustment of the gas bubble size. The article 
focusses on the precipitation of CaCO3 and investigates the effect of 
precipitation variables on pigment and paper properties. Pigments with a 
variety of properties, such as significant optical performance, were produced. 

Publication 1
Dissolved

polysaccharide – PCC
method in batch and
fed batch reactors

Publication 2
Polysaccharide core
PCC shell method

Publication 3
High shear reactor

Publication 4
Polysaccharide core
PCC shell method in
high shear reactor
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Publication 4 combines the hybrid pigment preparation method presented 
in Publication 2 and the utilization of the high shear precipitation reactor from 
Publication 3. This publication concentrates on the improvement of the optical 
performance of paper filled with hybrid pigments and answers the second 
research question. The study showed that it was possible to precipitate various 
PCC morphologies on the surface of swollen starch granules and produce hybrid 
pigments, which provided unique paper properties. 
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2. Background 

2.1 Papermaking 

2.1.1 Composition of common paper products 

Paper is a heterogeneous, three-dimensional network typically composed of 
fibers, minerals and other additives. The heterogeneity derives from the use of 
different wood species, additives, interactions of different components with 
each other and the processing conditions. Lignocellulosic fibers from wood form 
the main component of papermaking furnish. Softwood, such as spruce or pine, 
and hardwood, like birch or eucalyptus, differ both in chemical composition as 
well as fiber length - the former having longer fibers. The separation of fibers 
from the wood matrix and their activation for interfiber bonding requires wood 
material to be subjected to several sub-processes including mechanical, 
chemical or chemimechanical pulping, bleaching, refining and screening prior 
to its use in a paper machine. Application of these processes cause a variety of 
changes, such as the removal of different components from the fiber cell wall, 
the formation of fines as well as internal and external fibrillation, which further 
increases the raw material diversity. 

Minerals - i.e. fillers and coating pigments - are the second largest component 
in paper comprising 8% of the papermaking raw material (Chamberlain and 
Kirwan 2014). Minerals can be described as either natural or synthetic water-
insoluble particulate substances with a size between 0.1 and 10 μm, though in 
most cases the range is between 0.2 and 4 μm (Hubbe and Gill 2016). The most 
commonly used minerals, such as kaolin and calcium carbonate, either ground 
(GCC) or precipitated (PCC), exhibit different physical, chemical and 
mineralogical properties. In addition to traditional fillers, specialty pigments 
are also utilized, but to a much lesser extent due to their higher price. The 
general role of fillers is to improve several properties, such as opacity, gloss, 
paper dimensional stability and printability, along with the processing 
economics by providing savings in the raw material costs and decreased steam 
consumption during drying (Fairchild 1992). Nevertheless, fillers also inhibit 
interfiber bonding, which result in lower levels of strength and stiffness that can 
lead to web breaks (Krogerus 2007).  

The content of minerals in paper is largely dependent on the paper grade; 
tissue paper is often produced without any fillers, whilst printing papers often 
have up to 30% or even higher filler contents (Hubbe and Gill 2016). Certain 
printing papers with several coating layers may contain more than 50% of 
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minerals in total. Typical filler levels are in the range of 20-35%, whilst loading 
level of specialty pigments often makes up less than 5% of paper content 
(Krogerus 2007, Velho 2003). 

In addition to cellulosic fibers and minerals, various chemical additives are 
added to furnish. These additives account for approximately 3% of all the raw 
materials of papermaking and are often divided into process and functional 
chemicals, although the distinction between the two is relatively arbitary. 
Functional chemicals, such as dry and wet strength additives, sizing agents and 
optical brighteners, affect the quality and properties of paper, whereas process 
chemicals, e.g. retention and drainage aids, are for the process optimization. 
Nonetheless, some paper properties are influenced by certain process chemicals 
as can be the performance of functional additives, for example, certain additives 
like starch, work both as a process and as functional additive. (Krogerus 2007)  

2.1.2 Wet end behaviour of fillers and other fine material  

The complexity of paper machine wet-end chemistry originates from the 
presence of various raw materials, additives, disturbing substances and ions in 
the water circulation system. Careful control of the colloidal interactions and 
hydrodynamic forces is vital to ensure a stable production environment. Due to 
their relatively small size, which ranges from nanometers to few micrometers, 
the retention of fillers, fines and other small components requires a controlled, 
optimized retention system that should simultaneously result in good 
dewatering and formation of paper. High retention is of critical importance 
from an economical point of view and in order to minimize problems with white 
water and effluent recirculation (van de Ven 1993). Part of the retention is 
related to the mechanical entrapment of fine material in the forming paper web, 
although it is mainly controlled by colloidal attractive forces between the 
surfaces of the solids in the stock, especially those of nonfibrous additives (Britt 
and Unbehend 1976). The size of the fine particles, such as pigments, that need 
to be retained is critical, which is why their flocculation together into larger 
macroparticles and particularly the attachment to fiber surfaces is important 
(Gess 1998, Holm and Manner 2003, Solberg and Wågberg 2002). Either 
simple single component retention systems, such as cationic polyelectrolytes, or 
more efficient microparticle retention systems with two or even three 
components are often utilized in order to control fine particle retention 
(Wågberg et al. 1996). 

Good retention of chemical additives like the widely used dry strength additive 
starch, is also of great importance both from an economic and process 
perspective. Due to its anionic character, native starch has a low affinity for 
anionic cellulose fibers. The addition of native starch to the wet end results in a 
very low retention of starch to the pulp fibers that leads to severe problems at 
the paper machine. Consequently, native starch is typically replaced with a 
modified version for dry strength and/or retention enhancement applications 
(Brouwer et al. 1998).  
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2.1.3 Main motivation and limitations for higher filler content in paper 

There has been a gradual increase in the percentage of filler used in many 
different grades of paper and paperboard over time. For example, the average 
filler content of printing papers has increased by approximately 0.2-0.3% per 
year (Hubbe and Gill 2016). Lower cost and improved product quality are the 
main reasons behind this trend toward higher filler contents in various paper 
grades. As already stated, typical volume pigments are low in cost and the 
replacement of fibers with fillers provides additional energy savings during 
drying. With proper filler selection, a paper manufacturer can customize the 
paper to meet their customer needs and requirements. Optimization of filler 
particle size, shape and refractive index are important tools towards high paper 
brightness, opacity and also have an influence on the coefficient of friction and 
pore size of the paper. Moreover, such particle properties have an impact on 
paper strength. (Bown 1998, Hubbe and Gill 2016) 

Despite the obvious advantages, several factors limit the filler content of 
paper. Although not exactly valid for each filler, the rule of thumb is that a 
10wt% addition of filler decreases tensile strength by 20-25% (Bøhmer 1981). 
This strength reduction not only originates from reduced inter-fibre bonding 
and amount of fibers but also from the higher level of stress concentrations 
within the sheet that originates from the pores (Krogerus 2007). Besides 
decreased strength, a high level of filler loading can cause several drawbacks like 
poor filler retention, two-sidedness of paper, reduced degree of sizing, dusting 
issues and the abrasion of forming fabrics (Bown 1985, Mohlin and Oelander 
1986, Fairchild 1992, Krogerus 2007, Hubbe and Gill 2016). Poor first-pass 
retention leads to the enrichment of fine particles in the recirculating process 
water and can cause uneven z-directional distribution of the fillers within the 
paper. Two-sidedness can result in different optics and smoothness between the 
two sides and lead to uneven ink absorption during printing. The enrichment of 
filler on paper surfaces can improve printing properties, but also result in linting 
whilst printing. Increased demand of internal sizing agents can be the result of 
the absorption of sizing agents by fillers instead of fibers as well as from the 
chemical reactions of sizing components with fillers.  

There are numerous ways to minimize the drawbacks caused by fillers, such 
as increased level of pulp refining, usage of wet end strength additives, surface 
sizing and appropriate selection of filler (Hubbe and Gill 2016). Larger filler 
particles are known to be less detrimental for strength due to the decreased 
surface area of fillers per unit mass, which means that the coverage of fiber 
surfaces with fillers is diminished and the bond-enhancing polymers are more 
efficiently utilized (Bown 1985, Bown 1998). Nevertheless, the increase of the 
particle size of fillers is often not the optimum solution since it can result in e.g. 
lower optics and increased abrasion. As a result, strength issues typically 
determine the maximum filler level. 

Over the last twenty years or more, extensive research on the modification and 
pretreatment of fillers has been conducted in order to increase the filler content 
of paper without the strength loss and other negative impacts. The focus of this 
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thesis is on the integration of pigment, i.e. precipitated calcium carbonate 
(PCC), with a strength additive - unmodified starch in particular - to form a 
bondable pigment, which would allow an increased amount of both mineral and 
native starch to be utilized for papermaking purposes. Thus, the following 
chapters concentrate on both PCC, starch and their utilization in the 
papermaking process. 

2.2 Precipitated calcium carbonate (PCC)  

2.2.1 Industrial applications 

Precipitated calcium carbonate is an extremely important material for several 
industrial applications like paper, paint, plastic and adhesives, although the 
characteristics provided depend on the application. For instance, in paper, PCC 
mainly improves the optical properties and process economics, in paints it 
works as an anti-setting, opacifying and anti-corrosive, whereas in adhesives 
and sealants ultrafine, high surface area PCC is utilized as a rheological additive 
(Zappa 2014). Moreover, cosmetics and pharmaceutical industries also utilize 
PCC for its opacity and filler qualities. The versatility of PCC originates from its 
production process; unlike many other pigments, which are produced by 
grinding, PCC is synthesized and thus its properties can be easily controlled and 
modified. 

In papermaking, PCC comprised 37% of all the fillers consumed at the wet end 
in 2015. Overall, the global consumption of PCC by the paper industry - its 
biggest consumer - was close to 6.5 Mt, the majority of which was consumed at 
the wet end and less than 10% in coating. (Omya International AG 2016) 

2.2.2 Manufacturing

Limestone is an abundant, naturally occurring mineral that comprises
approximately 10% of earth’s crust (Oates 1998). Limestones can be categorized
in various ways based on their origin, average grain size or carbonate content.
They are primarily composed of calcium carbonate and magnesium carbonate,
with the amount of latter typically being much lower (Boynton 1980). In
addition, impurities such as silica, alumina and iron are often present at small
quantities (1-3%). Commercial limestones consist typically of over 90% CaCO3,
mostly calcite and do not contain significant impurity levels (Stanmore and
Gilot 2005). The industrial production process of PCC consists of three steps;
calcination of crushed limestone:

 
    (1) 

 
slaking of lime:  

 
    (2) 
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and carbonation:  
 

   (3) 
 
In the calcination around 900 °C, limestone is decomposed to quick lime 

(CaO) and carbon dioxide (CO2), which is collected and compressed for later use 
(Equation 1). Release of CO2 from the material causes a porous microstructure of 
lime, which exhibits in high reactivity in slaking (Potgieter et al. 2003). Boynton 
(1980) and Moropoulou et al. (2001) have reported the properties of lime, such 
as porosity, specific surface area and reactivity, are affected by several 
parameters including the origin and characteristics of the limestone, 
temperature, pressure and rate of calcination and fuel quality.  

The slurry of slaked lime, i.e. calcium hydroxide (Ca(OH)2), is produced by 
mixing lime with heated water (Equation 2). In addition to the characteristics of 
lime, the conditions during slaking, such as the composition and initial 
temperature of water and the ratio of constituents, also have an impact on the 
exothermic reaction and the properties of formed Ca(OH)2 particles (Hassibi 
1999, Potgieter et al. 2003). Proper instrumentation with a sufficient degree of 
agitation is also essential for an efficient slaking process. The pH of slaked lime 
is 12 or slightly higher (Teir et al. 2005). For the physical properties of slaked 
lime, Boynton (1980) has reported that specific surface area is more significant 
than the particle size, since two particles with the same size can possess very 
different surface areas that, in turn, will impact on their chemical reactivity and 
settling rate. According to Hassibi (1999), slaked lime particles typically have a 
specific surface area between 8-58 m2/g, whilst Boynton (1980) has reported 
common values to be in the range of 13-32 m2/g. 

2.2.3 Crystallization process 

Equation 3 shows the overall reaction for the carbonation of slaked lime, which 
can be further divided into several steps as outlined by Equations 4 - 11 (Juvekar 
and Sharma 1973, Wen et al. 2003, Gómez-Díaz et al. 2006, Velts et al. 2011, 
Chu et al. 2013). The dissolution of Ca(OH)2 results in the formation of calcium 
and hydroxyl ions (Equation 4). Gaseous CO2 dissolves into the solution 
producing hydrated CO2 (Equation 5) that can subsequently react with hydroxyl 
ions to form bicarbonate ions (Equation 6) or with water to produce carbonic acid 
(Equation 8), which then dissociates to bicarbonate (Equation 9). Further 
dissociation of bicarbonate leads to the formation of carbonate ions (Equations 7 
and 10), which react with calcium ions to form CaCO3 crystals (Equation 11).  

 
  (4) 

 
    (5) 

 
   (6) 
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  (7) 
 

    (8) 
 

    (9) 
 

    (10) 
 

   (11) 
 
The monitoring of the carbonation reaction can be performed by measuring 

electrical conductivity (García Carmona et al. 2003) and/or pH (Wachi and 
Jones 1991). Conductivity is a measure of the concentration of dissolved 
electrolytes in the solution, which approaches close to zero at the end of the 
reaction due to the reduction in the total concentration of ions present as the 
conductivity is affected by the dissolution of both Ca(OH)2 and CO2 (Gómez-
Díaz et al. 2006). In contrast when pH measurement is used in the most 
commonly used batch carbonation, the drop of the initial pH of the supersatured 
Ca(OH)2 solution from around 12 down to an equilibrium of 8±1 indicates the 
end of the reaction. This occurs as a result of the consumption of the hydroxyl 
ions from the dissociation of Ca(OH)2 for CaCO3 production. The main 
controlling parameters of the reaction include temperature, pressure, 
concentration and feeding rate of reactants as well as the level of agitation. 
Besides carbonation, the lime-soda and the calcium chloride-sodium carbonate 
double salt decomposition processes can be used to produce PCC, however, 
carbonation is the only process without any major by-products (Said et al. 2013) 
and is the most important process for manufacturing PCC.  

Precipitation can be described as a relatively rapid formation of a solid phase 
from a liquid solution phase. Precipitates or crystals are usually sparingly 
soluble and consist of atoms, which are arranged in a three-dimensional 
repeating periodic structure. Supersaturation is also a required prerequisite for 
crystallization to occur. The first step of the crystallization process, “the birth of 
a new crystal”, is termed nucleation, which is further divided into primary and 
secondary nucleation (Botsaris 1976). Primary nucleation can be either 
homogeneous i.e. spontaneous nucleation, which occurs in the absence of any 
solid phase and forms the basis of classical nucleation theory, or heterogeneous 
nucleation, which is induced by the presence of impurities in a supersaturated 
solution since it reduces the energy required for nucleation. Secondary 
nucleation occurs only in the presence of crystals, since they have a catalyzing 
effect on the nucleation. As soon as nuclei are formed in the supersaturated 
solution, they start to grow into crystals by the addition of solute molecules. This 
is called crystal growth and can be further divided into two steps; bulk diffusion 
i.e. the mass transport of growth units from the bulk solution into the crystal-
solution interface and surface integration i.e. the subsuming of the growth units 
into the crystal lattice. (Karpinski and Wey 2002, Myerson and Ginde 2002) 
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Crystallization can be performed either by a continuous or in a batch process. 
In the continuous process, the reaction volume is kept constant by continuously 
feeding the reactants into a crystallizer, while simultaneously removing the 
product. In contrast, in the batch process, the product is taken out only after the 
reaction is complete (Wey and Karpinski 2002). A batch process offers certain 
advantages over continuous crystallization, like flexibility, simplicity and the 
possibility to produce a narrower particle size, and it is the typical process 
utilized in the industrial production of PCC. In the semi-batch (or semi-
continuous) process, the reactant is continuously added to the batch reactor 
and/or the product removed in time, as outlined by Ukrainczyk et al. (2007). 

2.2.4 Properties 

The three anhydrous crystalline forms of CaCO3 are thermodynamically 
unstable vaterite, aragonite and calcite, which is the most stable form at room 
temperature under normal atmospheric conditions (Han et al. 2005). 
Polymorphs differ in their crystal structure, which determines the morphology 
of crystals, but the same crystalline form can be precipitated into variety of 
morphologies by changing the reaction conditions like temperature. Figure 2 
shows a few examples of the crystal morphologies that can be produced. 
Polymorphs also differ in other physical properties, such as refractive index and 
specific gravity.  

 

 
Figure 2. Morphologies of calcite and aragonite PCC. (Imppola 2009) 

PCC has a typical average particle size of around 0.4-3 μm and a specific 
surface area (SSA) in the range of 4-11 m2/g (Feng et al. 2007, Imppola 2009). 
Nevertheless, if additives are used in the precipitation, much higher SSAs 
(above 60 m2/g) can be obtained (Wei et al. 1997, Agnihotri et al. 1999, Yang 
and Shih 2010). As with morphology, precipitation variables determine the size 
and SSA of the formed particles, however, the impact of different parameters 
for instance on the average particle size is not reported consistently in the 
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literature. PCC has a very high optical performance, e.g. ISO brightness of up to 
99% and a light scattering coefficient between 150 m2/kg and 350 m2/kg 
(Krogerus 2007).  

2.2.5 PCC in paper

Although the industrial PCC process dates back to the last years of 19th century
(British Calcium Carbonates Federation 2017), the introduction of PCC to paper
evolved in the 1980s when alkaline papermaking started to replace the
previously predominant acidic papermaking (Reed 1991). Prior to this, the
increased dissolution of PCC below pH 6.5 had inhibited its usage as a filler in
paper. To ensure efficient utilization of filler and to prevent its accumulation
into the water circulation, high retention is essential.

PCC’s utilization as a filler in paper industry provides several benefits when
compared to other minerals. Since its production is possible on-site at the mill,
transportation costs are lower especially as the main raw material, lime, can be
delivered in a dry form and the other constituent, CO2, can be sourced 
locally either from the flue gas of the pulp mill limekiln or from the power 
plant. Onsite production also enables the customization of PCC properties, 
such as its particle size, particle size distribution and morphology, to 
meet the requirements of a specific paper grade. In addition, PCC 
particles can be produced to finer and narrower size distribution than 
GCC, for example, resulting in very little coarse, optically inefficient mate-
rial. (Reed 1991, Velho 2003)
Unlike most of the traditional fillers, PCC in its native form is cationically
charged, which promotes its deposition on anionic fiber surfaces (Liimatainen
et al. 2006). Consequently, the total surface area of the stock is reduced and thus
dewatering can be enhanced. The internal porosity i.e. open structure and high
percentage of internal voids in scalenohedral PCC, for example, also make it
unique and beneficial for light scattering (Hubbe 2004a). In paper sheets filled
with PCC, this results in high opacity and brightness in comparison with sheets
filled with GCC.  Moreover, scalenohedral PCC often also provides good paper
bulk by significantly adding to paper thickness (Figure 3). In general, PCC also
contributes to other optical properties, i.e. opacity and brightness, but like other
traditional pigments, PCC does not contribute to sheet bonding and can
interfere with inter-fiber bond formation by lying at fiber interstices.



 

12 

 
Figure 3. The effect of scalenohedral PCC on the tensile index, light scattering and bulk 
properties of uncalendered paper sheets at different PCC loading levels. (Unpublished data) 

2.3 Starch 

2.3.1 Structure 

Starch is a semicrystalline carbohydrate, which acts as an energy reserve in 
various parts of plants, e.g. in seeds, roots and tubers. It exists in the form of 
microscopic granules, which vary in size, shape and composition depending on 
the plant source. 98-99% of starch comprises of two polymers assembled from 

-D-glucose units: amylose, which is mostly linear and amylopectin, which is 
highly branched. In addition, minor components exist both at granule surfaces 
as well as internally. Internal minor components are mainly lipids, such as free 
fatty acids and lysophospholipids, while the main surface components include 
proteins, enzymes, amino acids and nucleic acids. (Zobel 1988, Buléon et al. 
1998, Tester et al. 2004) 

Starch is the main carbohydrate in staple foods, such as potatoes, beans and 
corn (Jane et al. 1994). Granules can exhibit a variety of morphologies, such as 
oval (potato), disc (wheat), round (pea and corn) polygonal (rice) and 
polyhedral (corn) shapes (Buléon et al. 1998, Singh et al. 2003, Jane et al. 1994). 
The structure of starch from the granule to the molecular level is illustrated in 
Figure 4. The centre of the granule or hilum has a relatively disorganized 
structure, whilst the radial growh rings consist of alternating amorphous and 
semicrystalline regions, from which the latter further consists of amorphous 
and crystalline regions. The anhydroglucose units in linear parts of amylose are 

-1,4 linked. Amylopectin consists also of the -1,4 linked linear chains, which 
are branched via -1,6 linkages. The typical amylose content is 15-33% (Jane et 
al. 1994, Buléon et al. 1998), although starches with much higher amylose 
content or those derived purely from amylopectin (waxy starches) are also 
available. In general, amylose is mainly present in the amorphous part of the 
granules (Zobel 1988). Due to their different structure and molecular weight, 
the fraction of each component in a starch can have a significant effect on its 
overall properties.  
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Figure 4. Different structural levels of a starch granule and the involvement of amylose and 

amylopectin (Reproduced from Buléon et al. 1998).  

2.3.2 Gelatinization 

Native starches are insoluble in cold water, which originates from the high 
number of hydrogen bonds formed either directly (by OH-groups in the glucose 
units) or indirectly (water bridges) (Brouwer et al. 1998). In order to solubilize 
i.e. gelatinize starch granules, they are typically heated in excess water, although 
alkali (Maher 1983, Ragheb et al. 1995, Han and Lim 2004) and high pressure 
(Stute et al. 1996, Stolt et al. 2000, B aszczak et al. 2005) are known to also 
induce gelatinization. This gelatinization is irreversible and starts by granule 
hydration and swelling. During gelatinization, granule crystallinity is lost due to 
the breakage of hydrogen bonds and the absorption of water makes the granules 
swell to several times to their original size. Amylose leaches out from the granule 
structure first, while swelling has been reported to be a property of amylopectin 
(Tester and Morrison 1990). In addition to being a diluent, amylose can also 
inhibit swelling during gelatinization. 

Liu and Zhao (1990) have shown the granule disruption initiates from the less 
organized hilum, whose interior is similar in structure to a honeycomb. As the 
temperature rises, the granular appearance is completely lost and the molten 
granules connect with each other to form a network. The granule becomes fully 
hydrated after disruption of the hydrogen bonds, before finally the network 
separates and diffuses into the water phase (Lund and Lorenz 1984). Numerous 
analysis techniques, such as differential scanning calorimetry (DSC), X-ray 
diffraction (XRD), hot stage microscopy and viscometer can be utilized in 
gelatinization studies. On cooling, a process known as retrogradation takes 
place where the molecular chains of starch reorganize and bond via hydrogen 
bonds.  
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In the laboratory, starch is often gelatinized by boiling in hot water (over 90 
°C) for 30 minutes. On the other hand, the industrial cooking of starch can be 
performed with either a batch cooker or continuous jet cooker. Both utilize 
steam, but batch cooking, which is operated at temperatures over 90 °C, 
requires a much longer cooking time (over 20 minutes after reaching the 
cooking temperature). In contrast, rapid jet cooking uses higher temperature 
(up to 140 °C) and pressure only for 1-2 minutes leading to much shorter 
cooking times. (Winfrey and Black 1964, Bruun 2009, Brouwer et al. 1998) 

2.3.3  Modifications 

Native i.e. unmodified starches usually lack certain properties required for 
industrial applications. Such properties can include specific viscosity, stability 
during cooling or the retention of starch via ionic characteristics. Chemical or 
physical modification can be performed separately or in combination to 
introduce new functional groups and/or to alter starch properties. Chemical 
modifications include substitution, degradation, cross-linking or any 
amalgamation of these. Physical modifications can be classified as starch 
pregelatinization (Anastasiades et al. 2002), hydrothermal treatments, i.e. 
annealing and heat-moisture treatment (Tester and Debon 2000, Hoover 
2010), and non-thermal modifications, such as high pressure (Oh et al. 2008), 
microwave and ultrasound treatments. Physical modifications can for instance 
improve the thermal stability, reduce the granule size or increase the water 
solubility of starch. They are typically simple, safe and since additional 
chemicals are not required, are often utilized by the food industry; in contrast, 
the paper industry mainly consumes chemically modified starches. (Ashogbon 
and Akintayo 2014, Krogerus 2007)  

2.3.4 Starch applications in paper

The industrial applications of starch are wide. Starch is utilized for instance as
a viscosifier, emulsifier and as a sizing agent. In addition to food industry, the
main non-food applications of starch include papermaking, textiles and
adhesives. (Ostrander 2015)

The utilization of starch in papermaking dates almost as far back as the
invention of paper (Whistler 1984, Roberts 1987). Wide availability of raw
materials, renewability, economic performance, non-toxicity and
biodegradability make starch a suitable additive for papermaking. Starch has
chemical structure similar to cellulose. The binder properties of starch originate
from the OH-groups, which are capable of hydrogen bonding with cellulose
fibers and this contributes to papermaking not only by providing functional
properties, but also by serving as a process aid. Starch can be added to the wet
end, paper surface (surface sizing), coatings (binder), board (adhesive) and
effluent treatment (Maurer and Kearney 1998). In order to be able to contribute
to bonding, starch needs to be cooked prior to its addition. In the wet end, starch
has been traditional used for dry strength enhancement, but it also emulsifies
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hydrophobic sizing agents and is utilized as a part of a microparticle retention 
system (Roberts 1987, Hubbe 2004b).  

In 2016, European paper producers consumed over 1.5 million tonnes of 
starch including both native and modified starches (Confederation of European 
Paper Industries 2017). After fibers and minerals, starch is currently the third 
most used raw material in paper production, where its main role is the dry 
strength enhancement via wet end addition. Originally, native starches were 
added to the wet end, but their retention is below 40% (Marton and Marton 
1976). The issues related to the low retention of unmodified starches led to the 
development and introduction of charged starches (e.g. cationic and anionic) in 
the 1940-1950s (Brouwer et al. 1998). High retention of wet end starch is crucial 
to avoid operational problems, such as difficulties in dewatering, runnability or 
foaming. In addition to the economic and paper strength losses, unretained 
starch can accumulate in white water and cause microbial contamination 
(Marton and Marton 1976). The retention of starch depends on several 
parameters, such as the amount of starch, i.e. higher dosage decreases the 
retention, starch type, pH and furnish characteristics, like pulp refining 
(Roberts 1987, Hubbe 2004b, Mishra 2005). In the wet end, cationized starch 
is common, but it also has a retention limit (0.75-1.5%) after which its 
absorption to the anionic fibers is hindered (Krogerus 2007). Wet end starch 
especially improves the cross-directional strength of paper by increasing the 
number of bonds and thus assists the fibres to attach with each other especially 
in the z-direction. Krogerus (2007) has reported that even dosages below 1% are 
already able to double the z-directional strength of paper.  

2.4 Integration of polysaccharides with minerals for increased 
filler contents 

2.4.1 Background 

The aim of higher filler contents by the incorporation of natural polymers or 
their derivatives into minerals has recently been of interest to paper 
manufacturers. Modification of inorganic fillers with polysaccharides can 
introduce the capability to form hydrogen bonds with fibers, minimize the 
conventional strength loss as well as increase the retention of fillers (Shen et al. 
2009).  

The polymer-induced bond strengthening of filled papers has been reported 
to take place by the reinforcement of either fiber-fiber, fiber-filler or filler-filler 
bonds (Xu et al. 2005). A wide range of approaches that utilize a variety of 
polysaccharides like starch (Zhao et al. 2005, Yoon and Deng 2006, Cao et al. 
2011, Sang et al. 2012, Fan et al. 2015), cellulose fibers or fines (Subramanian et 
al. 2007, Lin et al. 2010), cellulose derivatives like carboxymethylcellulose 
(CMC) (Wannstrom et al. 2005, Shen et al. 2010, Aho et al. 2002), chitosan 
(Liang et al. 2004), xanthan gum and guar gum (Fairchild 1995, Xie et al. 2016) 
have been published.  
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2.4.2 Preflocculation of fillers with polysaccharides 

Preflocculation means the flocculation of individual filler particles with 
polymers into larger aggregates prior to their addition to fiber slurry. The target 
of polymer treatment is to induce controlled aggregation and produce flocs with 
sufficient mechanical strength to withstand shear forces. Due to the increased 
size and often-enhanced surface charges that result from polymer treatment, 
preflocculated fillers are easier to retain in the formed paper web. In addition, 
larger particles decrease the direct contact area between fillers and fibers and 
can thus be beneficial for paper strength. Furthermore, flocculated fillers also 
improve the drainability on the wire section. (Brooks and Meagher 1982, Mabee 
and Harvey 2000, Mabee 2001, Sang et al. 2012) 

The efficiency of starch to flocculate filler particles to larger flocs is well known 
(Modgi et al. 2006, Sang et al. 2012, Chauhan and Bhardwaj 2013). For 
example, Laleg (2003, 2013) has introduced a technique, which utilizes heat 
treated, swollen starch in the formation of starch-latex composition that is then 
mixed rapidly with PCC before being added to papermaking furnish at a point 
prior to the headbox of the paper machine. The reported benefits of such 
procedure were improved filler retention, drainage and minimal impact on 
paper strength.   

The challenge of the preflocculation technology is that both floc size and 
stability can be difficult to control under high shear (Todorovic et al. 2011). Too 
large aggregates can lead to poor formation or cause dusting due to the reduced 
surface strength and picking problems. On the other hand, too weak aggregates 
can be broken up, for example by a fan pump or in headbox, leading to decreased 
paper strength. If successful, preflocculated fillers can be utilized to increase 
paper filler content without associated losses in strength or runnability. The 
large size of aggregates and decreased surface area of filler are key elements that 
lead to a less disrupted fiber-fiber bonding (Sang et al. 2012). 

2.4.3 CaCO3 crystallization in the presence of dissolved polysaccharides 

Håkansson (2007) outlined a method to precipitate CaCO3 in the presence of 
dissolved starch or CMC. Instead of separately dissolving the polysaccharide 
component, the alternative option was to add it to the lime slaking, in which the 
heat of the exothermic reaction dissolves the starch or CMC. As a result, 
increased paper strength and decreased dusting tendency were obtained when 
utilizing the produced filler in paper. The produced filler was reported to allow 
the amount of filler in paper to be increased at least 5% and could be utilized in 
the production of for example fine paper (25-35% of filler by weight) or 
newsprint (10-15% of filler by weight). Also Saastamoinen et al. (2013) 
introduced a technique that uses CaCO3 precipitation in the presence of either 
partially or fully dissolved starch. Their procedure requires that carbonation 
continues until the pH is below 6.5 and acidic carbonate ion solution is formed. 
Then the carbonate salt is precipitated on starch by increasing the pH via heat, 
low pressure, agitation or their combination. They reported improved tensile 
strength, bursting and z-directional strength properties at 5-15% PCC levels. 
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Nonetheless, as this procedure differs from the conventional carbonation 
reaction, the morphology control of the formed particles can be challenging. 

2.4.4 Filler encapsulation with polysaccharides  

Encapsulation of filler particles with polysaccharides involves a process where 
polymer forms a layer around the pigment core (Song et al. 2009) and the 
coating of fillers with starch has been one approach that allows higher filler 
contents to be achieved. This can be realised by either precipitating a starch-
soap complex on top of CaCO3 (Kurrle 1995) or by forming a swollen starch gel 
on top of PCC by cooking it at high solids content in the presence of filler (Zhao 
et al. 2005, Deng et al. 2010). The swollen starch technique requires water 
removal from the starch-filler mixture before cooking in order to inhibit starch 
dissolution. When the cooking was performed in the presence of filler at limited 
water content, starch granules became swollen and coated the PCC particles. 
Low water content (35-45%) was crucial for the production of strong aggregates 
and improved the coating efficiency of starch. The starch-coated pigments were 
relatively stable under agitation for an hour, after which the dissolution of starch 
started to rapidly increase. When replacing the mixture of cooked starch and 
PCC with the starch-coated PCC, improved strength properties of paper were 
obtained at PCC contents around 5-20%.  In general, the method is rather time-
consuming, as it includes cooking (1-3 hours) and grinding and - as stated by 
authors - would need further simplification prior to application in industry.  

2.4.5 Current status of the high filler content concepts 

Numerous different technologies that target increased filler contents in paper 
have been developed and are widely reported in the literature. A few of these 
technologies have already been exploited by industry, for example Specialty 
Minerals have introduced a commercial high filler technology FulFillTM E-325, 
that utilizes starch with PCC particles adsorbed on the surface (Minerals 
Technologies Inc. 2017). Via this approach, large ( 100 μm) starch-PCC 
pigments are formed and are subsequently used to increase filler content of 
paper by 3-5%, whilst simultaneously being able to maintain good machine 
runnability, strength and paper bulk. Nalco has developed the FillerTEK® 
technology, which is based on the unique method of pre-flocculating calcium 
carbonate (Todorovic et al. 2011). The main benefits of the technology are the 
increase of filler content by up to five percentage points, which results in 
decreased steam consumption, while simultaneously preserving the paper 
strength. FillerTEK® technology has reached a wide market and is currently 
used by several paper producers globally. Kemira has also introduced a high 
filler concept, EcoFillTM that involves the treatment of filler slurry with a two-
component system, which comprises of an engineered cellulose and charge 
control additive (Kemira 2017). The application of treated filler for fine and 
graphic papers allows up to 10% higher filler levels, while ensuring uniform 
paper quality and excellent machine runnability.  



 

18 

Although many high filler technologies are already industrially available, as 
stated above, many of the published high filler loading methods lack either 
simplicity, cost-efficiency or high performance during their application. Thus, 
more research and novel techniques, which would also have industrial 
relevance, are needed to strengthen the competitiveness of the paper industry 
in the future.  

 



Experimental 

19 

3. Experimental 

This chapter gives a short description of the materials, hybrid pigment 
manufacturing processes including the utilized precipitation reactors and 
characterization methods used in this thesis. The detailed descriptions are 
presented in Publications 1-4. 

3.1 Materials 

3.1.1 Raw materials for PCC production 

La Mède lime (grain size  1 mm) was obtained from Lhoist, Ltd. (France). 
Based on the producer’s chemical analysis, the minimun content of active CaO 
in lime was 91% the other components being carbon dioxide (max. 3.5%), 
magnesium oxide (max. 0.8%), ferric oxide (max. 0.1%) and manganese oxide 
(max. 0.01%). In addition, lime typically contains small amounts of silicon 
dioxide, aluminium oxide, phosphorus and suplhur. Lime was reacted with 
deionized water to produce slaked lime i.e. Ca(OH)2. PCC was formed by 
reacting slaked lime with carbon dioxide gas from AGA, Ltd. (Finland).  

3.1.2 Strength additives for hybrid pigment preparation

Native starch was the main strength additive utilized in the hybrid pigment
manufacturing and unmodified starches from two different origins - corn and
rice - were investigated. Roquette, Ltd. (France) provided the corn starch (560P)
and rice starch (S7260) was purchased from Sigma-Aldrich (Belgium). Analysis
showed that the amylose content of corn starch was 25%, whilst rice starch
contained only 15% - as determined via the iodine-based colorimetric method
with ultraviolet-visible (UV-Vis) spectrophotometry, (Gérard et al. 2001).
Depending on the hybrid pigment manufacturing process, starch was either
completely dissolved or swollen (so-called activation) prior its usage.
Dissolution took place in a water bath, where starch in excess water was cooked
at 90-95°C for 30 minutes, whereas activation was conducted by heating starch
in a water suspension (8wt%). Heating was performed by using a water bath
starting from room temperature and once the target activation temperature was
achieved, heating was allowed to continue for predetermined activation time.

Additionally, technical grade sodium carboxymethylcellulose (NaCMC or
CMC) with a degree of substitution between 0.45-0.65 and a minimum NaCMC
content of 70% (grade Calexis L-H1, CP Kelco, Ltd. Finland) was tested in the



 

20 

hybrid pigments. CMC is a water-soluble cellulose derivative, produced by 
treating cellulose with sodium hydroxide (NaOH) and then reacting the formed 
alkali cellulose with monochloroacetic acid or its sodium salt (Heinze and 
Pfeiffer 1999). Relatively high cost of CMC restricts its use as a dry-strength 
additive in paper (Krogerus 2007). For the experiments detailed here used, 
CMC was dissolved in excess water by mixing at room temperature for one hour 
prior to addition to the hybrid pigment preparation process. 

3.1.3 Materials for handsheet preparation 

Handsheets were prepared from a 30/70 mixture of dried, bleached softwood 
(pine) and hardwood (birch) Kraft pulps obtained from Stora Enso, Finland. A 
two-component retention aid system - provided by Kemira, Ltd. (Finland) – 
that comprised of cationic (CPAM, grade FennoPol K3400R, charge 8 mol-%) 
and anionic (APAM, FennoSil EO742, charge -60 mol-%) polyacrylamides was 
utilized in Publication 1, whereas in Publications 2-4 only CPAM was used. In 
Publications 2-4, commercial PCC (Syncarb FS-240, volume median particle 
size 4.2 μm) from Omya AG (Switzerland) was utilized as a reference pigment 
in sheetmaking. Furthermore, deionized water was used throughout all the 
experiments. 

3.2 Manufacturing of hybrid pigments 

3.2.1 Experimental layout 

Two manufacturing processes were developed and investigated for the hybrid 
pigment preparation. The first procedure examined the crystallization of PCC in 
the presence of dissolved polysaccharide (either native corn starch or CMC), 
whilst in the second approach, activated starch formed the core that was 
subsequently encapsulated with the PCC shell. Figure 5 outlines the 
polysaccharide component and the reactors utilized in both hybrid pigment-
manufacturing procedures. More detailed discussion about the processes 
developed follows in the sections 4.1 and 4.2. 

 

 
Figure 5. Manufacturing processes, reactors and polysaccharides utilized in the hybrid pigment 

preparation. 
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3.2.2 Batch and fed-batch reactors (Publication 1)

Different reactors were examined for the preparation of hybrid pigments.
Publication 1 studied two different precipitation processes, batch and fed-batch
(Figure 6), in the hybrid pigment manufacturing when precipitating CaCO3 in the
presence of dissolved native corn starch or CMC.

The batch process represented the conventional industrial process for
manufacturing PCC. In this process, the total volume of Ca(OH)2 slurry (pH~12)
was poured into the reactor. Polysaccharide was mixed with slaked lime before
starting to feed CO2 gas. Temperature, conductivity and pH were monitored
throughout the reaction. The gas was fed through the slurry until the
consecutive drop in conductivity and pH was observed.  The reaction was
deemed to be finished when the conductivity approached to zero and pH had
decreased close to 7.

In the fed-batch process, CO2 was dissolved in the water inside the reactor, to
form carbonic acid (H2CO3) and decreased pH to 5.5±0.5. Polysaccharide was
added into the reactor prior to starting the slaked lime feed. Ca(OH)2 slurry 
was fed to the reactor and flow rate was adjusted to maintain the pH at
6.0±0.5. In addition to the effects of the batch and fed-batch processes, the
impact of different reaction temperatures on the hybrid pigment preparation
was also examined.

 

 
Figure 6. Reactor set-ups for the a) batch and b) fed-batch processes. (Publication 1)    

3.2.3 High shear circulation reactor (Publication 3) 

High shear circulation machines with different set-ups were tested for both lime 
slaking and CaCO3 precipitation. Figure 7 shows a semi-batch machine (IKA® 
magicLAB® with the module CMS, Germany) that was utilized for lime slaking. 
The machine was designed for rapid, energy-efficient and homogenous mixing 
of solid and liquid. Different inlets were used to feed the components and lime 
was pulled directly into the mixing chamber of the machine via a specially 
designed rotor that was able to generate a suction force. The effect of various 
initial water temperatures from 30 °C to 50 °C as well as lime-to-water ratios 
from 1:8 to 1:3 on the properties of slaked lime particles were studied. 
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Figure 7. a) Semi-batch lime slaking machine, b) cross-section of the mixing zone (IKA 2017) 
and c) the generator, which tightens with the pressure nut.  

Figure 8 displays a high shear reactor with circulation system (semi-batch), 
which was designed as shown and its applicability for CaCO3 precipitation was 
examined. An IKA® magicLAB® with UTL module was modified by the 
addition of a CO2 gas inlet tube as well as pH, conductivity and temperature 
meters, respectively. The primary objective was to control the gas bubble size by 
feeding CO2 gas directly above the rotational, high shear mixer. After passing 
the mixer, the Ca(OH)2 slurry enters the generator, which consists of a fine-
tooth rotor/stator designed for slurry dispersion, before it continues to the 
circulation system and then back to the reactor vessel. In the same way as in a 
batch process, pH at the start was around 12 and the reaction was finished at 
pH 7-8. 

Prior to precipitation, the reactor vessel was filled with water and a variety of 
rotation speeds were applied while CO2 gas was fed directly above the rotating 
mixer. It was observed that the threshold rotation speed for bubble breakage 
was at 8000-9000 rpm; thus, three rotation speeds were selected to be utilized 
in precipitations; 5000 rpm (point below the threshold speed, which should not 
break bubbles), 14600 rpm (standard speed given by the manufacturer) and 
20000 rpm (point well above standard speed). The latter two speeds were 
examined in order to find out if a variation in rotation speeds above the 
threshold resulted in the bubbles being broken down into different sizes. In 
addition to the rotation speed, the effect of precipitation temperature, Ca(OH)2 
concentration and CO2 flow rate on the PCC crystal formation were also 
examined. 
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Figure 8. a) High shear circulation reactor, b) set-up of the reactor (Publication 3), c) cross-
section of the mixing zone (IKA 2017) and d) rotor-stator generator. 

3.3 Preparation of laboratory handsheets 

3.3.1 Experimental layout 

Laboratory paper sheets with different pigment loading levels were prepared 
and analysed to evaluate the performance of the hybrid pigments in paper. The 
bleached, dried pulp sheets were refined prior to handsheet preparation. Table 1 
summarizes the apparatuses used in the refining and handsheet making. It also 
lists the resulted °SR values of the refined pulps, PCC loading levels of the 
handsheets and the polysaccharide-to-PCC ratios of the prepared hybrid 
pigments. Self-produced PCC (Publication 1), commercial PCC (Publications 2-
4) and the mixture of cooked starch and commercial PCC (Publication 4) were 
utilized as references in handsheet analysis.  
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Table 1. Experimental layout for refining and handsheet preparation.

Publication 
Refining Handsheet preparation 

Refiner °SR Equipment PCC content (%) Polysaccharide:PCC Pine Birch 

1 Voith  
Paper 24 25 Laboratory 

sheet mold 
25 (hybrid pigment) 
20, 30 (ref. PCC) 1.5:98.5 

2 Valley 
Beater 27 21 Moving Belt 

Former 5, 9, 13 50:50 

3 Voith  
Paper 22 22.5 Laboratory 

sheet mold 10, 20 - 

4 Voith  
Paper 22 22.5 Laboratory 

sheet mold 10, 20 20:80, 40:60 

3.3.2 Refining of pulps 

Refining results in structural changes to fibers like internal and external 
fibrillation, fiber flexibility and formation of fines and is essential for improving 
fiber bonding and the strength of paper (Sirviö 2008). When the Voith Paper 
Laboratory Refiner LR40 (Germany) was utilized, 1500 g of chemical pulp (oven 
dry) was refined at 4% consistency. Refining time was 15 minutes and specific 
edge load 1.5 J/m for softwood and 0.5 J/m for hardwood. The degree of 
refining was analyzed according to ISO 5267-1 - Part 1: Schopper-Riegler (°SR) 
method, which measures the drainability of a pulp suspension in water.  

Prior to the refining with the Valley Beater (Germany), pulp sheets (360 g oven 
dry) were torn, soaked in water for 4 hours and disintegrated in the Valley 
Beater (without a weight). Pulps were then refined at 1.57% consistency to a 
desired °SR values according to ISO 5264-1. 

3.3.3 Handsheet preparation

A laboratory-scale handsheet mold (165 mm x 165 mm) equipped with a
pneumatic mixer (pressure 0.95 bar, mixing time 9 s) was utilized for handsheet
preparation in Publications 1, 3 and 4. ISO Standard 5269-1 was adhered to with
the following modifications:  sheets with a grammage of 80 g/m2 were prepared
and in Publication 1, wet pressing was done at 490 kPa for 4 min and the sheets
were dried in a drum dryer at 65 °C for 2 h. The order of addition was as follows:
pulp, PCC and retention aid(s). The two-component retention aid system used
consisted of 0.03wt% of CPAM and 0.04wt% of APAM, whereas in the single 
component system, the CPAM dosage was 0.02wt%. As shown in Table 1, a 
wide range of PCC contents was used in the sheet analysis. Sheet
conditioning was performed in accordance with ISO Standard 187.

In Publication 2, the handsheets were prepared with a Moving Belt Former
(MBF) apparatus, which is designed to simulate the pulsating dewatering on the
wire section of the paper machine (Strengell et al. 2004). MBF consists of an
immobile wire, a moving belt with foils, a vacuum box and a mixing jar above
the wire. Retention aid was added 15 s prior to drainage and a suction time of
500 ms coupled with a vacuum of 25 kPa was applied during the drainage step.
Pressing was performed at 100 kPa for 2 times 2 min, followed by drying (ISO
5269-1) and conditioning (ISO 187).
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3.4  Characterization methods 

In order to understand the forming mechanism of the hybrid pigments and to 
evaluate their properties, it was crucial to utilize a variety of measurement 
techniques during their preparation. Table 2 displays the characterization 
techniques and analyses used after each step of hybrid pigment preparation. In 
addition, the performance of the hybrid pigments in paper was evaluated. 

 
Table 2. Characterization methods and analyses utilized at different stages of hybrid pigment 
preparation.  

Analysis 
Steps during hybrid pigment preparation 

Publication Slaked 
lime 

Activated 
starch 

After co- 
precipitation 

Cooked hybrid 
pigment 

Particle size 
analysis (PSA) 

x x x x 1-4 

Nitrogen 
adsorption (SSA) 

x  x x 1, 3 

Scanning electron 
microscopy (SEM)  x x x 1-4 

Differential scanning 
calorimetry (DSC)  x   2, 4 

Starch 
solubility 

 x   2, 4 

Starch swelling 
power (SP)  x   2, 4 

Starch 
retention 

   x 2, 4 

Total Organic 
Carbon (TOC)    x 1 

X-Ray Diffraction 
(XRD)   

x  
(pure CaCO3) 

 3 

3.4.1 Particle size analysis 

Volume median particle size [d(0.5)] and particle size distribution (PSD) were 
utilized for size characterization. Specimens were measured in a wet state with 
a Mastersizer 2000 particle size analyzer (Malvern Instruments, UK) that uses 
laser diffraction to measure the angular variation of the scattered light intensity 
after passing through a sample. Mie theory of light scattering (Mie 1908) is 
utilized to convert the angular scattering intensity data to the volume equivalent 
sphere diameter of the particles responsible for creating the scattering pattern. 

Particle size analysis was performed after each step during pigment 
preparation. Slaked lime particles were measured in ethanol (EtOH) to prevent 
their dissolution, but all other samples were analyzed in water. Ultrasound was 
applied during measurements. Results were calculated with the general purpose 
model for irregular, i.e. non-spherical particles (except in Publication 1 where 
the single narrow mode was applied). The following refractive indices (RI) were 
applied during the calculation process: 

  
 dispersants: water 1.33, EtOH 1.36 
 samples: slaked lime 1.56, corn starch 1.53, rice starch 1.51, CaCO3 and 

hybrid pigments 1.572 (RI of calcite) 
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3.4.2 Nitrogen adsorption 

Specific surface area (SSA) of particles was measured with a Micromeritics 
Tristar II 3020 (USA) surface area analyser that used nitrogen gas as the 
adsorbate. The Multipoint Brunauer-Emmett-Teller (BET) method (Brunauer 
et al. 1938), developed for analysing the physical adsorption of gas on the 
surface of the solid, was utilized to determine the specific surface area from the 
adsorption isotherm. Samples that consisted of Ca(OH)2 or CaCO3 only were 
dried in an oven at 105 °C and degassed with nitrogen at 150 °C for 60 minutes 
prior to measurement. For the hybrid pigments, drying and degassing at a 
temperature of 40 °C was used in order to prevent starch dissolution. Degassing 
was performed to remove any possible gases or vapors that could have adsorbed 
on the sample during storage and preparation. 

Primary particle diameter (d) of CaCO3 pigments was estimated from the 
SSAs measurements using the equation formulated by Yang and Shih (2010): 

 
     (12) 

 
where g is the density of calcite (2.71 g/cm3).  
 
Although the equation was originally developed to estimate the average 
diameter of spherical particles, in this research it was used to give an estimation 
of the representative equivalent diameters for all particle types. 

3.4.3 Scanning Electron Microscopy 

Morphology of CaCO3, hybrid pigment structure and the level of starch 
activation were investigated with scanning electron microscopy (SEM). SEM 
images the surface of a sample by scanning it line by line with a focussed 
electron beam that gives information about the surface topography and 
composition. The primary electron beam interacts with the sample, which is 
placed inside an evacuated microscope chamber and causes the emission of 
electrons from the atoms on the sample surface (secondary electrons) or elastic 
scattering of primary electrons (backscattered electrons), which are then 
collected via detectors (Michler et al. 2008). 

Imaging of dried samples was performed with a field-emission scanning 
electron microscope (FE-SEM, Zeiss Sigma VP, Germany and JEOL JSM-
7500FA, Japan).  The drying method depended on the type of the sample; PCC 
samples were dried in an oven at 105 °C, whereas samples that contained starch 
(either activated or cooked) were rapidly frozen in liquid nitrogen and freeze-
dried (i.e. the method based on the sublimation). Dried, powdery samples were 
mounted on carbon-black tape and coated with a thin (few nanometers) layer of 
gold prior to imaging in order to make the sample conductive. An acceleration 
voltage of between 1.0 and 3.0 kV was applied during imaging. 
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3.4.4 Differential Scanning Calorimetry  

Gelatinization parameters were identified with Differential Scanning 
Calorimetry (DSC, Mettler Toledo DSC821, USA). DSC measures the heat flow 
(either endothermic or exothermic) of sample as it undergoes thermal 
transitions like melting for example.  

Starch samples (2.5 to 3 mg) were weighed in a sample pan, diluted with 
deionized water to approximately 10wt%, then allowed to equilibrate for 1 h 
before being heated from 25 to 120 °C at a scan rate of 10 °C/min. Starches were 
analyzed to determine their gelatinization temperatures; onset (Tonset or To), 
peak (Tp) and conclusion of gelatinization (Tc), as well as the heat of 
gelatinization, which was the enthalpy change ( H) during the endothermic 
process calculated from the peak area of the related endotherm.  

Degree of gelatinization (DG) after starch activation was also analyzed with 
DSC. Samples were prepared as described above and heated from 25 °C to the 
targeted activation temperature at a scanning rate of 10 °C/min, held at the 
target temperature for a selected time and the cooled back to 25 °C. The sample 
was then heated to 120 °C at 10 °C/min and the peak area of the endotherm was 
calculated and compared to the H of the respective untreated sample (Holm et 
al. 1988, Ratnayake et al. 2009): 

 
   (13) 

 
Various treatment temperatures and durations were examined in order to find 

optimized activation conditions. 

3.4.5 Starch solubility and swelling power  

Starch solubility and swelling power (SP) are important parameters used to 
evaluate starch activation. The target was to produce soft, highly swollen 
granules while minimizing the amount of dissolved free starch. The 
measurement procedure developed by Holm et al. (1988) was employed with 
slight modifications. An activated starch sample was decanted into a centrifuge 
tube, diluted to 3wt% and mixed for 1 h in an overhead shaker before 
centrifuging for 15 min at 3000 G. Afterward, the supernatant was separated 
and dried in an oven at 105 °C overnight. Solubility and SP were defined from 
the original dry mass of starch in the sample (massstarch, total), wet mass of the 
centrifuged sample after supernatant removal (massgel) and dried supernatant 
(masssolute) using the equations formulated by Leach et al. (1959): 

 
   (14) 

 
  (15) 
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3.4.6 Starch retention in hybrid pigment  

The retention of starch in a hybrid pigment structure was analyzed based on the 
relative amount of starch in the hybrid pigment before and after washing. High 
retention of starch in the pigment structure is important when considering their 
application in paper, e.g. good dewatering. Washing was performed by diluting 
cooked hybrid pigments with water to a 0.6wt% starch content and mixing for 
an hour in an overhead mixer at 23 °C. Samples were then centrifuged for 15 
minutes at 3000 G after which the supernatant was carefully removed and the 
remaining precipitate was dried in the oven at 105 °C overnight. The ash content 
(ISO 2144) was measured from the dried precipitate and the dried, unwashed 
hybrid pigment to calculate the relative amount of starch retained in the hybrid 
pigment structure.   

3.4.7 Total Organic Carbon  

Total organic carbon (TOC) was measured in order to evaluate the sorption of 
dissolved polysaccharides, i.e. starch and CMC, onto PCC in Publication 1. By 
measuring the amount of carbon in the supernatant, the amount of adsorbed 
polymer can be indirectly determined (Bucatariu et al. 2007). Hybrid pigment 
slurry was centrifuged at 3000 G for 10 minutes before extracting of the 
supernatant for measurement. The amount of TOC in the supernatant was 
measured with TOC-VCPH/CPN (Shimadzu, Japan) Total Organic Carbon 
analyzer. TOC was calculated by subtracting the amount of inorganic carbon 
from the total carbon present within the sample. 

3.4.8 X-Ray Diffraction  

Phase composition of CaCO3 crystals produced in Publication 3 was obtained 
with an X'pert Pro MPD Alpha-1 diffractometer XRD (PANalytical, the 
Netherlands) that used Cu K 1 radiation. The technique is based on the 
diffraction that results from the constructive and deconstructive interference of 
X-rays that scatter due to interaction with crystalline material (Snyder 1992). 
The atoms in the crystal structure determine the intensities of the diffracted 
waves and the diffraction pattern is created by performing the measurements at 
various experimental angles. CaCO3 samples were oven-dried prior to 
measuring. In addition to the identification of crystal polymorphs, a semi-
quantitative method based on the intensity ratios was also employed to 
determine the amount of polymorphs present. 

3.4.9 Sheet dewatering   

Sheet dewatering measurements gave valuable information about the 
drainability of sheets containing hybrid pigments. When the MBF was used in 
sheet preparation, drainability was evaluated by measuring the couch solids 
content of sheets. This was calculated by weighing the sheet immediately after 
forming with the MBF and after drying.  
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A dynamic drainage analyzer (DDA, AB Akribi Kemikonsulter, Sweden) was 
also utilized to evaluate the drainage of the stock. The device measures vacuum 
versus time i.e. the time from the start of the run until air starts being sucked 
through the formed sheet. The wire was 400 mesh and the vacuum was kept 
constant at 0.1 kPa. The stock volume was 600 ml and the consistency was 0.1%. 
Quantities of pulp, pigments and retention aid were based on the dosages of the 
components used in the handsheet experiments and on the relative areas of the 
sheet former and DDA. The mixing speed was 600 rpm and the order of addition 
of the components was as follows: pulp (0-10 s), hybrid pigment (10-30 s) and 
retention aid (30-40 s). Additionally, mixing was stopped at 40 seconds and 
dewatering was started at 46 seconds. 

3.4.10 Paper analysis 

In the evaluation of the hybrid pigments, it was essential to analyze their 
performance in the end product i.e. in paper. The objective was to build a 
bondable pigment, which would contribute to the strength properties of paper, 
but without inducing a decrease in the other properties, such as the bulk and 
optical performance of paper. A variety of properties was measured from the 
prepared handsheets after conditioning (Table 3). 

 
Table 3. The methods utilized for paper analysis.

Analysis Standard 

Ash content ISO 2144 

Grammage ISO 536 

Bulk ISO 534 

Density ISO 534 

Air permeability ISO 5636-3 

Tensile strength ISO 1924-2 

Elastic modulus ISO 1924-2 

Internal bond strength T 569 pm-00 

Light scattering (s) ISO 9416 

Opacity ISO 2471 

Brightness ISO 2470 

 
Basic properties measured from the sheets included ash content, basis weight, 

thickness, bulk and density. The amount of inorganic substances (CaCO3) in 
paper was determined from the residue (ash) on ignition at 900°C. Since CaCO3 
dissociates into CaO and CO2 during combustion, ignition loss of 44% (molar 
mass fraction of CO2 from CaCO3) was taken into consideration in the 
calculations. Bulk (apparent specific bulk volume) and density were obtained 
from the sheet grammage and thickness (Lorentzen & Wettre SE 250 
micrometer, Sweden). Bulk has an important impact on the economy of 
papermaking process. The production of high bulk i.e. low density paper 
products with maintained thickness means the more efficient utilization of the 
fiber raw material and is one the most important properties currently targeted 
by industry. Grammage, bulk and density together with the air permeability are 
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the most important characteristics used to describe also the structural
properties of paper. Air permeability was analysed with a Bendtsen tester (SE
114, Lorentzen & Wettre, Sweden).

Mechanical properties of paper are essential for analyzing the bonding degree
of the network. In-plane strength properties were evaluated with a tensile tester
(SE 064, Lorentzen & Wettre, Sweden) and out of-plane (z-direction) strength
with Scott internal bond tester (Huygen internal bond tester, USA).

Optical properties were measured with a spectrophotometer (Elrepho® SE
070R, Lorentzen & Wettre, USA). ISO Brightness is defined as a reflectance of
light at 457 nm (in the blue area of the visible light spectrum) and is used to
evaluate for example the result of bleaching or whiteness of paper. Opacity
describes the non-transparency of paper and is promoted by light scattering and
light absorption. Light scattering together with the absorption coefficient are
used to describe the reflectance of paper irrespective of its grammage (Kubelka
and Munk 1931). According to Kubelka-Munk theory, the total light scattering
of an item that consists of two constituents is equal to the sum of the light
scattering of the separate constituents. In the case where constituents interact
with each other optically, this rule of mixtures is only approximately valid.
Specific light scattering of pigment, spigment, was calculated from the light
scattering of unfilled paper (so) and filled paper (sf) of certain filler content (FC)
(Ryti 1974):

 

    (16) 
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4. Results and discussion 

This chapter summarizes the most important findings of this thesis. The main 
target of the research was to build a bondable pigment from CaCO3 and 
polysaccharide for papermaking applications. Co-precipitation was selected as 
the preparation method for hybrid pigments, which means that the 
crystallization of CaCO3 was conducted in the presence of polysaccharide. The 
results are divided into two parts related to the manufacturing procedures 
developed, i.e. dissolved polysaccharide-PCC and polysaccharide core-PCC shell 
hybrid pigments, with the detailed results presented in the Publications 1-4. 

4.1 Dissolved polysaccharide-PCC hybrid pigments 

4.1.1 Manufacturing procedure

In this experiment, a hybrid pigment was formed by dissolving native starch in
excess water at elevated temperature and then crystallizing PCC in the presence
of the dissolved polymer (Figure 9). Hybrid pigments with CMC as the polymer
component were also prepared. Both native starch and CMC increase the
hydrogen bonding density and sheet strength when they are retained in the
sheet in close proximity to the fiber-fiber bonds. Nevertheless, due to their
respective anionicity (CMC, highly and native starch, slightly) they are difficult
to retain in paper when added as such (Krogerus 2007).

 
Figure 9. Preparation procedure of dissolved polysaccharide-PCC hybrid pigments. 
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4.1.2 Reactor technologies  - batch and fed-batch reactors 

The batch and fed-batch reactors, presented in Figure 6, were utilized to carry 
out precipitations in the presence of dissolved polysaccharides. Figure 10 
illustrates the conductivity curves during the precipitation of CaCO3 at various 
temperatures and constant final PCC content. The batch process (Figure 10a) 
utilized supersaturated Ca(OH)2 solution, which is why the conductivities are 
somewhat higher than in the equivalent fed-batch reactions (Figure 10b). In the 
batch process, the completion of the reaction was observed as a sharp drop in 
conductivity, after which it slightly increased. The increase of the conductivity 
in the end of the batch reactions is due to the higher rate of CO2 dissolution 
compared to its consumption rate because of the limited amount of Ca2+-ions 
left in solution (Wen et al. 2003). The batch precipitations were also much faster 
than the fed-batch reactions, in which Ca(OH)2 was fed to the reactor at a rate 
that maintained the pH at a constant level of  6.0±0.5. In both processes, the 
conductivities were higher at lower precipitation temperatures, because at lower 
temperatures the solubility of Ca(OH)2 and CO2 is higher i.e. the amount of ions 
in solution is greater.  

Lower precipitation temperature could be hypothesised to yield a faster rate 
of reaction due to the higher solubility of reaction components, however, the 
opposite was observed with the batch process in Figure 10a. This finding possibly 
indicates unoptimized precipitation conditions, e.g. incomplete mixing with the 
impeller mixer or incomplete control of the CO2 flow rate, which was as high as 
2.3 l/min.  

  

 
Figure 10. Conductivity progress curves during the process of a) batch and b) fed-batch 
precipitation performed at different temperatures. The initial Ca(OH)2 concentration of the batch 
reactions and the total Ca(OH)2 concentration of the fed-batch reactions was 7.4% (1 M), which 
should give 10% PCC. (Publication 1) 

4.1.3  Properties of hybrid pigments and their impact on paper 

Table 4 summarizes the main properties induced by additions of dissolved 
starch or CMC into the precipitation process. Both starch and CMC increased 
the average particle size and dropped the specific surface area of pigments 
formed by the batch process. Addition of cooked starch had an especially severe 
impact on pigment morphology as it prevented the precipitation of 
scalenohedral PCC, which is normally formed in the absence of polysaccharides 
under these conditions. Kontrec et al. (2008) have also examined the 
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precipitation of CaCO3 in the presence of soluble starch and observed that at 
relatively low concentrations of starch (~50 mg/l) it adsorbs on the calcite 
crystal surfaces, slowing down calcite growth and promoting vaterite formation.  

The fed-batch process resulted in rhombic PCC particles, which were smaller 
in size and surface area than PCC formed by batch precipitation. The difference 
in the particle morphology between fed-batch and batch processes resulted from 
the different ratio of calcium and carbonate ions in solution. As stated by Jung 
et al. (2000), excess Ca2+-ions in solution, i.e. the conditions in the batch 
reaction, cause the morphology to change from cubic to scalenohedral via 
selective absorption of Ca2+-ions on the preferred faces of cube-like CaCO3. 
Thus, the morphology is modified due to the inhibition of face growth by the 
adsorbed ions.  

 
Table 4. Properties of the reference, starch-modified and CMC-modified PCC particles produced 
by batch and fed-batch reactions at 50 °C, polysaccharide concentration of 1.5wt% of PCC and 
total PCC concentration of 10%. Scale bar in SEM-images corresponds to 1 μm. (Adapted from 
Publication 1) 

Precipitation 
process, 
property 

PCC 

Reference Starch-modified CMC-modified 

     Batch 

Morphology 

   

d(0.5) (μm) 4.97±0.38 6.38±0.01 6.56±0.04 

SSA (m2/g) 11.50±0.03 4.13±0.02 5.22±0.03 
Sorbed poly-

saccharide (%) - 50.2 89.4 

    Fed-batch 

Morphology 

   

d(0.5) (μm) 2.89±0.07 6.46±1.03 2.87±0.04 

SSA (m2/g) 3.25±0.02 2.25±0.13 4.61±0.07 
Sorbed poly-

saccharide (%) - 96.9 96.9 

 
Both polysaccharides had an effect on the properties of fed-batch produced 

PCC. Results showed that starch aggregated the particles but did not affect the 
morphology, unlike the addition of CMC into the fed-batch reaction. This is 
consistent with the findings of Liang et al. (2004), who suggested that crystal 
edges and sharp corners disappear due to the presence of carboxyl groups and 
their electrostatic interaction with calcium ions. Moreover, when Ca2+-ions 
interact with the carboxyl ions of CMC, they can act as active sites for 
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heterogeneous nucleation (Yang et al. 2010). For soluble starch, interaction has 
been reported to occur between starch OH-groups and Ca2+-ions, around which 
CO32—ions aggregate to form a crystal nucleus (Yang et al. 2003). 

The sorption of starch and CMC to CaCO3 was evaluated with TOC analysis 
and as summarized in Table 4, CMC performed much better than starch in the 
batch process. In contrast, the fed-batch process resulted in almost complete 
sorption of both polysaccharides. The explanation for higher polysaccharide 
sorption in the fed-batch process might be attributed to instantaneous 
precipitation of CaCO3 after the dissolution of Ca(OH)2.    

In addition to the pigments shown in Table 4, a similar set was prepared at 
different precipitation temperatures (batch process at 70 °C and fed-batch at 20 
°C). Figure 11 and Figure 12 compare the properties of the hybrid pigment filled 
paper sheets to those of PCC filled sheets at 25% PCC content. This comparison 
was performed with the PCC pigments produced by batch and fed-batch 
reactions rather than commercial PCC. Starch containing pigments from the 
batch process had no perceptible effect on strength properties (Figure 11a and 
Figure 12a), whereas the fed-batch process enhanced the tensile (Figure 11b) and 
z-directional strength (Figure 12b) development of the paper. This can be 
attributed to the larger size of the starch-PCC pigments since large pigment 
particles interfere less with fiber bond formation and thus have less detrimental 
effect on paper strength. In both cases, the utilization of large starch-modified 
PCC particles led to low optical properties but improved paper bulk.   

Regardless of its larger particle size and substantially smaller specific surface 
area, the paper filled with batch-produced, CMC-modified PCC enhanced the 
bulk (Figure 11a) and maintained the optical properties (Figure 12a) of the paper 
when comparing to the reference pigment filled paper. The addition of CMC into 
the fed-batch process also enhanced bulk properties (Figure 11b) and preserved 
the optics (Figure 12b) of paper filled with the pigment.  Nevertheless, severe 
strength losses were encountered especially with pigments produced at high pH. 

  

 
Figure 11. Tensile index vs. density of the handsheets with 25% reference (white), starch-
modified (light blue), and CMC-modified (red) PCC particles produced by a) batch and b) fed-
batch precipitation processes at different initial temperatures. The polysaccharide addition was 
1.5wt% of PCC. Capped error bars represent the standard deviation of the measured values. 
(Publication 1) 
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Figure 12. Scott internal bond strength vs. light scattering of the hand sheets with the 25%
reference (white), starch-modified (light blue), and CMC-modified (red) PCC particles produced
by a) batch and b) fed-batch precipitation processes at different initial temperatures. The
polysaccharide addition was 1.5wt% of PCC. Capped error bars represent the standard deviation
of the measured values (Adapted from Publication 1).

The target was to produce CaCO3 pigments with bonding capability. This was
evaluated by comparing the strength properties of paper sheets loaded with
hybrid pigments to sheets filled with PCC. Depending on the precipitation
process and polysaccharide added, dissolved polymers resulted in the distortion
of PCC morphology and/or pigment aggregation. The ability to control pigment
morphology is crucial, since it has impact on the paper properties, especially in
terms of optics and the bulk. Use of a batch process has more relevance to
industry; however, the starch was poorly retained in the hybrid pigment, which
could lead to serious problems during the papermaking process. Since the
strength of paper sheets containing batch-processed hybrid pigments was either
unaltered or decreased, it appeared that the introduction of a significant
hydrogen bonding capability to the pigments was not achieved when the batch
reactor was used. In the case of fed-batch process, minor improvements in paper
strength were observed via starch-induced pigment aggregation, but these came
at the expense of the optical properties. Overall, larger particle size fillers are
not a favourable route towards higher strength as in addition to the decreased
optics, an increased filler size can increase paper roughness, abrasion and
dusting tendency (Hubbe and Gill 2016).

For the above-mentioned reasons, it was necessary to further modify the
method for the hybrid pigment preparation in order to obtain bondable
pigments, which would result in clearer strength improvements without the
severe loss of paper optics. The final procedure, its development work and the
pigments produced with the method are described in detailed in the following
chapter. Since strength benefits were not achieved with expensive CMC, it was
excluded from the subsequent research.

4.2 Polysaccharide core-PCC shell hybrid pigments 

4.2.1 Manufacturing procedure 

A second approach was developed that would allow the addition of significant 
amounts of native starch into the paper sheet in a form that would potentially 
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not disturb the wet end chemistry, but would allow effective bond 
reinforcement. Native starch, which is cheaper than modified starch, is an 
effective strength additive, if it can be retained within the sheet in a form that 
allows effective hydrogen bonding. Target was to hydrate but not dissolve the 
starch and brought it into the proximity of the fiber bonds where it can adsorb 
and form hydrogen bonds during the sheet consolidation process.  

In this approach, rigid starch granules were activated (i.e. heat-treated but not 
fully cooked) into a swollen state prior to mixing with slaked lime (Figure 13). 
Slaked lime particles, which were added to the swollen starch, absorb onto the 
swollen and sticky granule surface with vigorous mixing. Carbonization then 
causes the lime to form a permeable PCC shell.  After precipitation, the hybrid 
pigment was cooked in order to dissolve the starch granule within the shell. The 
goal was to get starch in a state where it could effectively bond with fibers but 
restrict its complete dissolution into the process water by the presence of the 
PCC shell. This is highly desirable, since free native starch will disturb the wet 
end chemistry and cause runnability issues.  

 
Figure 13. Manufacturing procedure for starch core-PCC shell hybrid pigments. 

In order to explore the property space of hybrid pigments and reach the 
optimum characteristics, the activation level, origin and content of starch in the 
hybrid pigment were examined along with the co-precipitation parameters. 
First, this manufacturing process was developed utilizing the batch reactor and 
then further improved to take the advantage of the high shear, circulation 
reactor. The core-shell approach was examined with two starches, corn and rice; 
rice starch was selected for the experiments due to its very small granule size 
when compared to those of corn starch. 

4.2.2 Reactor technology – high shear, circulation reactor 

The structure of the calcium carbonate shell on the hybrid pigment was one of 
the critical pigment design parameters. The shell is composed of individual PCC 
particles that should form a porous, more-or-less continuous layer on the 
granule surface. Reactor control was of principle concern, since the size and 
morphology of the individual PCC particles mainly determine the structure of 
the shell. Thus, both the lime slaking and CaCO3 precipitation were examined 



Results and discussion 

37 

in detailed in order to determine the optimum conditions for PCC shell 
formation. 

 
Lime slaking  

Lime slaking is an important unit operation in the manufacture of PCC. The 
properties of slaked lime particles, such as particle size and specific surface area 
are  determined by the type of limestone, calcination conditions as well as by the 
slaking parameters, which all have an effect on the PCC quality (Hassibi 1999, 
Ahn et al. 2007). The production of small Ca(OH)2 particles with high SSA 
would be beneficial as they dissolve and react faster with CO2 during 
carbonation (Boynton 1980). In addition, if the slaking could be carried out at 
higher consistency, the process would use less water and be more energy 
efficient.  

Slaking was examined at various initial water temperatures and lime-to-water 
ratios in a high shear, semi-batch machine designed for the rapid mixing of solid 
and liquid (Figure 7). Since conventional industrial slakers do not utilize high 
shear mixing, the aim was to ascertain whether high shear process could be 
utilized to produce fine Ca(OH)2 particles with high surface area. Ten minutes 
was selected as a slaking time, since after that period both high and medium 
reactive limes should be completely hydrated (Hassibi 1999). Lime reactivity 
describes the rate at which the CaO particles react with water during slaking and 
this can vary from around 2 to 3 minutes (high reactive limes) up to between 15 
to 30 minutes (low reactive limes).  Since the typical increase of temperature 
during the exothermic slaking reaction is 40-50 °C, 50 °C was the maximum 
initial water temperature used (Hassibi 1999). The final temperature around 
100 °C can create hot spots and form agglomerates with reduced surface area. 
Furthermore, a too high temperature can also be a safety risk; therefore, final 
temperatures of 80–85 °C are more practical for optimal operation. 

Figure 14 illustrates the effect of initial water temperature and lime-to-water 
ratio on the temperature increase during slaking. Regardless of the initial water 
temperature, constant lime:water ratios resulted in very similar slaking curves 
up to 2 minutes, after which the temperature increase depended on the initial 
water temperature (Figure 14a). The lime-to-water ratio had a more significant 
impact on the temperature increase, with higher consistency resulting in the 
highest and fastest temperature increase (Figure 14b). Of all the reactions, 40 °C 
with 1:3 lime-to-water ratio, was finished after only 3 minutes, since the 
temperature rose to as high as 90 °C and then stabilized. 
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Figure 14. The temperature increase during lime slaking. (Unpublished data) 

Higher initial temperature reduced the size of the formed Ca(OH)2 particles 
and resulted in the highest SSA (Figure 15a), which is in accordance with the 
previous findings of Boynton (1980). As can be observed, the fraction of large 
particles was very small with high initial water temperature, which is desirable 
when considering the precipitation reaction. Moving from low (1:8) to high (1:3) 
consistency slaking decreased the SSA but the particle sizes and their 
distribution were almost unaffected (Figure 15b). Similar investigations about 
the effect of lime-to-water ratio on particle size were performed by Rosell et al. 
(2014), who found out that a lime:water ratio of 1:2 resulted in a wider 
distribution of large particles, but from 1:3 to 1:5 the distributions were similar.  

 

 
Figure 15. Particle size distribution, median particle size and SSA of Ca(OH)2 particles slaked 
at (a) different initial water temperatures at 1:5 lime-to-water ratio and at (b) different lime-to-
water ratios at 40 °C. (Adapted from Publication 3)  
 

Altogether, the effects of initial water temperature and lime-to-water ratio on 
the properties of Ca(OH)2 particles in this experiment were relatively small. The 
obtained SSAs (13-15 m2/g) are typical for slaked lime, but comparatively low 
when compared to the values reported by previously, i.e. from 8 up to 58 m2/g 
(Hassibi 1999). The average particle sizes (2.5-3.0 μm) are in the same range as 
the slaked lime particles obtained by Rosell et al. (2014) in a stirred tank 
laboratory reactor (2.3-4.2 μm). These results suggest that high shear process 
could be utilized in lime slaking, although extremely reactive particles with high 
surface area could not be produced. For CaCO3 precipitations in this thesis, lime 
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slaked at an initial water temperature of 50 °C and 1:5 lime-to-water ratio was 
utilized as it led to the best combination of small particle size and high surface 
area.   
 

Precipitation of CaCO3 

The high shear precipitation reactor has a potentially wider control window 
than a usual industrial batch PCC reactor, since shear conditions are one of the 
important variables. Furthermore, this type of reactor is especially interesting 
for the production of hybrid pigments as under high shear conditions slaked 
lime particles can be brought into intimate contact with the starch granule 
surface, which could aid granule coating and formation a contiguous, even shell. 
In order to understand the potential of the high shear reactor, the influence of 
important process variables on PCC size and morphology were examined in the 
absence of polysaccharides. An understanding this more simplified system 
allows pertinent information to be gained before adding starch, which will 
significantly change the reaction conditions.   

The applicability of the high shear circulation reactor (Figure 8) to CaCO3 
precipitation was examined by the investigation of different precipitation 
temperatures, mixer rotation speeds and c-to-Q ratios. Factor c:Q was used to 
describe the rate of the reaction and was calculated from the molarity of 
Ca(OH)2 and flow rate of CO2. For example, 1:1 corresponded to 1 M Ca(OH)2 

slurry and 1 l/min of CO2 (faster reaction), whilst 4:1 was equivalent to 1 M 
Ca(OH)2 and 0.25 l/min of CO2  (slow reaction). 

Monitoring of the pH and conductivity throughout the carbonation enabled 
the reaction completion to be detected (Figure 16). Although the reaction can be 
followed from the pH curve alone, the shape of the conductivity curve during 
the reaction can provide additional information about the morphology formed 
(García-Carmona et al. 2003, Ukrainczyk et al. 2007). Thus, both pH and 
conductivity were monitored.  

 

 
Figure 16. The pH (upper) and conductivity (lower) curves during precipitation reactions at 
different a) rotation speeds of the mixer and b) calcium-to-carbonate ratios in a high shear 
circulation reactor. In a) c:Q was 1:1 and temperature 20 °C and in b) temperature was 50 °C and 
rotation speed 20000 rpm. (Adapted from Publication 3) 

The effect of the rotation speed of the high shear mixer on the reaction rate 
was substantial. As shown in Figure 16a, faster rotation speeds of the mixer 
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enhanced the rate of reaction, for example, a change from a 0.1 M Ca(OH)2 
solution to 1 M Ca(OH)2 reduced reaction rate, but the increased rotation speed 
more than compensated the rate loss. Figure 16b illustrates the effect of calcium-
to-carbonate ratio on the rate of reaction and shows that an increase in the c:Q 
increased the total time of reaction almost linearly.  

Although not prepared at the same total batch volumes or calcium-to-
carbonate ratios, a crude comparison between the reaction times in the batch 
reactor (Figure 10a) and high shear circulation reactor (Figure 16b) can be done. 
In both cases, PCC was prepared at the same Ca(OH)2 concentration at 50 °C. 
The parameters applied in the batch process - 1 M Ca(OH)2 slurry and 2.3 l/min 
of CO2 - correspond to c:Q of 0.43:1, which should lead to a faster precipitation 
rate than c:Q of 1:1 in the high shear circulation process. Nonetheless, the 
reaction time in the batch process was approximately 55 minutes, whereas the 
high shear mixing precipitation of CaCO3 took less than 25 minutes. This 
indicates that CO2 was not completely consumed in the batch reactor but 
probably part of it escaped from the open reactor. In contrast, the set-up of 
circulation reactor, where CO2 was fed directly into the mixing zone, was very 
efficient at reducing CO2 bubble size and drawing them inside the circulation 
system. A rate-limiting step in the PCC reaction is the dissolution of CO2, thus 
bubble size has a major impact on reaction rate (Juvekar and Sharma 1973). 
Moreover, utilization of smaller CO2 bubbles created either by porous frit (Feng 
et al. 2007), microbubble generator (Bang et al. 2011) or in-line high shear mixer 
(Yang et al. 2017) have been shown to result in faster precipitation rates. 

 
Properties of CaCO3 pigments  

 
Properties of CaCO3 particles precipitated at different precipitation 
temperatures (A-C), c-to-Q ratios (B, F, G) and reactor mixer rotation speeds 
(D-F) are summarized in Table 5. The morphological features of these pigments 
are illustrated in Figure 17. As can be seen from the primary and secondary 
particle size data, higher reactor mixer rotation speeds resulted in smaller PCC 
particles, which agrees with the findings previously reported by Bang et al. 
(2012) and Yang et al. (2017). Microscopy images also confirmed the impact of 
reactor shear rate on the size of the particles formed as the change of rotation 
speed modified the crystals by breaking up the particles into smaller fractions. 
This modified also the crystal morphology. The effect of shear rate on the 
specific surface area was also evident, i.e. the higher the rotation speed, the 
larger the SSA. Measured surface areas were in the same range (4-30 m2/g) as 
the values of the pigments precipitated with the help of a microbubble generator 
(Bang et al. 2012). 
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Table 5. Properties of PCC pigments precipitated at different c-to-Q ratios, temperatures and 
mixer rotation speeds. (Adapted from Publication 3) 

Sample 
Precipitation parameters Pigment properties 

c:Q Temperature 
(°C) 

Rotation 
speed 

SSA 
(m2/g) d(0.5) (μm) Primary size 

(nm) 
A 1:1 20 20000 29.2 ± 0.3 2.36 ± 0.01 76 
B 1:1 50 20000 19.9 ± 0.8 2.38 ± 0.11 112 
C 1:1 60 20000 13.5 ± 0.3 4.12 ± 0.39 164 
D 2:1 50 5000 4.7 ± 0.1 5.89 ± 0.12 473 
E 2:1 50 14600 11.6 ± 0.5 4.44 ± 0.15 191 
F 2:1 50 20000 15.6 ± 0.3 4.14 ± 0.09 142 
G 4:1 50 20000 10.0 ± 0.7 2.39 ± 0.10 221 

Ref. N/A (commercial) 6.1 ± 0.0 4.16 ± 0.10 365 

 
A higher precipitation temperature and c:Q both led to a decreased surface 

area, whilst higher precipitation temperatures also increased particle size. Yang 
et al. (2010) have previously shown that a decrease in the SSA with increased 
temperature originates from the increased growth rate of CaCO3 crystals at 
elevated temperature. In addition, Bang et al. (2012) have observed that 
increased CO2 flow rates, i.e. lower c:Q, decreases the size of primary particles 
and Agnihotri et al. (1999) have also reported the decrease in the secondary 
particle size with increasing CO2 flow rate due to the increased shear. These 
findings are contrary to the data in Table 5, however, comparison of the SEM 
images of pigments B, F and G proves that higher c:Q resulted in larger 
secondary particles also herein. 

The morphology of CaCO3 crystals is generally understood to be determined 
by the ratio of dissolved calcium to carbonate ions. Jung et al. (2000) have 
suggested that the variation of morphology from cube-like to scalenohedral PCC 
results from the excess species in the solution. The absorption of excess Ca2+ 
ions on the preferred faces of the cubic particles determines the face growth and 
thus modifies the particle morphology to scalenohedral. Since temperature 
during carbonation affects the nucleation and growth rate of crystals, it has an 
effect on the morphology along with size and SSA. Fast reaction at low 
temperature (sample A) resulted in very small, cubic particles, whereas higher 
temperature combined with the slower reaction rate (samples D-G) produced 
larger, mainly scalenohedral-type PCC. 
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Figure 17. SEM images of CaCO3 pigments precipitated at varied conditions (shown in Table 5) 
in the high shear circulation reactor. (Adapted from Publication 4) 

XRD was utilized to analyse the phase composition of pigments. Different 
crystal polymorphs of CaCO3 (vaterite, calcite and aragonite) have dissimilar 
refractive index and density properties. This can result in distinct variations 
during application, such as light scattering and bulk when CaCO3 is used as a 
filler in paper. (Han et al. 2006, Thriveni et al. 2015, Myerson and Ginde 2002)  

All the pigments analysed – with the exception of the pigment produced at 
high c:Q at 50 °C (sample G) - were 100% calcite. The XRD patterns of samples 
F (50 °C, 2:1), G and a calcite reference pattern are displayed in Figure 18 - the 
low diffraction peaks at 26.2°, 33.1° and 45.9° highlighted correspond to 
aragonite. The approximately 8% of aragonite in pigment G was determined 
semi-quantitatively based on intensity ratios, which can be affected by crystal 
orientation. Usually, the formation of aragonite is favored at higher 
temperatures (preferably above 60 °C) with the optimum being at 80 °C (Ota et 
al. 1989, Thriveni et al. 2015, C. Yang et al. 2017). Yang et al. (2017) have 
examined the effect of CO2 flow rate and high shear mixing on the formation of 
aragonite. They observed that an increase in CO2 flow rate initially increased the 
yield of aragonite but with further increases, the amount of aragonite in the 
sample reduced. Although they used a different type of reactor set-up than the 
one detailed in this thesis, the replacement of a conventional stirred-tank 
reactor with stirrer speed 400 rpm by a high-shear mixer (10000-19000 rpm) 
in the circulating system of reactor enabled the formation of aragonite.  
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Figure 18. XRD patterns of PCC samples and calcite reference pattern. Red circles correspond 
to aragonite reflections. (Publication 3) 

 
CaCO3 pigments in paper 

 
The performance of precipitated CaCO3 pigments in paper was evaluated from 
the laboratory paper sheets filled with 10% and 20% PCC (Table 6). Sheets were 
prepared with two different PCC contents in order to investigate the packing 
behaviour of pigments at different filler contents. Especially paper bulk, air 
permeability and light scattering are influenced by the packing behaviour of the 
particles. Higher precipitation temperature (pigments B and C) resulted in 
higher paper bulk, opacity and tensile strength as well improved pigment light 
scattering when compared to the pigment formed at low temperature, i.e. 
pigment A. Of all the analysed pigments, A imparted the lowest strength and 
optics to paper. 

When the rotation speed of the mixer of the reactor was slow during 
precipitation, the resulting pigment (D) possessed a large particle size which 
produced paper with higher bulk and air permeability than any of the other 
manufactured pigments or even the reference PCC. The bulk and air 
permeability of commercial PCC and pigment D increased with PCC loading 
level, whereas for the bulk of test points these remained constant or only slightly 
improved with increased PCC content. In some cases the air permeability even 
decreased to a level similar to that obtained with unfilled paper. At the same 
time, pigment D gave moderate optical properties, which were very similar to 
those obtained with commercial PCC. The application of high rotation speed of 
the mixer during precipitation had a reductive effect on paper bulk and air 
permeability. The light scattering of pigment and opacity of paper were first 
enhanced (pigment E), but at the highest rotation speed (pigment F), they were 
significantly reduced indicating that there is an optimum condition for mixing 
after which the pigment breaks up into too small fractions.  

The effect of c-to-Q ratio (pigments B, F, G) on the bulk and air permeability 
of paper was minimal. The slowest precipitation reaction (G) showed a 
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remarkable enhancement of light scattering and improved the opacity. It was 
also noteworthy that pigments E and G had the highest optical performance of 
all the pigments as shown in Figure 19. 

 
Table 6. Properties of the paper sheets at 10% and/or 20% PCC content and the specific light 
scattering of pigments, which was calculated with Equation 16.The unfilled sheet consisted of 
pulp only. (Adapted from Publication 3) 

Sample 
Bulk 

(cm3/g) 
Air permeability 

(μm/Pas) 
spigment
(m2/kg)

Opacity 
(%) 

Tensile 
index 

(Nm/g) 

10% 20% 10% 20% 10% 20% 20% 20% 

A  1.34±0.04 1.33±0.04 21.3±2.7 16.5±2.7 91.9±4.7 91.1±4.9 82.9±0.4 11.7±0.7 

B 1.38±0.05 1.43±0.07 19.2±2.3 18.8±2.8 183.7±5.7 174.8±7.0 87.9±0.4 13.2±0.8 

C 1.41±0.02 1.43±0.04 22.7±2.1 17.5±3.0 206.3±10.8 197.8±12.5 88.5±0.6 14.9±1.1 

D 1.50±0.04 1.64±0.05 38.8±5.1 48.4±7.1 198.4±16.9 177.5±9.2 88.0±0.5 13.3±1.5 

E 1.42±0.02 1.45±0.03 21.7±2.3 17.0±3.9 211.6±13.6 219.4±8.9 89.1±0.4 13.7±0.8 

F 1.38±0.06 1.39±0.01 17.2±3.3 17.5±1.2 187.0±23.2 166.5±6.3 87.4±0.3 14.7±0.5 

G 1.41±0.06 1.47±0.03 19.6.±3.1 19.1.±1.7 230.4±28.8 230.0±6.3 89.8±0.2 14.9±0.6 

Ref.  1.45±0.03 1.54±0.03 27.3±2.4 36.8±5.6 205.3±18.2 186.9±19.4 87.8±0.7 14.2±1.3 

Unfilled 1.31±0.02 14.7±1.0 - 75.4±1.2 38.7±2.3 

 
Since the scattering of light takes place at the air-solid interface, the total 

amount of scattered light depends on the existence of these interfaces and pores 
in such interfaces should be larger than 0.1 μm to be optically effective (Alince 
et al. 2002). In addition, light scattering has been reported to be dependent on 
particle refractive index, size and shape (Velho 2002, Pauler 2008). Figure 19 
illustrates the pigment light scattering (Table 6) as a function of the pigment 
surface area (Table 5). Although the light scattering of pigment is also influenced 
by other pigment characteristics and the error marginals of the calculated 
pigment light scattering values were relatively high, a trend can be observed 
from the data. First, the light scattering increases as the SSA of pigment 
increases, then it reaches a maximum at a SSA of approximately 10 m2/g after 
which it declines sharply. The specific light scattering of a pigment also depends 
on the pigment content of paper. Typically, a higher pigment content of paper 
results in lower specific light scattering due to the packing of the pigment 
particles. Nevertheless, at higher PCC content the specific light scattering of 
pigments E and G was maintained, indicating their possible ability to maintain 
great optical performance even at increased filler levels. However, high standard 
deviation makes it difficult to draw precise conclusions of the pigment 
scattering ability at different filler contents.  At the same time, the pigment with 
the poorest optical performance (A) retained its low light scattering regardless 
of the PCC content.  
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Figure 19. Specific light scattering of pigments vs. specific surface area of pigments. 

4.2.3 Starch activation

The idea of the shell-core hydrid pigment is that a PCC shell is formed around
the activated starch, which is then dissolved inside the PCC capsule (Figure 13).
The dissolved starch should then leak out of the capsule into the paper sheet and
increase the bond strength. This approach provides a way to increase the
amount of low cost native starch that can be introduced into the sheet when
compared to normal wet end retention systems. The formation of the shell itself
involves the adsorption of hydrated lime particles onto the granule surface
where these are carbonized. Consequently, surface conditions of the granules
should be adjusted to facilitate the adsorption of Ca(OH)2.

The objective of the first step of the manufacturing procedure was to swell,
soften and partially gelatinize the starch granule, whilst preventing its
dissolution via a process called “starch activation”. As was shown by the
dissolved starch-PCC experiments, free starch in solution can cause problems
in the formation of the CaCO3 and can complicate the wet end operations. In 
order to evaluate the level of starch activation, granule size, swelling,
solubility and crystallinity were all examined. Gelatinization parameters were
determined from DSC thermograms (Figure 20). To was 66 °C and 61 °C for corn
and rice starch, respectively.
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Figure 20. DSC thermogram of rice starch (upper) and corn starch (lower) suspensions heated 
in excess water with a heating rate of 10 °C/min. (Adapted from Publication 4) 

The target of the starch activation was to swell the granules without their 
dissolution. Several activation temperatures ranging from room temperature 
(Troom) up to the onset of gelatinization (Tonset) were tested. The degrees of 
gelatinization of corn starch granules as a function of activation temperature 
and time are shown in Figure 21. When activating the starch for 10 minutes at a 
selected temperature (Figure 21a), granule structure was observed to be 
unaffected at low activation temperatures and it was only at temperatures close 
to 60 °C that partial gelatinization started. After that, the gelatinization was 
determined to proceed rapidly and found to be complete after 10 minutes 
activation at 68 °C. The applied activation time also had influence on the DG 
(Figure 21b). In the beginning, DG increased markedly with the time, but after 
7.5 minutes, the differences were minute. As a result, 10 minutes was chosen to 
be the optimal activation time required for the hybrid pigment preparation. 

 

 
Figure 21. The effect of a) treatment temperature and b) treatment time on the DG of corn starch. 
Treatment time in a) was 10 minutes and treatment temperature in b) was 66 °C. The testpoints 
marked with red circles point out 10 minutes activation at 66 °C, which was the Tonset of corn 
starch. (Publication 2) 

Properties of the corn and rice starch granules were evaluated after activation 
at various temperatures for 10 minutes. As illustrated in Figure 22, the original 
size of the corn starch granules was much larger than the size of rice starch 
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granules. At room temperature, both had a swelling power around 2 gtotal/gsolids,
which means that granules take up water equivalent to their weight, though rice
starch showed a higher solubility than corn starch. The size of the granules, their
swelling power and solubility increased as a function of treatment temperature.
Changes in the granule structure and size after activation were also clearly
observed with microscopy (Figure 23) and are consistent with the findings widely
reported in literature (Tester and Morrison 1990, Peng et al. 2007, Liu and Zhao
1990). The flattening of the highly swollen granules in microscopy images most
probably resulted from the freeze-drying of the samples prior to their imaging.
SEM images also revealed the differing shape of the granules: Corn starch was
a mixture of round and polyhedral granules, while rice starch granules were
polygonal and heavily aggregated meaning the size of the individual granules
was even lower than the value measured with PSA.

 

 
Figure 22. The effect of activation temperature on the average particle size, SP and solubility of 
a) corn starch and b) rice starch. Red circles indicate the Tonset of both starches (66 °C for corn 
and 61 °C for rice starch). (Adapted from Publications 2 and 4) 

Tonset was selected as the maximum temperature for activation in hybrid 
pigment manufacturing as both starches were highly swollen but their 
solubilities were still at a reasonably low level after activation. At temperatures 
above Tonset, the swelling power of corn starch granules ceased and SEM images 
indicated partial dissolution of granules. Rice starch granules continued to 
swell, but microscopy showed that the granules were highly aggregated. 
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Figure 23. Morphological changes of corn (left) and rice (right) starch granules after activation at 
the marked temperatures for 10 minutes. Red circles indicate the maximum activation 
temperatures used in the hybrid pigment manufacturing. (Unpublished data) 

In addition to a distinct particle size and shape, the starches also differed in 
the content of amylose and amylopectin - the corn starch contained a much 
higher fraction of amylose than rice starch (25% vs. 15%). Swelling has been 
reported to be primarily a property of amylopectin, while linear amylose leaches 
out from the swollen granules (Tester and Morrison 1990, Hermansson and 
Svegmark 1996). Starches contain different amounts of e.g. proteins, lipids and 
phosphates, which affect their properties, depending on the origin. Thus, the 
differences between the behaviour of corn and rice starch in the experiments 
within this thesis cannot be solely explained by their different amylose contents. 
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4.2.4 Co-precipitation  

The target of the co-precipitation was to form a PCC shell around the activated 
starch granules. First, the activated starch was efficiently mixed with slaked lime 
particles in the reactor prior to starting the CO2 feed. The encapsulation of the 
granules with PCC can depend on several factors, such as origin and activation 
level of starch, ratio of starch-to-PCC and the precipitation parameters. The 
effect of all these factors was examined. 

 Hybrid pigments with 20% of starch (corn and rice) and 80% of PCC were 
prepared to investigate the role of starch activation and origin on hybrid 
pigment formation. For the manufacturing, corn and rice starches were 
activated at their onset of gelatinization temperature i.e. 66 °C and 61 °C for 
corn and rice, respectively. In addition, both starches were activated at room 
temperature and corn starch also at 10 °C below its Tonset. The co-precipitations 
were carried out at the same c-to-Q ratio (4:1) in a high shear circulation reactor 
at 20000 rpm with a total solids content of 20wt%. 

As shown earlier in Figure 22, the activation at Tonset-10°C had no impact on the 
physical properties of the corn starch granules. The microscopic observations 
(Figure 23, starch activation at Tonset-10°C) supported this and showed only minor 
changes to the smallest granules. When the starch granules were mixed with the 
slaked lime inside the PCC reactor, the granules activated at room temperature 
had only a few Ca(OH)2 particles on the surface. Nonetheless, higher activation 
temperatures, especially Tonset, resulted in a relatively even layer of Ca(OH)2 on 
top of the starch granules.  

The structure of the PCC shell is heavily dependent on the activation 
temperature. Activation at room temperature resulted in a very thin layer of 
PCC, whereas the granules activated at Tonset were encapsulated with a thick 
calcium carbonate shell. This thick shell prevented starch dissolution during 
cooking and preserved the formed hybrid pigment structure. On the other hand, 
the activation of starch at Troom was insufficient to prevent the starch from 
complete dissolution during cooking. Moreover, although the treatment at 10 
°C below Tonset kept granule dimensions unchanged, partial encapsulation was 
obtained after precipitation and cooking. More detailed discussion about the 
hybrid pigment cooking will follow in section 4.2.5. 
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Figure 24. The effect of starch activation temperature on the formation of corn starch-PCC 
(20/80) hybrid pigments. Starch activation temperatures: Troom (left), Tonset-10°C (middle) and Tonset 
(right). (Adapted from Publication 4) 

The preparation procedure of hybrid pigments with rice starch is illustrated in 
Figure 25. After mixing with the Ca(OH)2, the slaked lime particles were well 
absorbed onto the surface of the granules activated at Tonset. Unlike with corn 
starch, part of the granules treated at room temperature were also found to be 
covered with slaked lime. This indicates that the surfaces of rice starch granules 
were already sticky without the activation at high temperature. After co-
precipitation, both samples were covered with PCC, but activation at high 
temperature resulted in a thicker CaCO3 shell. Although the thick shell enabled 
structure preservation during cooking, relatively well-preserved hybrid 
pigments were also observed for the room temperature activated starch sample.  
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Figure 25. The effect of starch activation temperature on the formation of rice starch-PCC 
(20/80) hybrid pigments. Starch activation temperatures: Troom (left) and Tonset (right). (Adapted 
from Publication 4) 

The effect of the starch-to-PCC ratio and the precipitation process on the 
properties of hybrid pigments was investigated by utilizing corn starch activated 
at 66 °C for 10 minutes. Starch contents from 20% to 50% and calcium-to-
carbonate ratios from 4:1 to 1:4 were examined. SEM images (Figure 26) revealed 
that the surface morphology could be influenced by adjusting the precipitation 
parameters, i.e. c:Q, but it also depended on the starch content of the hybrid 
pigment. All the pigments - with the exception of D - were produced with the 
high shear circulation reactor. The conditions selected to produce pigment A 
enabled the precipitation of scalenohedral PCC crystals on top of the starch 
granules. An increase of starch content (sample C) or precipitation rate (sample 
B) prevented the formation of scalenohedral PCC and resulted in very small, but 
mostly aggregated crystals. The variation in morphology in B was due to the c-
to-Q ratio, but in C it probably originated from the higher content of dissolved 
starch in the sample. As was already shown in Table 4, dissolved starch can 
prevent the formation of a targeted PCC morphology during precipitation. 
Sample D contained aggregated, colloidal PCC, and the size of individual 
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crystals in the aggregates was large. This can be related to the differences in the 
mixing and CO2 bubble size between the conventional batch and the high shear 
circulation reactors. 

 

 
Figure 26. The effect of starch content and reaction rate on the morphology of PCC crystals
formed on the surface of starch granules in ambient conditions. SEM images have been taken
after co-precipitation. Sample D was prepared in the batch reactor and other samples were
prepared in the high shear circulation reactor at 20 000 rpm rotation speed. (Adapted from
Publications 2 and 4)

The extent of PCC shell coverage was mainly dependent on the starch
activation level, i.e. a higher activation temperature resulted in better
encapsulation of starch. Nevertheless, the starch-to-PCC ratio also had an effect
on the coverage of the PCC shell; a higher starch content often resulted in a
thinner or discontinuous shell. Moreover, the prepared pigments were not
uniform but formed a heterogeneous distribution, which will be shown later
with particle size analysis. Shell morphology was primarily determined by the
precipitation variables. However, starch content also had an effect on the 
shape of the PCC particles precipitated on granule surfaces.

4.2.5 Cooking of the hybrid pigment 

The aim of cooking was to exploit the bonding potential of starch in such a way, 
that it is capable of forming hydrogen bonds with fibers but is retained with the 
hybrid pigment structure. The function of the permeable PCC shell was to 
prevent starch from complete dissolution during cooking, while simultaneously 
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enabling it to extend to outer surfaces of the hybrid pigments. Hybrid pigments 
were cooked in a water bath at around 95 °C for 2 to 3 minutes. 

Figure 27 presents the impact of cooking on the particle size distribution of the 
corn starch-PCC (20/80) hybrid pigments prepared at different activation 
temperatures. The particle size distributions correlated well with the 
microscopic observations from Figure 24. Although the activation of starch at 
Tonset-10°C did not have any noticable effect on the structure or size of granules, 
the granules had more PCC bound to the surface and the fraction of detached 
PCC particles was smaller after co-precipitation when compared to the starch 
activated at room temperature (Figure 27a). When activation was carried out at 
Tonset, the volume fraction of separate PCC particles was very small, which was 
due both to the absorption of PCC on granules surfaces as well as the increased 
volume of swollen granules.  

After cooking (Figure 27b), the narrowest particle size distribution was 
obtained when Tonset was applied for starch activation, whereas the lowest 
activation temperature resulted in the broadest distribution. The differences 
observed between the samples containing starch activated at Troom and Tonset-10°C 
after co-precipitation were also visible after cooking. Cooking decreased the 
volume fraction of small particles, especially when starch activation had been 
carried out in milder temperatures. During cooking, starch swelled more and 
the hybrid pigments expanded, which increased their volume. This reduced the 
volumetric fraction of smaller particles, which consisted mainly of detached 
PCC particles. In addition, it is possible that some of the detached PCC particles 
became attached to the hybrid pigments during cooking when starch penetrated 
through the porous PCC shell. The average particle sizes ranged from 20 μm 
(activation at Troom) to 35 μm (activation at Tonset). 

 

 
Figure 27. The effect of activation temperature on the particle size distribution of corn starch-
PCC (20/80) hybrid pigments a) before and b) after cooking. (a) Unpublished data, b) 
Publication 4)  

Particle size distributions for the rice starch-PCC (20/80) hybrid pigments are 
shown in Figure 28. The particle size distribution after co-precipitation (Figure 
28a) proved that when starch was activated at lower activation temperatures, the 
sample contained small PCC particles unattached to hybrid pigments, but their 
volume fraction was smaller than in the sample with corn starch in Figure 27a. 



 

54 

When Tonset was used for rice starch activation, PSD indicated the absence of 
detached PCC particles. 

As was observed with corn starch, the higher activation temperature of rice 
starch resulted in a complete encapsulation and narrow size distribution after 
the hybrid pigment was cooked (Figure 28b). With rice starch, this produced a 
much smaller average particle size for the hybrid pigments (12 μm) than the use 
of room temperature for starch activation (17 μm). The low activation 
temperature of both corn and rice starch resulted in similar average sizes and 
broad particle size distributions. 

 
Figure 28. The effect of activation temperature on the particle size distribution of rice starch-
PCC (20/80) hybrid pigments a) before and b) after cooking. (a) Unpublished data, b) 
Publication 4) 

The effect of cooking on pigment structure was also analysed by measuring the 
specific surface areas of the hybrid pigments before and after the cooking stage 
(Figure 29). For the hybrid pigments with 20% starch, the surface areas before 
cooking varied from 11 to 18 m2/g depending on the activation level and starch 
origin. For a comparison, precipitation of PCC under the same conditions in the 
absence of starch produced a pigment with a SSA of 20.6 m2/g. The activation 
of starch at room temperature resulted in the highest SSAs, which can be related 
both to the smaller size of the unswollen starch granules and to the high amount 
of high surface area PCC particles, which are not bound to the granules surfaces. 
Nonetheless, utilization of rice starch activated at room temperature resulted in 
a lower SSA when compared to corn starch. This is probably due to the higher 
coverage of rice starch granules with PCC, which resulted in a smaller fraction 
of separate PCC particles.  

Cooking of the hybrid pigments caused a relatively consistent decrease in the 
specific surface areas. This drop presumably comes from the structural changes 
originating from the starch dissolution during cooking. Starch can also fill the 
pores of the PCC shell and thus cause a loss of surface area. After cooking, the 
SSAs varied from 7 to 14 m2/g, with the highest activation temperatures 
resulting in the lowest values.  
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Figure 29. SSA of hybrid pigments containing 20% a) corn starch and b) rice starch measured 
before and after cooking. Precipitations were carried out at c:Q of 4:1. (Unpublished data) 

The starch that was retained in the hybrid pigment structure after cooking was 
determined by washing the cooked hybrid pigment and comparing the starch 
contents before and after washing. Table 7 compares the impact of starch 
activation temperature on its retention in the hybrid pigment structure after 
cooking. As shown by Table 7, activation of corn starch at Tonset resulted in the 
highest retention of starch, whereas other activation temperatures imparted 
almost as low a retention as the mixing of commercial PCC with cooked corn 
starch. This can be attributed to the different shell structures of the hybrid 
pigments. The thick PCC shell on top of granules prevented extensive 
dissolution and retained the starch in the pigment structure during cooking. In 
the case of rice starch, retention was also the highest when starch was activated 
at Tonset, although activation at the room temperature gave only slightly lower 
retention levels. This supports the microscopy observations, which showed that 
also part of the non-swollen rice starch granules were encapsulated during 
precipitation. Rice starch-PCC hybrid pigment had a lower starch retention than 
corn starch when activations were carried out at Tonset. Nevertheless, if the 
improvements obtained when using hybrid pigment instead of PCC-cooked 
starch mixture are compared, the use of rice starch in hybrid pigments improved 
the starch retention significantly more than corn starch. These results indicate 
that the retention of starch in the hybrid pigment structure was aided by sticky 
granule surfaces that in case of corn starch were obtained only after activation 
at Tonset, whilst rice starch granules were naturally sticky. 
 
Table 7. Retention of starch in the hybrid pigment after cooking. All the pigments contained 
20% of starch. Precipitations were carried out at c:Q of 4:1. (Adapted from Publication 4) 

Pigment Starch retention (%) 
Corn starch/PCC Rice starch/PCC 

Ref. PCC-cooked starch 66.0 39.4 
Hybrid pigment, Troon 69.6 78.5 
Hybrid pigment, Tonset-10°C 69.1 -- 
Hybrid pigment, Tonset 88.8 82.0 

 
Figure 30 shows the effect of starch-to-PCC ratio and precipitation rate on the 

particle size distribution of corn starch-PCC hybrid pigments before and after 
cooking. The hybrid pigments with 20% starch content showed relatively similar 
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size distributions after co-precipitation, but the faster precipitation rate (c:Q 
1:1) resulted in the narrowest particle size distribution after cooking. Naturally, 
the hybrid pigment with 40% starch had a larger volume of starch particles in 
the sample prior to cooking (i.e. after co-precipitation), but after cooking the 
broadened distribution indicated incomplete encapsulation and a partial 
dissolution of the starch. 

 

Figure 30. The effect of starch content and c:Q on the particle size distribution of corn starch-
PCC hybrid pigments a) before and b) after cooking. Activation temperature was 66 °C (Tonset of 
corn starch) in all testpoints. (a) Unpublished data, b) Publication 4) 

The specific surface areas of the hybrid pigments from Figure 30 are presented 
in Table 8. It also shows how well starch was retained in the hybrid pigment 
structure after cooking. A fast precipitation rate (c:Q 1:1) resulted in a high SSA 
of the hybrid pigment and the structure was mainly preserved during cooking. 
This could also be concluded from the highest retention level of starch in the 
hybrid pigment and the narrowest particle size distribution after cooking (Figure 
30b). High retention of starch and a conserved pigment structure after cooking 
are desirable characteristics when considering the impact of hybrid pigments, 
for instance, on the dewatering and paper properties. On the other hand, if the 
PCC shell is too thick and starch is completely trapped inside the shell, it might 
not be able to contribute to bonding, which can lead to losses in paper strength. 

The slightly lower SSA of the hybrid pigment found with the slower 
precipitation rate (c:Q 4:1) can derive from the different surface morphology, 
which was shown in Figure 25. Higher amounts of starch in the hybrid pigment 
resulted in the smallest SSA, which sharply decreased after cooking. In addition, 
the retention of starch in the hybrid pigment structure was the lowest. This 
indicates that the PCC shell was thinner when the hybrid pigment contained 
higher amount of starch and that the hybrid pigment structure was largely lost. 
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Table 8. The effect of cooking on the SSA of corn-starch-PCC hybrid pigments with different 
starch contents (unpublished data) and the retention of starch in hybrid pigments after cooking 
(Publication 4). 

Hybrid pigment SSA (m2/g) Starch retention 
in hybrid pigment  

(%) Starch/PCC c:Q 
Before 

cooking 
After  

cooking 
Relative drop 

during cooking (%) 

20/80 4:1 12.05 ± 0.84 7.13 ± 0.63 40.8 88.8 
20/80 1:1 13.30 ± 0.10 12.75 ± 0.10 4.2 94.3 
40/60 4:1 9.64 ± 0.06 1.61 ± 0.05 83.3 82.2 

 
The extent to which the hybrid pigment structure was preserved during 

cooking depended mainly on the level of encapsulation. In turn, the 
encapsulation was mostly affected by the starch activation level and starch 
content of the hybrid pigment. Small differences were also observed to depend 
on the starch origin and rate of precipitation. 

4.2.6 Impact on sheet formation and paper properties 

The dewatering time of handsheets filled with hybrid pigments was analysed 
with DDA (Figure 31). PCC loading level was 20% and the hybrid pigments 
contained 80% PCC and 20% starch, which corresponds to 5% of starch in the 
sheet. The slowest dewatering time was obtained when the handsheet was filled 
with a commercial PCC-cooked starch mixture. The hybrid pigment with the 
starch activated at room temperature also resulted in slow dewatering, whereas 
a high activation temperature during hybrid pigment preparation gave rise to 
dewatering that was almost as fast as the use of PCC without starch.  
 

 
Figure 31. The dewatering time of handsheets with 20% PCC. Corn starch and PCC were used 
in the ration of 20-to-80. Dewatering times were measured with DDA. (Unpublished data) 

The drainability of hybrid pigments was also evaluated by measuring the 
solids content of sheets immediately after forming with a Moving Belt Former. 
The properties of hybrid pigment filled sheets were evaluated against the 
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properties of unfilled (0% PCC) and commercial PCC-filled sheets. Although the 
hybrid pigment in Figure 32 contained 50% of corn starch, its usage in sheets 
resulted in an even higher solids content than addition of PCC alone to the 
sheets. This indicates that hybrid pigment filled sheets were easier to dewater 
than either unfilled or even PCC-filled sheets. Furthermore, in contrast to PCC-
filled sheets, the hybrid pigments also gave simultaneously an extremely low air 
permeability to paper. 

 

Figure 32. Air permeability of the paper sheets vs. couch solids content. Symbol size illustrates 
the PCC content of the paper sheet (small = 5%, medium = 9%, large = 13%). Hybrid pigment 
contained 50% of corn starch and it was prepared in the batch reactor. (Publication 2) 

The following results demonstrate the effect of hybrid pigments on certain 
mechanical, optical and structural properties of paper. All the hybrid pigments 
were prepared in the high shear reactor at 20000 rpm. The properties of the 
hybrid pigment filled sheets were compared to the properties of unfilled (0% 
PCC) and PCC-filled sheets as well as sheets filled with a mixture of commercial 
PCC and cooked starch in the same ratio as that of the hybrid pigments. All the 
sheets loaded with PCC were prepared to 10% and 20% filler levels. 

Figure 33 and Figure 34 illustrate the effect of starch activation temperature 
during hybrid pigment preparation on the properties paper. In general, the 
replacement of PCC with the hybrid pigments improved the strength properties 
of paper. In addition, the hybrid pigments imparted higher sheet strength than 
the mixture of PCC and cooked starch, especially when utilizing corn starch 
(Figure 33b). With the 20% PCC loading level, corn starch-PCC hybrid pigments 
produced the same internal bond strength to paper as the sheet without any 
pigments. At the same time, a much higher optical performance was obtained 
than with the unfilled sheet.  

The optical properties of paper were improved when starch was activated at a 
higher temperature and then properly encapsulated during hybrid pigment 
preparation. Simultaneously, the strength properties of paper were either 
slightly improved or remained unchanged. This indicates that in properly 
encapsulated granules, the starch was partially inside the hybrid pigment 
structure and was available to participate in sheet bonding only to a certain 
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extent. After poor encapsulation (activation at Troom), the amount of unretained 
starch in pigment was much higher, which resulted in decreased paper optics 
but relatively good sheet strength. However, the increased amount of free, 
dissolved starch impaired dewatering (Figure 31) and could lead to serious 
problems in the papermachine.  

 

 
Figure 33. a) Light scattering and b) internal bond strength of paper sheets at 10% and 20% 
PCC contents. The hybrid pigments and the PCC-cooked starch mixture contained 20% of corn 
starch. (Adapted from Publication 4)

Figure 34 illustrates the effect of rice starch-PCC (20/80) hybrid pigments on 
paper properties. When rice starch was activated at Tonset, the hybrid pigment 
produced gave almost as high light scattering to the resultant paper as 
commercial PCC. At the same time, the elastic modulus was much higher than 
that obtained with the PCC-cooked starch mixture. Moreover, the activation 
temperature of starch had only a slight impact on strength. This can be 
attributed to the sticky rice starch granules, which were relatively well 
encapsulated even after activation at room temperature. The hybrid pigments 
from corn starch (Figure 33) contributed more to sheet strength but led to slightly 
lower light scattering properties of paper than utilization of rice starch. This is 
because of the much smaller size of PCC-rice starch hybrid pigments, which 
contributed more to the light scattering of sheet.  

 

 
Figure 34. a) Elastic modulus and b) tensile index vs. light scattering of paper sheets at 10% 
and 20% PCC contents. The hybrid pigments and the PCC-cooked starch mixture contained 
20% of rice starch. (Adapted from Publication 4)
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The precipitation rate also altered the performance of hybrid pigments in 
paper (Figure 35). The hybrid pigment precipitated at a slower rate (c:Q 4:1) gave 
extremely good strength properties to paper. At a 10% PCC level, the same 
tensile strength and elastic modulus were obtained as with unfilled paper. At 
20% PCC content, the strength properties provided by the hybrid pigment were 
slightly decreased, but the tensile strength was approximately the same and 
modulus much higher than the values of PCC-cooked starch filled sheets at 10% 
PCC content. This indicated that the starch in the hybrid pigment structure was 
able to contribute efficiently to the sheet bonding. At the same time, brightness 
was almost the same as with the PCC-filled sheet, although the bulk was 
relatively low. A fast precipitation rate (c:Q 1:1) led to lower paper strength 
properties than the slower precipitation. This can be related to the very high 
retention of starch inside the hybrid pigment structure after the fast reaction, as 
shown in Table 8. The hybrid pigment preserved its structure extremely well 
during cooking, most likely due to the thick PCC shell and the starch was 
retained inside the shell so its contribution to sheet bonding was limited. The 
faster precipitation rate also altered PCC morphology and caused a small drop 
in the paper optics. 

 

 
Figure 35. a) Tensile strength, b) elastic modulus, c) bulk and d) brightness of paper sheets at 
10% and 20% PCC contents. The hybrid pigments and the PCC-cooked starch mixture 
contained 20% of corn starch, which was activated at Tonset. (Adapted from Publication 4) 

In order to examine whether the cooking of hybrid pigments was necessary or 
whether they would they exhibit bondability already after co-precipitation, a 
hybrid pigment with 20% starch and c:Q of 4:1 after co-precipitation was also 
added to paper. As can be observed in Figure 35, the hybrid pigment did not 
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contribute to the tensile strength of paper if utilized without the cooking stage. 
The elastic modulus was also relatively low although it was higher when 
compared to sheets filled with commercial PCC. On the other hand, the 
uncooked hybrid pigment provided very high optics together with a decent 
paper bulk, both of which were slightly decreased during pigment cooking.  

When the starch content of hybrid pigment was increased to 40% (Figure 36), 
its addition to paper led to superior strength properties, which were maintained 
or even further improved when increasing the pigment loading level. Even at 
the 20% PCC loading level, the paper had much higher elastic modulus and 
tensile strength than the unfilled paper. This happened at the expense of other 
paper properties however, for instance, the optical properties were as low as 
those of unfilled paper sheets.  

 

 
Figure 36. a) Elastic modulus and b) tensile strength vs light scattering of paper sheets at 10% 
and 20% PCC contents. Corn starch was used and starch-to-PCC ratio was 40/60. (Adapted 
from Publication 4) 

 
Although a higher starch content resulted in superior paper strength, a 20% 

starch content in the hybrid pigment also gave relatively high paper strength 
together with good optical properties. In addition, results from the dewatering 
experiments indicated that properly encapsulated granules were easier to 
dewater during sheet formation. The disadvantage of these hybrid pigments was 
the bulk, which was often at the same level than that of unfilled sheets. However, 
it might be possible to improve this in the future by more specific control and 
adjustment of precipitation parameters. For instance, the co-precipitation of 
these hybrid pigments was prepared in the high shear reactor at 20000 rpm and 
as shown earlier with CaCO3 pigments (Table 6), the bulk of paper could be 
improved by reducing the rotation speed of the reactor mixer during pigment 
precipitation.    

4.2.7 Feasibility and economical aspects of the hybrid pigments 

The manufacturing process developed for the hybrid pigments was 
straightforward as it is only based on the activation of starch and co-
precipitation followed by cooking. The whole procedure could be carried out 
efficiently in a precipitation reactor equipped with a heating system. Figure 37 
shows the time versus temperature profiles of hybrid pigments during their 
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manufacture. The preparation conditions correspond to those used in the 
manufacture of corn starch-PCC hybrid pigments at different starch activation 
levels and different precipitation parameters. The fastest total manufacturing 
time was only 45 minutes, whereas the longest process took approximately 1 
hour and 45 minutes. The overall manufacturing time was affected most by the 
precipitation parameters, i.e. the ratio of Ca(OH)2 concentration to carbon 
dioxide flow rate. An increase in the starch activation temperature also 
prolonged the overall process time, but the effect was not as notable as with the 
change of precipitation conditions. 

 

 
Figure 37. Temperature vs time during hybrid pigment preparation. The duration of heating and 
co-precipitation steps are approximate. Lime slaking for hybrid pigment preparation was carried 
out in constant conditions and is excluded from the figure. (Adapted from Publication 4) 

Although out of the scope of the scientific research, the cost structure of the 
developed hybrid pigments is important when considering the potential scale-
up and adoption by industry. The abundance of raw materials, i.e. native corn 
starch and lime, their relatively low cost in comparison to chemical pulp, the 
possible utilization of flue gas as a source of CO2 and the simplicity of the 
preparation process all add to the attractiveness. The current market price of 
bleached kraft pulp is in the range of 600 to 750 €/ton, although the price 
fluctuates continously and depends on the wood species (softwood being more 
expensive than hardwood). The raw material costs of hybrid pigments depend 
on the fraction of corn starch (~450 €/ton) and PCC (lime ~150 €/ton and CO2 
0 € if flue gas is utilized). For the starch contents utilized in the thesis (20-50%), 
the corresponding raw material costs of the hybrid pigments would be in the 
region of 160 to 270 €/ton, which is 20-45% of the price of pulp.  

Due to the numerous attractive characteristics, hybrid pigments could find use 
in many paper and board applications. Conventionally, starch is added to the 
wet end of paper machine as well as in surface sizing and both processes 
typically utilize modified starches. Nevertheless, dosages of wet end starch have 
a maximum limit, often around 1.5%. The size press on the other hand is 
expensive and requires drying of the applied starch. Since hybrid pigments yield 
high mechanical properties (tensile, modulus, internal bond), they could 
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eliminate the need for wet end and surface starch. Their utilization as a fiber 
replacement material, for example, in fine paper, would enable the increased 
amount of both filler and starch to be used in paper. In addition to good 
dewatering, the hybrid pigments also produced extremely low air permeability 
paper. Thus, it might have potential as a barrier material in packaging 
applications. Secondly, its utilization as an additive in board, could be possible 
due to the high strength properties, especially z-directional strength. 
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5. Concluding remarks 

5.1 Significance of the work 

Methods to increase the content of inorganic fillers in paper in order to improve 
cost efficiency of papermaking has been the subject of long-standing interest for 
the paper industry. Nevertheless, the “high filler” techniques developed so far, 
often lack simplicity or are too expensive to be exploited on the industrial scale. 
Additionally, in-depth scientific research about the topic is sparse. 

The primary objective of this thesis was to develop a novel hybrid pigment 
from existing, common papermaking raw materials and to partial substitute 
fibers in paper without the traditional disadvantages like strength loss. The 
thesis examined two different manufacturing processes: dissolved 
polysaccharide-PCC and starch core-PCC shell methods, in the production of 
hybrid pigments from the inexpensive, abundant raw materials common in 
papermaking.  

Whilst the addition of dissolved polysaccharides did not lead to desirable 
hybrid pigment properties, the starch core-PCC shell process introduced a 
relatively straigthforward method for the production of hybrid pigments. The 
swelling of starch granules was vital to enable their successful encapsulation 
with CaCO3. This proper encapsulation prevented starch from substantial 
dissolution during cooking. Unlike the presence of the dissolved starch in co-
precipitation, starch activation allowed better control of the morphology of 
formed PCC crystals on the top of swollen starch granules. The selection of 
starch type and its content, as well as the adjustment of its activation level and 
precipitation conditions were crucial steps for controlling the structure of the 
formed pigments and the properties they imparted to paper. 

Proper encapsulation enabled the addition of high amounts of native starch to 
the paper sheets. This provided considerable strength benefits, whilst the size 
of the hybrid pigments and the morphology of surface PCC together with starch-
to-PCC ratio were key elements in controlling the optical performance. The 
small size of rice starch granules resulted in smaller hybrid pigments, which 
were beneficial for paper optics, whilst larger corn starch-PCC hybrid pigments 
led to higher paper strength. 

The hybrid pigments were shown to enable the production of paper with 
higher filler content without conventional strength drawbacks, whilst 
maintaining moderate optical properties. In addition, the hybrid pigment 
consisted of unmodified rather than the modified starch typically applied in the 
wet end applications and the paper produced contained abnormally high 
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amounts of starch while at the same time maintaining good dewatering 
characteristics. Due to the attractive properties, hybrid pigments might find use 
in several paper and board applications.  

CaCO3 precipitations were carried out utilizing three different reactor 
technologies; batch and fed-batch reactors, which were so-called stirred tank 
reactors and the high shear process, which utilized recirculation of the slurry 
and could be utilized for more efficient precipitation process via high shear. 
Without altering any other precipitation parameters, the change of shear in the 
CO2 feeding zone was proved to modify pigment size, surface area and 
morphology and by this, the property space of paper was expanded when the 
pigment produced was utilized as a paper filler. The high shear reactor also 
enabled the efficient adsorption of slaked lime particles on top of activated 
starch, where the particles were then carbonized. Due to the well-controlled 
precipitation and high shear, the hybrid pigments manufactured in the high 
shear reactor had good optical performance.  

5.2 Future outlook 

The further optimization of the performance of hybrid pigments could be done 
by investigating the preparation parameters, such as starch activation 
temperature and time, precipitation temperature and reactor settings, in more 
detail. Aside from these parameters, starches from different origin could 
provide a deeper insight into the bonding mechanism between swollen starch 
and CaCO3. For instance, the surface of potato starch granules typically includes 
much smaller amounts of proteins and lipids than corn starch and could thus 
reveal the effect of these components on the formation of the hybrid pigment 
structure. In addition, starches from different origin have divergent physical 
and thermal properties, such as granule size and gelatinization temperatures, 
which play an important role in the preparation of hybrid pigments. The usage 
of native starch in the hybrid pigment might cause problems, since it can easily 
accumulate to water circulation when returning to the papermaking process 
with broke. Thus, the utilization of chemically modified, e.g. cationized starch 
could also be worth of investigation when considering the scale-up of the hybrid 
pigment manufacturing process as cationic starch would be more easily retained 
on anionic fibers. 

Novel technologies, such as the production of ultra-fine materials via 
mechanical treatments have recently been introduced to also produce smaller 
starch particles by either grinding or high-pressure homogenisation. The 
utilization of smaller starch granules in the preparation process would enable 
more control over the hybrid pigment size distribution. Another option could be 
the mechanical treatment of hybrid pigments to reduce their size. 

The preparation of hybrid pigments might also be possible to simplify. For 
instance, carrying out the precipitation at elevated temperature could enable the 
activation of starch during the precipitation reaction. In addition, selection of 
starch with a much lower gelatinization temperature could make it possible to 
cook the hybrid pigment even during paper drying.  
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The applicability of starch-PCC hybrid pigments as well as PCC pigments 
produced utilizing high shear for other applications than paper filling could be 
a subject for further investigation. As mentioned earlier, CaCO3 is utilized by 
various industrial fields, which could also find use for the novel products 
developed in the thesis. For example, plastics and sealants industries, which 
utilize ultrafine high SSA PCC, could be one potential application for the PCC 
pigments obtained with the high shear, circulation reactor. In paper and board, 
hybrid pigments could find use for instance in coatings or in board production, 
where it could contribute to stiffness via increased elastic modulus. 
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