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Abstract 
In papermaking, fillers are traditionally added to the fibrous stock to extend expensive fibre,  
to improve the paper surface uniformity enabling beneficial liquid interactions during 
printing, and to improve the light scattering coefficient of paper. It is advantageous, therefore, 
to introduce as much filler as possible. However, fillers also have negative effects on paper  
properties, such as weakening the paper by preventing the formation of fibre-fibre bonds,  
which limit their use. Accordingly, fillers must be optimised to achieve the best functionality 
at controlled dose. 

 
One objective of the work is to improve paper optical properties, which could later promote 

more efficient use of materials in papermaking. Light scattering potential of fillers can be  
controlled by changes in the particle size distribution (PSD), specific surface area (SSA), 
shape, surface chemistry and refractive index (RI). Refractive index has received the least 
attention of these approaches. Therefore, novel fillers displaying increased effective refractive 
indices were developed. The results suggest that the methods studied can improve the light 
scattering effects. 

 
Since there are difficulties deconvoluting the boundary refractive index contrast from 

particle size in complex paper composites, which were highlighted in the first part, a second 
objective of the work was to study the complementary situation of reducing RI contrast by 
introducing liquid into a porous paper coating. The liquid distribution was then monitored by 
reflectance measurements. Knowledge of absorption behaviour of liquids into paper is 
essential for the print quality and controllability of printing processes. A relationship could be 
established, normalised for porosity, describing the reflectance change as a function of 
saturation level. 

 
In conclusion, the local change of refractive index boundary in a porous medium can be 

monitored indirectly via light scattering, or vice versa modified to affect scattering, and the 
opportunities for enhancing the function of filler-containing porous media can be identified.  
The combination of the publications and complementary results bound together in this work 
suggest that the methods studied provide potentially important new means to utilise RI 
contrast modification in papermaking and printing applications. 
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Tiivistelmä 
Paperissa käytettävien täyteaineiden tarkoituksena on parantaa paperin optisia 
ominaisuuksia ja painettavuutta, sekä alentaa materiaalikustannuksia. Näistä syistä on 
edullista lisätä paperiin mahdollisimman paljon täyteainetta. Täyteaineiden negatiiviset 
vaikutukset mm. paperin lujuuteen kuitenkin rajoittavat mahdollisuuksia nostaa paperin 
täyteainepitoisuutta. Täyteaineiden ominaisuudet on optimoitava, jotta rajoitetulla 
pitoisuudella voitaisiin saavuttaa mahdollisimman kilpailukykyiset ominaisuusyhdistelmät. 

 
Työn ensimmäisenä tavoitteena oli parantaa paperin optisia ominaisuuksia uudenlaisia 

täyteaineita kehittämällä. Täyteaineiden valonsirontapotentiaalia voidaan parantaa niiden 
partikkelikokojakaumaa, ominaispinta-alaa, muotoa, pintakemiaa tai taitekerrointa 
modifioimalla. Näistä lähestymistavoista taitekertoimen modifiointia on tutkittu toistaiseksi  
vähiten. Työssä kehitettiin uusia, korotetun taitekertoimen omaavia täyteainetyyppejä. 
Tulosten mukaan niiden avulla voidaan parantaa paperin optisia ominaisuuksia. 

 
Taitekertoimen noston vaikutus valonsirontaan on kuitenkin haasteellista erottaa muista 

tekijöistä kuten partikkelien rakenteen vaikutuksesta monimutkaisissa 
pohjapaperimatriiseissa. Tästä syystä työn toisessa osassa tarkasteltiin nesteen absorptiota 
ja jakautumista säännöllisemmän rakenteen omaavassa pigmenttipäällysteessä ja tästä 
aiheutuvan taitekerroinkontrastin muutoksen vaikutusta päällysteen pinnasta mitattuun 
reflektanssiin. Tieto nesteiden absorptiokäyttäytymisestä paperissa on oleelllista painojäljen 
laadun ja painatuksen kontrolloitavuuden kannalta. Työssä kehitettiin päällysteen pinnasta 
mitatun reflektanssin ja absorboituneen nestemäärän välistä riippuvuutta kuvaava 
empiirinen kaava. 

 
Paikallisen taitekerroinkontrastin muutosta voidaan siis karakterisoida epäsuorasti 

valonsirontaan perustuvalla mittauksella, tai kääntäen, valonsirontaan voidaan vaikuttaa 
modifioimalla taitekerroinkontrastia. Tämä havainnollistaa mahdollisuuksia parantaa 
täyteainepitoisen (kuitu)matriisin optisia ominaisuuksia. Työn erillisartikkeleissa julkaistut 
tulokset sekä yhteenvedon täydentävä tulosmateriaali tarjoavat uusia potentiaalisia keinoja 
hyödyntää optisia taitekerroineroja paperi- ja painatussovelluksissa. 
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“I say that the blueness we see in the atmosphere is not intrinsic colour, but is 
caused by warm vapour evaporated in minute and insensible atoms on which 

the solar rays fall, rendering them luminous against the infinite darkness of the 
fiery sphere which lies beyond and includes it…” 

 
Leonardo da Vinci ca. 1500 AD 
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- Part I – Refractive Index in Paper Applications - 
 
 
1 INTRODUCTION 
 
In papermaking, fillers are mixed with the fibrous stock in the approach flow of 
the PM wet end to improve paper optical properties and printability, and to 
reduce costs. The filler, in the presence of chemical additives, is further 
subjected to interaction with the fibres and fines through various deposition and 
flocculation mechanisms. During the removal of the large excess of water in the 
sequential unit operations a paper web is formed, then finished, and finally 
customised in various converting or printing processes, for specific end-uses.  
 
Paper produced in such a process displays an extremely heterogeneous three-
dimensional composite structure. First of all, the fibrous material itself, forming 
the skeleton of the composite, and, hence, affecting the resulting formation in a 
fundamental manner, may exhibit a wide range of particle sizes, morphologies, 
and chemistries, affected by the wood species, the pulping process, and 
consequent process stages, including bleaching, refining, and screening. It is 
well-known that fines formed in refining of mechanical and chemical pulp 
display distinctive chemistries and morphologies (Luukko 1999, Page 1989) 
and contribute to paper structure in different ways. In some grades also recycled 
fibres are included, which further increases the raw material diversity, including 
additional ash, and even non-paper components.   
 
Secondly, mineral fillers available for paper applications also exhibit a 
multitude of different sizes, size distributions, shapes, chemistries, hardnesses, 
and solubilities. Filler can deposit on the fibre surfaces as individual particles, 
or become retained in the dewatering sheet via filler-filler flocculation, or 
together with fibre fines. Filler can also occur as rigid clusters, and can be 
introduced as a component of various filler blends. Retention by these 
mechanisms can, therefore, take place through adsorption or filtration. The 
latter typically emphasised in the case of larger particles. Removal of water can 
result in uneven filler distribution throughout the paper thickness, z-direction. 
Deposition of filler on fibres finally affects the paper strength development 
through preventing the formation of interfibre bonding as the fibres are pulled 
together by Campbell (capillary) forces at the final stages of web consolidation. 
 
It is evident that the paper composite, formed by packing dissimilar particles 
together without specific control of individual particles, displays heterogeneous 
interparticle pore structure. Pores, empty spaces filled with air, typically occupy 
the majority, for instance 70 %, (Gill 1991) of the total volume of the paper 
skeleton, providing bulk, interfaces for interaction between light and the 
particles, and a connected medium for liquid transport. Pores occur in the 
complicated random network around fibres, fibre crossings, and fillers. Pore 
size and shape is greatly affected by the fibre properties, such as thickness and 
flexibility. When flexibility of fibres is increased, for instance, by refining, or 
when thin fibres are used, smaller pores are formed (Niskanen et al. 1998, 
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Retulainen et al. 1998). Filler size, size distribution, and shape, also affect the 
resulting interparticle pore structure in a fundamental manner. 
 
Coatings, applied on the paper surface by various means, exhibit higher 
uniformity, usually lower porosity, and lower permeability, than the base paper. 
In coatings, pigments are introduced as dispersed particles in the presence of 
dispersion agents, instead of the floc-like configuration presented by base paper 
filler. Furthermore, in coatings the pigments are bound to each other and the 
base paper by dissolved polymeric or dispersed particulate binders. Coatings 
enhance the smoothness, gloss and printability, reducing the print through and 
enhancing print evenness, by promoting more controlled ink spreading and 
penetration through absorption mechanisms of capillarity and permeability, 
fixing the ink onto or in the surface structure of the coating in a controlled 
manner. Considering the instant when the liquid phase of the printing ink 
vehicle is contacted with the coating surface, i.e. at short timescales around 
nanoseconds, the liquid is wicked into the finest pores in an accelerating 
manner. These fine pores in initial contact are filled in practice before the 
retarding effect, caused by the viscous factors, becomes established, impacting 
in turn on observations at longer timescales. Inertial forces, as described in the 
models by Szekely et al. (1971) and Bosanquet (1923), simultaneously with the 
fine pore filling regime, retard the filling of the larger pores within short 
timescales, which are, hence, only filled at a distance behind the wetting front. 
With longer contact times, the filling of larger pores is completed, and the point 
of saturation gradually gains on the wetting front (Schoelkopf et al., 2000a, b, 
2003a, b, Gane et al. 2004). 
 
Coatings also affect the electrical and thermal properties essential for toner 
transfer and fusing, in electrophotographic printing, respectively, and during 
ink  drying  in  heatset  web  offset,  as  well  as  in  converting  processes,  such  as  
binding and gluing. An important function of coating is to further improve the 
paper optical properties, especially brightness and opacity. Coating pigments 
are typically finer than fillers and hence behave differently in terms of light 
interaction, creating many more light interacting pores within the coating 
structure. In coatings, some variation in the coating pore sizes is desired for 
printing, as liquid is most efficiently driven into coating structures displaying 
sufficient connectivity between fine capillaries and larger pores (Schoelkopf et 
al. 2000a, b, Gane et al. 2004, Ridgway et. al. 2006a). On the other hand, for 
optimising light scattering, the pore size regime needs to be more 
monodisperse. To maximise paper light scattering effects, therefore, much 
effort has to be focused on defining the particle size distribution, particle shape, 
and packing of pigments, and resulting interparticle pore structure.  
 
Light propagation in paper follows that of a random medium, in which the 
interparticle distances vary. As light interacts with the heterogeneous network 
of base paper or coating, part of it is usually reflected as specular or mirror 
reflection, while the rest partially scatters diffusely from the surface, and 
partially propagates into the network in which additional diffuse light scattering 
effects take place, depending on the interparticle dimensions, distances, and 
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refractive index (RI) contrasts. These effects are of fundamental importance for 
the development of paper appearance, its brightness and opacity. 
 
On the contrary to the random refractive index nature of paper and coating 
structure in respect to the arrangement of materials and their respective pores, 
the majority of the materials themselves, i.e. fibres, fines, fillers, coating 
pigments and binders, display similar optical refractive indices. This essentially 
limits the generation of light scattering at contact points between the materials, 
as  light  is  exclusively  scattered  at  interfaces  with  RI  gradients.  Thus,  the  
limitation of scattering power from paper is given by the availability and 
arrangement of pores. The focus of the first part of this work has, therefore, 
been on increasing the refractive index contrasts to improve paper optical 
properties.  
 
As predicted by current scattering theory, based on the considerations of the 
Mie scattering treatment (Mie 1908), valid for single spherical isotropic 
particles with no limitations in size, light scattering is most sensitive to changes 
in RI when the size of spherical particles is around half light wavelength. In this 
scale, light scattering effects, including reflection and refraction, are magnified 
by diffraction phenomena. With particles much smaller than the wavelength, 
the light scattering effects become significantly less intense, and the complexity 
of the Mie theory can be reduced to the more approximate treatment of 
Rayleigh scattering theory (Lord Rayleigh 1871).  In the case of larger 
particles, such as fibres, light scattering is moderate, and dominated by 
refraction and reflection effects obeying laws of geometrical optics, such as 
described by Snell and Fresnel. RI contrasts, therefore, can be most efficiently 
increased by employing the light scattering potential of high refractive index 
fine particles. Therefore, it was considered beneficial to introduce fine, mono-
sized high-RI particles into the paper structure. In coatings, the most convenient 
way to increase paper light scattering is to optimise coating structure (Gane 
2001), where fine particles are beneficially dispersed and packed. In uncoated 
grades, however, such as woodfree uncoated (WFU), fillers play an exclusive 
role.  
 
Low retention limits the use of fine, optically effective particles as fillers in the 
base paper. Fine fillers must be flocculated to larger structures to achieve 
sufficient retention. In homogeneous flocs of a single filler type, and 
consequently single RI, light scattering is, however, reduced (Pummer 1973, 
Alince & Lepoutre 1983, Alince 1986). Due to lack of interparticle RI 
differences in such flocs, limited contacts displaying interparticle distances 
around half the wavelength would be more beneficial. This has contributed to 
the emergence of various aggregated fillers, such as clustered PCC and calcined 
clay. 
 
In view of the background discussed above, the thesis objectives can now be 
condensed as follows: 
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OBJECTIVE 1) is to improve the paper optical properties, especially diffuse 
reflectance through enhanced light scattering effects. The primary approach to 
achieve this is by incorporating RI contrast-enhancing agents into the base 
paper structure. 
 
The first hypothesis is that filler(s) can be used as platforms for the RI contrast-
enhancing agents in new ways in order to achieve the above-mentioned 
objective, i.e. increased light scattering by increasing refractive index gradient 
at the filler surface. The study is focused on finding new filler concept(s) rather 
than examining existing solutions. The approach a) includes: 
 

a) Development  of  a  new PCC filler  displaying  effective  RI  
increased by incorporation of RI-enhancing additives or 
particles other than titanium dioxide (TiO2) 

  
Background: simple blending of high-RI pigments in 
paper stock with regular filler is not considered an efficient 
solution with regard to light interaction. For instance, TiO2, 
displaying exceptionally high refractive indices and light 
scattering potential, typically increases material costs and 
promotes  wire  abrasion.  With  high  dosages,  it  tends  to  
display reduction in the scattering efficiency through 
optical crowding. A lot of work has been, and continues to 
be, done with TiO2, to improve optical properties of other 
materials, and to improve the optical efficiency of TiO2 
itself. However, an alternative approach is sought here by 
seeking to enhance the refractive index contrast boundary 
on the surface of typical low cost filler. 

 
Organic fillers have advantages over traditional fillers, including low weight, 
low abrasivity, and combustability.  
 
The second hypothesis is  that  organic  filler  particles  can  be  utilised  in  novel  
ways with other materials to achieve Objective 1. 
 
The third hypothesis is that Objective 1 can be achieved by modifying the 
refractive indices of organic bulk filler particles. The approach b), regarding the 
hypotheses II and III, includes: 
 

b) Contribution to the development of new organic fillers 
with effective RI and light scattering properties.  

 
Background: Previous studies have covered utilisation of 
starch as a raw material for organic pigments. 

 
Composite and aggregate filler structures are complex to define in terms of 
their convoluted properties of particulate size, internal void size and refractive 
index distribution. The importance of RI contrast, therefore, has further been 



 18

demonstrated in isolation in the second part, dealing with liquid absorption into 
a well-defined porous medium in the form of paper coating structures, 
representing the situation also during printing, detected with optical reflectance 
measurements.  
 
OBJECTIVE 2) is to utilise RI contrast modification taking place at the 
pigment-pore and binder-pore interfaces within a paper coating due to liquid 
absorption, to establish the relationship between reflectance change and 
location of liquid absorbed into the porous structure. The information is 
considered to be useful in supporting current theoretical modelling of 
differential liquid distribution in porous networks, and for developing optical 
tools with the potential of providing real-time information about the dynamics 
of liquid absorption into porous paper coatings during printing.  
 
The fourth hypothesis is that liquid distribution in the coating structure can be 
characterised by optical reflectance measurements. As air in the coating pores is 
replaced by a liquid displaying higher RI than air, RI gradient at the interface is 
reduced, i.e. the complementary case of enhanced scatter in Objective 1). This 
effect should be observable through reflectance measurements if at least part of 
the coating pore structure displays a size which is effective in terms of light 
interaction. 
 
Previous studies (Schoelkopf et al., 2000a, b, 2003a, b, Gane et al. 2004) have 
shown that with long timescales, after contacting the coating surface with the 
liquid phase of the printing ink vehicle, the point of saturation gradually gains 
on the initially rapidly propagating wetting front by filling the remaining air-
filled pore structure. This increases the concentration gradient at the proximity 
of the furthermost point of the wetting front.  
 
The fifth hypothesis is, therefore, that while filling of the finest pores with size 
around the Bosanquet inertially-defined optimum at short timescales (defined as 
< 100 nm by Schoelkopf et al. (2002) and Gane (2006)) results in zero to 
moderate effect in reflectance, more significant reduction can be observed with 
longer contact times due to filling of larger pores displaying size effective for 
light interaction. If observed, this phenomenon will be utilised to achieve 
Objective 2 and support the complementary first hypothesis.  
 

Background: Knowledge of z-directional liquid 
distribution plays a key role in print quality development, 
and control of printing processes. 
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2 INTERACTION BETWEEN LIGHT AND PAPER 
 
2.1 General  
 
 
Snell´s law (Equation 1), and the Fresnel equations (2) representing geometrical 
optics as applied to refraction and specular reflection, respectively, can be used 
as simple examples to illustrate the importance of RI contrast in cases where the 
particle dimensions exceed the wavelength of the illumination.  
 
 

2211 sinsin nn       (1) 

 

where n1 and n2 represent the refractive indices of the two media as presented in 
Fig. 1. 
 

 
 
Fig. 1. Interaction between light and transparent material. A ray-optical 
illustration. Adapted from Publication II. 
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where Rs and Rp are the reflection coefficients for light polarized in two planes, 
s perpendicular to the surface and p parallel to the surface plane. The Fresnel 
equations are valid for smooth surfaces. In practice, roughness reduces specular 
reflection and increases diffuse light scattering.  
 
Scallan & Borch (1976) suggest that scattering from pulp fibres can be 
considered to be of the Fresnel type.  
 
Paper optical properties are typically measured determining reflectance 
(Leskelä 1998, Pauler 1998). Reflectance from an illuminated object is, in 
practice, the ratio between reflected and incident light intensities. Brightness 
(R457) is diffuse reflectance measured from a stack of sheets with an effective 
wavelength of 457 nm. Opacity is a diffuse reflectance from a single sheet with 
black background divided by the intrinsic reflectance factor (Pauler 1998). 
Gloss is specular reflectance. Measurement details in each case depend on the 
standard used (Pauler 1998). 
 
Diffuse reflectance can be utilised to calculate light scattering and absorption 
coefficients of paper, S and K, respectively, using a widely-used theory 
established by Kubelka and Munk in the 1930s (Kubelka & Munk, 1931). The 
theory is a simple approximation based on the radiative transfer (RT) approach, 
following the principles of geometrical optics, and is hence exact only in the 
case of systems displaying dimensions greater than the wavelength of light. In 
spite of this, it has been a popular means to describe light scattering properties 
of paper, as it has been considered to provide sufficient approximation in the 
practical papermaking environment. S and K are material related parameters 
describing the loss of intensity of a light stream travelling through paper per 
unit basis weight unit due to scattering and absorption, respectively. In the 
theory, paper is considered as a homogeneous material. Therefore, it cannot be 
used to predict the effects of or structural changes due to, for instance, filler 
particle size. It also fully ignores the interparticle discontinuity induced by air-
filled pores. 
 
Later, in the 1970s, Scallan and Borch presented a theory presenting paper as a 
stacked structure consisting of layers displaying specific transmittance and 
absorbance (Scallan & Borch 1972, Scallan & Borch 1974). In contrast to the 
K-M theory, the model includes the effect of sheet structure, as it presents paper 
as a stack of alternating (fibrous) layers of solid material and air. The number of 
layers is evaluated through specific surface area (SSA) measurements. 
However, the theory is based on the radiative approach as well, presenting the 
discrete form of the formulation, and must also be considered as an indicative 
method. 
 
Both the Kubelka-Munk and Scallan-Borch approaches use Stokes’ equations 
(Stokes 1860) to account for multilayer effects. 
 
Leskelä (1997) has proposed an extension to the theory based on the Scallan 
and Borch approach, providing the link between particle properties and paper 
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optical properties using the void probability parameter. The model, for instance, 
enables the effect of particles with differing refractive indices to be examined. 
 
All in all, light scattering effects are complex phenomena, and particularly so 
when considering how light interacts with porous material. In these three-
dimensional networks, with their multitude of solid-air interfaces displaying 
refractive index differences, reflection, refraction and diffraction effects, the 
problem becomes virtually intractable if resolved into individual interactions. 
While reflection and refraction, following the laws of geometrical optics, are 
generally encountered in the case of individual macroscopic particles displaying 
a RI boundary gradient to the surrounding medium, diffraction as well as 
interference effects arising from interaction between closely located particles 
take place exclusively in small-scale structures exhibiting dimensions around 
the wavelength of light (Pauler 1998), such as in a base paper matrix or coating 
layer. Therefore, to be exact, a rigorous wave-optical approach, such as 
provided by Maxwell´s equations (Maxwell 1865) should be considered in 
paper applications instead of treatments based on geometrical optics.  
 
A solution to Maxwell equations, covering scattering from single spherical 
isotropic particles, is provided by so called Mie theory (Mie 1908). However, 
due to the extremely complex interaction phenomena between closely located 
particles, it is hard to apply the exact multiple scattering approach in systems 
such as paper coating, although the computing power provided by modern 
supercomputers has brought this method partially within reach. As a shortcut, 
therefore, it has been usual to calculate the scattering from a single particle first 
according to the Mie treatment, and then expand the result to the multiple 
scattering environment through various radiative transfer (RT) approximations 
(Leskelä 1997).  
 
One such example is the extended use of the Mie theory for coatings with low 
pigment concentration. The Mie theory can be strictly considered only if 
particles are located apart enough to scatter incident light only, and not multiply 
scattered light. In typical paper coatings, however, scattering from 
neighbouring particles due to high particle packing density regularly occurs, 
and one must account for these multiple scattering effects. Ross (1971) has 
found, that the scattering coefficient measured from coating displaying 8 % 
volume concentration is about two thirds of the scattering coefficient calculated 
by Equation (3) 
 

PDQS sca )/5.1()cos1(75.0      (3) 
where 
 
D   is the particle diameter 

scaQ   is the Mie scattering efficiency (depends on refractive index) 
)cos1(  is asymmetry parameter of sphere (depends on refractive index) 

P   is the pigment volume concentration 
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Also this equation is based on the RT approach (Borch & Lepoutre 1978), and 
so does not fully match with the measured values. As further suggested by 
Borch & Lepoutre (1978), in coatings displaying a volume concentration of 74 
%, a more typical value in real paper coatings, the calculated values can be 
roughly ten times greater than the measured values. Importantly, both 
calculated and measured values suggest that maximum light scattering occurs 
when adopting particles displaying a size around half the wavelength of light. 
Furthermore, the effect of RI change on light scattering is the most significant 
with this particle size category (Borch & Lepoutre 1978). Hence, when 
considering the approach of increasing the light scattering effects in paper 
through RI modification, attention should be paid to fine fillers and pigments 
rather than fibres. 
 
 
2.2 Contribution from fillers 
 
Paper formed using beaten chemical pulp as the only raw material can have 
superior strength induced by the high degree of bonding, typically characterised 
by high relative bonded area (RBA), while its optical and printability properties 
are often not satisfactory for graphical applications. RBA controls the paper 
optical properties, and is hence traditionally determined with light scattering 
measurements (Ingmanson & Thode 1959). Fibre-fibre bonding in paper is 
closely related to the occurrence of solid-solid and solid-air interfaces, and, 
furthermore, to paper optical properties. According to Hemstock (1962), 
introduction of fillers affect light scattering through two mechanisms. Firstly, 
by increasing the specific surface area and, secondly, by preventing bonding 
between fibres. Both effects are related to the consequent emergence of RI 
gradients with regard to air. 
 
Alince & Lepoutre (1985) have demonstrated the separation of SSA increase 
and debonding, and proposed that the role of fibre debonding in light scattering 
decreases as the refractive index of the filler increases.  
 
As described by the current scattering theory based on the Mie solution, light 
scattering from pigment depends on the scattering cross-section, which is a 
function of pigment particle size in relation to the refractive index gradient at 
the particle interface. The RI gradient, in turn, depends on the intrinsic 
refractive index, or, in the case of birefringent materials, refractive indices of 
the pigment particle itself, and the medium surrounding the pigment. In paper 
applications, the relative distribution of other filler particles, fibres, fines, 
binders, moisture, and air-filled pores, define the RI of the surrounding 
medium.  
With regard to maximum light scattering, this medium is beneficially air (RI 
1.0), providing relatively high RI gradient at material boundaries. 
 
The explanation of the RI of a material is described by Equation (4) (Feynman 
et al. 1964) 
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where 
 
n is the refractive index 
N is the number of charges per unit volume 
qe is the charge of an electron 

0 is the permittivity of vacuum 
m is the mass of an electron 

 is the angular frequency of radiation 
0 is the resonant frequency of an electron 

 
RI  (n) decreases with increasing light wavelength (or decreasing frequency). 
This phenomenon, called optical dispersion, can be observed as rainbow 
colours developed in the passage of light through a prism. According to 
Equation (4), short wavelengths are refracted more than long wavelengths. 
Therefore, well-defined wavelengths are used when reporting RI values. 
Typically reported RIs correspond to the value corresponding to the spectral 
centre of yellow sodium emission, at the wavelength of 589.29 nm. More 
specific descriptions of the refractive index of a medium can be found in the 
literature (Feynman et al. 1964, Peiponen et al. 1999).  
 
Due to the heterogeneous distribution and positioning of filler in paper, 
however, not all filler particles contribute to the scattering of light. In the 
fibrous matrix, filler can be located in interfibre pores, or on fibre surfaces 
between adjacent fibres displaying either closely sandwiched, inlaid position 
between fibres, or, more typically, expansive alignment resulting in interfibre 
disruption (Weigl et al. 1981). The fibres and filler particles typically display 
similar RI, and hence, do not provide significant RI gradients when contacted. 
RI for cellulose and lignin are 1.56 and 1.61, respectively (Scallan & Borch 
1972, Giertz 1951). Of the various positions, therefore, the inlaid filler position 
is optically the least effective. To maximise interaction with light, filler should 
rather display limited contacting with regard to the adjacent particles, exhibiting 
sufficient air-filled interparticle spacing. In fact, light scattering of paper can be 
estimated considering the pores as light scattering bodies (Borch & Lepoutre 
1978), rather than the matrix of solid material. Phenomenological 
understanding of the role of pores as light scattering bodies is especially 
important in the case of dense structures such as calendered papers or coatings 
(Bown 1997a). In base papers exhibiting open sheet structures, i.e. low density, 
such as uncalendered paper, light scattering is more dominantly controlled by 
the particles distributed within the structure (Bown 1997a). 
 
Besides calendering, the pore structure is affected by other process parameters, 
such as wet-end chemistry, wet-pressing and drying, and further by material 
parameters including fibre properties (Niskanen et al. 1998, Retulainen et al. 
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1998), filler content, and filler properties, such as particle size distribution 
(PSD) and specific surface area (SSA). In addition, particle shape affects 
packing behaviour (Hagemeyer 1960). Considering particle packing with regard 
to the pore structure, as suggested by Bown (1997a, 1997b), the particle size 
should be considered together with size distribution, density, and aggregate 
properties. A broad particle size distribution results in closer packing, i.e. finer 
interparticle pores (Husband & Nutbeem 2001). Much work has been done to 
tailor the PSD of pigments. With spherical particles, size around half the 
wavelength of light, as discussed previously, and narrow size distribution, are 
beneficial (Borch & Lepoutre 1978). The optimum size, however, depends on 
the particle shape and RI - the higher the refractive index, the smaller is the 
optimum particle size (Penttilä & Lumme, 2004). Similarly, optimal pore size, 
for instance, in kaolin and calcium carbonate coatings, is around 0.15 µm – 0.30 
µm (Climpson & Taylor 1976). Smaller pores (or particles) are not beneficial 
for light scattering (Rennel 1969, Alince 1986, Pauler 1998). Work done by 
Alince et al.  (2002) suggests that when all pores display optimal size, and all 
particles have similar refractive indices, a linear dependence between light 
scattering and the internal surface provided by the pores can be found. Silenius 
(2002) demonstrates that filler-fibre composites can be utilised to boost the 
light scattering effect of filled sheets through even filler distribution resulting in 
advantageous pore structure. 
 
Typical mineral fillers used in paper applications, display monotonous RI 
around 1.5-1.6. These include ground and precipitated calcium carbonate (GCC 
and  PCC,  respectively),  kaolin  clay,  and  talc,  of  which  PCC  is  the  most  
important, displaying 39 % share in 2004 (Laufmann 2006). The predominance 
of PCC as filler is based on the bulking properties it delivers to uncoated 
woodfree copy grades and the ability to produce on-site in cases where long 
haul land transport otherwise makes alternatives uneconomical. In addition 
speciality pigments displaying either light scattering voidage, such as calcined 
clay and structured PCC, or higher RI, such as titanium dioxide, synthetic 
silicas and silicates, and some organic pigments, displaying a greater particle 
number per unit weight addition, can be used. Today, however, only few 
speciality pigments display higher RI. Titanium dioxide (TiO2) displays 
spherical shape and exceptionally high refractive index (RI 2.55-2.76 for 
anatase and rutile, respectively) (Laufmann 2006). Its particle size is typically 
close to the optimal. Its drawbacks are, however, high price and abrasivity, and 
its optical efficiency is dramatically reduced due to particle crowding. 
 
As part of the light scattering arising from filler use is based on debonding 
(Hemstock 1962), one of the drawbacks of filler is decreased paper strength. 
Therefore, a common and useful way to obtain indication about papermaking 
potential of a specific filler is to plot the light scattering coefficient of the sheet 
as a function of strength (Alince 1989).  Even, dispersed filler distribution 
usually contributes most to light scattering, and, hence, increases debonding. 
Low filler retention of dispersed fillers has negative impacts on the 
papermaking process, such as abrasion of wires and sizing agent consumption, 
as well as poor formation. Hence, to ensure sufficient development of 
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mechanical properties of paper, and runnability of the paper machine, as 
discussed for retention, fillers are typically introduced to paper as flocs.   
 
Flocs can be formed between filler particles only (homoflocculation) (Holm & 
Manner 2001, Porubska et al. 2002) or together with fines (heteroflocculation) 
(Gavelin 1998). According to Holm & Manner, pre-flocculation leads to an 
improved strength at the expense of optical properties (2001). In addition, it is 
known that the scattering efficiency of filler decreases as the filler content in 
paper increases. This has often been explained by the crowding effect (Starr & 
Young, 1976, Alince & Lepoutre 1985, Howard 1983). Middleton et al. (1994) 
have suggested that this is because the filler particles are deposited randomly, a 
reference primarily to heteroflocculation.  
 
Filler type and size affect the degree of strength reduction. Several studies 
(Bown 1997a, Adams 1993, Gill 1990, Papp 1989, Han & Seo, 1997, Fairchild 
1992) indicate that small particles are more detrimental for paper strength. 
Coarse particles with narrow size distribution yield comparatively high 
strength. Filler selection is naturally case-dependent. If runnability and high 
filler content are preferred, coarse particles with narrow size distribution should 
be used, whereas fine pigments are more beneficial for optical properties 
(McLain & Wygant 2006). 
 
We have seen from this summary of the interactive properties of fillers and 
fibres in the paper matrix and during the formation of paper itself, that most of 
the tools available for optimising light scattering are already regularly 
employed. The remaining variable arising out of the discussion is RI, provided 
it can be adjusted economically. Several studies regarding hollow pigments 
have been reported (for instance Enomae & Tsujino (2004), Walsh & Mann 
(1995), Hadiko et al. (2005), Bourlinos et al. (2001), Nelson (2007)). Hollow 
pigments display, in addition to the RI gradient with regard to the surrounding 
medium at the particle surface, an additional intraparticle RI gradient interface 
with regard to the medium filling the hollow space. Some studies have been 
conducted to increase RI of CaCO3 by surface coating with another material 
(see for instance Lattaud et al. 2006). This limited work indicates that there are 
many practical obstacles to achieving a working system and product.  
 
In contrast to many other materials, TiO2 has been widely studied as an RI 
increasing additive, and applied to modify the optical properties of pigments 
such as silica (Hsu et al. 1993, Demirors et al. 2010) and other colloidal 
particles (Demirors et al. 2010). In the latter study, the process presented earlier 
by Eiden-Assmann et al. (2004) was further modified to introduce an 
amorphous TiO2 layer with modifiable thickness on colloidal particles of silica, 
silver, gibbsite, and polystyrene, in a controlled manner. The advantage of 
coating materials with a TiO2 shell is that cheaper material than TiO2 can be 
used in the core, while the optical properties of the resulting composite are 
largely determined by the optically effective TiO2 shell (Hsu et al. 1993). This 
is an especially important aspect in paper applications where attention must be 
paid to material costs. For the same reason, there is a need to develop further 
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the properties of TiO2 itself, by providing new morphological features for 
anatase and rutile. Nelson (2007) has investigated modified TiO2 grades 
designed to display improved interaction with light and fibrous components in 
paper applications. In this work by Nelson, polycrystalline TiO2 nanoparticles 
showed advantages in optical properties over a commercial rutile based 
reference.  
 
The results of the above-mentioned studies, included here as examples, show 
that TiO2 based modification can be utilised to achieve structures with 
enhanced performance when contrasted with corresponding unmodified 
materials. Although from a reaction kinetics point of view it has been 
challenging to control the growth of TiO2 coatings on core materials, additives 
have been found to be beneficial in controlling the reaction rate (Eiden-
Assmann et al. 2004, Demirors et al. 2010). 
 
All in all, while the prior art RI research has been much focused on TiO2 
modification, alternative materials, with for instance lower abrasivity, have 
been less examined. This is the challenge taken up here in moving on to 
investigate ways to achieve Objective 1. 
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3 DEVELOPING SPOT-COATED PCC WITH 
INCREASED EFFECTIVE REFRACTIVE INDEX 

 
3.1 Background 
 
Precipitated calcium carbonate, PCC, is a synthetic pigment, typically produced 
through carbonation by reacting calcium hydroxide, or slaked lime, with carbon 
dioxide gas. The crystal form as well as morphology of PCC can be tailored by 
controlling precipitation conditions. These can include supersaturation (see for 
instance Silenius 2002), or the use of crystal habit modifiers, such as certain 
sugars to promote growth of certain crystal facets whilst suppressing others 
(Agnihotri et al. 1999). Some examples on utilising additional ions or polymers 
to improve the functionality of PCC, including optical properties and acid 
resistance, for instance, have also been reported (Kim et al. 2005, Baumeister & 
Hofmann 1980, Suhara et al. 1983, Fujiwara et al. 1987, Yakushiji et al. 1993, 
Buijnsters et al. 2001, Jaakkola & Manner 2001, Hatakeyama et al. 2005). Xyla 
et al. (1991) have suggested that orthophosphates, oxalates, Cd2+,  and  Zn2+ 

affect the crystal growth through adsorption on the crystal surfaces. However, 
information about the effects of such process additives on the RI development 
of the resulting PCC particles has been lacking. 
 
Industrially produced crystal forms of PCC include calcite and aragonite. 
Calcite can be crystallised in rhombohedral, prismatic, colloidal, spherical, 
scalenohedral and clustered scalenohedral mophologies. Aragonite is needle-
like, and can occur in both separate and clustered configurations (Gane 2001). 
 
RIs for calcite and aragonite are 1.58 and 1.63, respectively (Lide 1990). The 
difference in RI is due to distinct atom coordination. In calcite, each calcium 
atom is coordinated by six oxygen atoms. In contrast, the aragonitic calcium 
displays more dense atomic packing, induced by coordination with nine oxygen 
atoms (Merrill & Bassett 1975).  For calcium carbonates, the size of the cation 
has significant impact on the resulting crystal form. Preferred crystal form is 
moved from calcite to aragonite when cation size exceeds 1.1 Å (= 0.11 nm). 
The dimorphous nature of calcium carbonate is partly due to size of the calcium 
ion, which is around this value (Evans 1954), and partly due to the possible 
presence of hydrated water. The atomic configuration determines the space 
available for hydrated water in the crystal. Passe-Coutrin et al. (1995) have 
demonstrated the effect of water of hydration on aragonite-calcite phase 
transition in coral and mineral based aragonite samples.  
 
 
3.2 Materials and Methods 
 
To build versatile data based on both practical experimentation and modelling, 
the studies were conducted in three stages: 
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1) Measurement of light scattering using particulate RI modifiers. 
Tablets were compressed from blends of standard PCC and nano-
sized particles of ZnS and Al-silicate, and light scattering was 
measured from the tablets using ellipsometry.  
2) Effect of soluble metal salts, acting as RI modifying agents. 
Soluble metal salts were added in the conventional PCC fabrication 
process, and their effects on RI, structure, and papermaking 
potential of PCC were studied. 
3) Computer modelling. Light scattering from selected PCC samples 
obtained in stage 2) was studied by computer modelling, applying 
the wave-optical Discrete Dipole Approximation (DDA) approach, 
namely the ADDA code (Draine & Flatau 1994, Yurkin et al. 2007), 
and the RT-based SCIAPOL code (Rozanov & Kokhanovsky 2006) 
for the single aggregates, and the model coating consisting of 
several aggregates, respectively. 

 
In the first stage, the purpose was to examine the relevance of the approach of 
introducing particulate RI modifiers on the PCC surface. The potential of this 
approach was evaluated by examination of light scattering from tablets 
compressed from blends of standard PCC and various nanoparticles using 
ellipsometry.  Dry standard PCC powder (S-PCC, described below) was mixed 
either with commercial ZnS1 or Al-silicate2 nano-sized particles, displaying 
average (primary) particle size around 80 nm and 30 nm, respectively, 
estimated from SEM micrographs such as presented in the Results section (Fig. 
2). The mixing was done in 0.2 dm3 deionised water by stirring vigorously with 
a Diaf mixer to obtain samples with 10 w-% and 18 w-% nanoparticle content. 
Mixing was continued for 15 minutes, during which the particles were self-
assembled without being subject to additional chemicals. The resulting blend 
slurry was dried and pulverised in a mortar, pressed to tablets, and the light 
scattering from the tablet surfaces was analysed using an ellipsometer as 
described in Publication III.  
 
In the second stage, PCC samples were fabricated in batches by carbonation 
using a cylindrical reactor (5.0 dm3) supplied with thermo-element casings, 
centrifugal impeller mixer, a rotameter-controlled gas flow system for feeding 
CO2 gas, and sensors for controlling pH and temperature.  
 
Powder calcium hydroxide (50 g -100 g), from J. T. Baker, was mixed in 
deionised water (2.0 dm3) together with the dissolved additive, and added into 
the reactor. Pro analysis grades of ZnCl2, SrCl2, Sr(NO3)2, BaCl2, MgCl2, KCl, 
KBr, and NaCl, were used as RI modifying additives. M/Ca mol ratios around 
0.10 - 0.25 were used, where M stands for the additive cation. 
 
A reference PCC, referred to as “S-PCC”, with clustered calcitic scalenohedral 
(rosette-like) particle morphology, and several modified PCC samples (“Nano-

                                                   
1 Sachtolith L, a product name of Sachtleben Chemie GmbH. 
2 Hydrex P, a product name of J. M. Huber Corporation. 
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S-PCC”) were then prepared. Formation of calcium carbonate in the 
carbonation stage takes place according to Equation (5): 
 

Ca(OH)2 + CO2  CaCO3 + H2O       (5) 

Initial pH of carbonation was around 12.5. Carbon dioxide gas was fed during 
mixing until pH dropped to 7. Mixing was continued for some time (e.g. 15 
minutes) to stabilise pH to about 8.5. The resulting pigment was filtered with a 
glass filter (grade 4, used for fine precipitates), washed with deionised water, 
dried at 105 °C, and pulverised in a mortar.  
 
The samples were characterised in detail. An Hitachi S-3400N VP-SEM 
(Variable Pressure SEM) was used to study the sample morphologies. 
Quantitative EDS (Energy Dispersive X-ray Spectroscopy) analysis was 
performed to determine the realised average additive content. This was done 
using the NSS202E-EDS system (Thermo Electron) with the SEM. 
Micromeritics  FlowSorp  II  2300  analyser  was  used  for  SSA.  The  SSA  
measurements were made in accordance with the BET (Brunauer-Emmet-
Teller) theory (Brunauer et. al. 1938) covering adsorption of gas molecules on a 
surface. A Philips PW1710 diffractometer was used to analyse X-ray diffraction 
patterns (XRD), using CuK  radiation. A Netzsch STA 449C device, combined 
with a capillary to Netzsch QMS 403C mass spectrometer was used to conduct 
thermal gravimetric analyses (TGA).   
 
Refractive indices were measured using a multi-function spectrometer MFS. In 
the method, pigment (about 0.50 g) is mixed with an immersion liquid (15 cm3) 
with known refractive index, consequently illuminated with a xenon lamp, and 
the backscattering intensity is then recorded. The measurement wavelength and 
the temperature were 589.6 nm and 22 °C, respectively.  As immersion liquids, 
mixtures of acetone-methylene iodide with a range of refractive indices from 
1.54 to 1.73, displaying 0.01-0.05 intervals, were used. A graph was then 
plotted, presenting backscattering intensity as a function of immersion liquid 
RI. The best match between the RIs of the liquid and the sample is at the point 
of minimum backscattering intensity. A more detailed technical description of 
the MFS can be found in the literature (Niskanen et al. 2006). 
 
Particle size distributions (PSD) of the fillers were determined with a Beckman 
Coulter LS 13 320 particle size analyser, the function of which is based on the 
current light scattering theory. The samples were dispersed by magnetic stirrer 
in 0.1 % sodium hexametaphosphate solution, which was further dosed into the 
water-filled liquid module of the analyser. Ultrasound treatment was applied in 
the water-filled module prior to the measurements, and the throughput was set 
to around 50 % of the maximum to avoid the formation of air bubbles. It is 
recognised that the Coulter method depends strongly on the scattering cross 
section of the material particulates. Since in this study the particulates are 
agglomerates, containing solid material and air, and furthermore have 
contrasting RI surfaces, the scattering cross section is too complex to define 
systematically. In this respect, an average parameter approach is adopted, which 
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reveals a relative particle size distribution without specific reference to the 
changes of RI contrast generated by the sample design. Whilst this is 
unsatisfactory as an absolute measure of the particle size, it can be correlated 
with scanning electron microscopy (SEM), and the correlation was found to be 
reasonable. 
 
An  indicative  handsheet  test  series  with  the  standard  sheet  mould  was  
conducted using some of the novel fillers, as described in Publication I. 
 
For more specific evaluation of the papermaking potential of the fillers, in 
particular the fillers displaying more moderate degree of modification, the 
papermaking process was simulated under laboratory conditions using a 
Moving Belt Former (MBF) sheet forming apparatus, described by Räisänen 
(1998), and subsequent calendering tests. 
 
Birch and pine chemical pulp sheets from Finnish pulp mills were mixed to 
achieve 70/30 birch/pine fine paper, or Wood-Free-Uncoated, WFU, furnish. 
The furnish was beaten in a Valley Hollander to °SR 18 in accordance with the 
Standard SCAN-C 25:76 and further diluted to 3 gdm-3 consistency for 
handsheet preparation.  
 
Dry-strength starch (Raisamyl 50021) was cooked in water at 95 °C for 25 
minutes prior to handsheet preparation. Fennopol K 3400R was used as a 
retention agent. 80 gm-2 handsheets were prepared with the MBF. The fibrous 
stock was first added into the MBF container. Additives were then introduced 
as presented in Table I. The procedure was to mimic the wet end operations as 
might be found in practice in a typical paper machine environment. The stock 
in the container was continuously mixed.  
 
Target filler contents of the handsheets were 15 w-%, 25 w-%, and 35 w-%, 
with ±1.5 w-% unit deviation, determined by the increase of the dry weight of 
the sheet due to the addition of filler.  The sheets were wet-pressed and drum-
dried, further stored in accordance with the Standard SCAN-P 2:75. Sheets 
were calendered through a single nip on an EP-210 laboratory calender using 
70 kNm-1 line load, 70 °C hot roll surface temperature, and 35 m.min-1 speed. 
The sheets were tested adopting Standard Methods. The sheets were also 
examined with EDS (NSS202E-EDS, Thermo Electron) to confirm that the 
additives had retained. 
 
Specific pore volume and pore size distribution of selected handsheets 
(including both uncalendered and calendered sheets) were analysed by mercury 
porosimetry using an Autopore IV porosimeter (Micromeritics), and corrected 
with Pore-Comp1 software to account for mercury and penetrometer effects, as 
well as sample skeleton compression applying the equation given by Gane et al. 
(1996). 
                                                   
1 Pore-Comp is a program software name of the Porous Media Research Group at the 
University of Plymouth, U.K. 
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Table I. Introduction of additives in the MBF experiments. Adapted from 
Publication II. 
            

 
 
In the third stage, light scattering from the PCC aggregates, modified with 
ZnCl2 in stage 2, was examined by computer modelling. In this part, the 
author´s role was to prepare the samples, and process the initial data needed, 
whereas University of Helsinki implemented the actual modelling (Penttilä & 
Lumme 2008). First, the standard PCC (S-PCC) aggregate structure, the 
number and relative arrangement of individual PCC particles in the aggregate, 
and the distribution of additive introduced in the form of solid ZnO spot 
structures, displaying size around 150 nm, on the PCC surface, was studied 
from the SEM images such as presented in Figs. 5-6. Then, model aggregates 
were created accordingly, using a specific algorithm, and further deposited in a 
model matrix containing several aggregates. However, examination in fibrous 
matrix was out of reach, as it would have required huge computing power. For 
simplification, aggregates were deposited in a model coating matrix 
environment instead, without binders.  
 
Multiple scattering from single aggregates was examined using a rigorous 
wave-optical approach based on Discrete Dipole Approximation (DDA), or the 
ADDA code (Draine & Flatau 1994, Yurkin et al. 2007). However, as the 
ADDA approach is valid for single aggregates only, light scattering from the 
model piece of coating was done using the SCIAPOL code (Rozanov & 
Kokhanovsky 2006) based on the RT approach. The RT calculations provide 
brightness values corresponding to ISO brightness, while through the ADDA 
method the backward-scattered intensity from single aggregates can be 
obtained.  
 
The modelling was done for two cases:  
In  case  I,  intrinsic  RI  of  the  standard  PCC bulk  particles  was  increased  from 
1.58 to 1.70 without including additional particles. Both random and rosette-
like clusters were examined. 
In the case II, effective RI of the PCC aggregates was increased through 
introducing spot-like fine particles with RI and average particle size around 2.0 
and 150 nm, respectively, onto the PCC surface (corresponding the majority of 
the ZnO structures observed in Figs. 5-6). In this case, the ZnO content was 
used as variable. ZnO contents of 5 vol-% and 10 vol-%, corresponding to 
effective RIs around 1.60 and 1.62, respectively, were studied. 
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3.3 Results  

 
In stage 1, the microscopic examination of the tablets compressed from the 
pigment mixtures suggested introduction of the nanoparticles on the PCC 
surfaces in a relatively dispersed manner, as illustrated in Fig. 3. However, 
some localised agglomeration of the nanoparticles was observed. Hence, the 
illustration in Fig. 3 is indicative. The particles introduced display local RI 
contrasts on the PCC surface, enhancing the interaction with light, further 
observed as increased light scattering. Fig. 4 illustrates the diffuse and specular 
reflection measured using the ellipsometer from tablets compressed from 
regular PCC (90 w-%) and nano-sized particles of Al-silicate (10 w-%) 
displaying size around 30 nm.  The results suggest increased scattering due to 
the local index mismatches imparted by the nanoparticles, as they only had a 
minor effect on the particle size of the resulting composite pigment comprising 
the PCC host and the nano-sized particles, respectively. 
 
 
 

 
Fig. 2. Al-silicate (left) and ZnS particles (middle), used in mixtures with 
standard PCC (right) in the ellipsometric light scattering study using tablets 
compressed from the mixtures. Adapted from Publication III. 
 
 
 

 
Fig. 3. Schematic illustration of the observed distribution of Al-silicate or ZnS 
based nanoparticles (P2) on the PCC surface in the compressed tablets. 
Adapted from Publication III. 
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Fig. 4. Diffuse and specular reflection of reference PCC and PCC treated with 
10 w-% Al-silicate particles as a function of detection angle. Adapted from 
Publication III. 
 
These results were considered to provide a reasoned basis for the further 
experiments in stages 2 and 3. 
 
In stage 2 (the effect of soluble RI modifiers), all additives were found to result 
in changes in PCC particle size and shape. Beneficial development of RI, and 
light scattering potential, were observed with Zn and Sr additives.  
 
Achieving spot-coated structures through Zn modification 
 
Figs. 5-6 show micrographs of the Zn modified PCC samples. Zn is seen to 
occur as solid particles, distributed in a discrete manner on the PCC surface. 
Through examination with EDS and XRD, the chemical composition of the 
particles was verified to be ZnO. The particles can be distinguished, especially 
in the backscattering images (Fig. 6), as bright spots. The reference PCC, 
typical scalenohedral rosette-like calcite, is shown in Fig. 8 (left).  
 
ZnO provides various important functionalities in different industrial 
applications, including optical waveguides, UV-light emitters, phosphors 
(displaying phosphorescence), and transparent conductive materials. The 
optical properties of various ZnO nanostructures, as well as doped ZnO, have 
been discussed in the literature (see for instance Djurišic & Leung 2006). It 
displays relatively high RI, around 2.0 (Lide 1999), and has been considered an 
environmentally sound material (Djurišic & Leung 2006). 
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Fig. 5. PCC with 10 w-% (left) and 18 w-% (right) Zn content. Adapted from 
Publication II. 

 
Fig. 6. ZnO particles on the PCC surface: backscattering images. Nano-sized 
structures (  100 nm) are marked with arrows. Adapted from Publication II. 
 
The samples presented in Fig. 5 displayed effective RIs of 1.63 (left) and 1.67 
(right), measured with the MFS. Fig. 7 shows the backscattering intensity 
curves of the samples against RI of the immersion liquid.  
 
With birefringent materials, such as calcium carbonate, back scattering intensity 
measured from suspension never achieves zero. For birefringence, also the 
minimum scattering intensity is further increased through RI contrast with 
regard to the ZnO particles introduced.  
 
The formation mechanisms of the spots observed in Figs. 5-6 remains to be 
examined in further studies. However, the results of this study, based on 
repeated experiments, suggest beneficial precipitation of PCC in the presence of 
ZnCl2 additive, yielding complete scalenohedral PCC particles coated with ZnO 
spots displaying at least partially desired size and inter-spot distance. This was 
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observed to take place with 60 °C starting temperature, 2.3 % Ca(OH)2 
concentration, and 1.0 dm3min-1 CO2 flow.  
 
 
 

 
     
Fig. 7. Back scattering intensity measured from mixtures of PCC, and acetone – 
methylene iodide immersion liquid, as a function of the immersion liquid RI. 
Adapted from Publication I. 
 
 
 
Morphological changes in the host particles – Sr modification 
 
Effects of Sr can be observed as altered host particle morphologies Fig. 8 
(image on the right). The host particles display needle-like structure, 
characteristic of aragonite carbonates. This might be an indication of Sr 
incorporation in the host particles through a substitution mechanism. 
Substitution of ions in a crystal may take place if the size of the substitute does 
not differ from the site provided by the original ions to be substituted by more 
than 15 % (Jaffe 1996). The size of Sr is close to that of calcium; hence such a 
mechanism could work. The XRD analysis verified the aragonitic 
crystallography. Relative amounts of calcite and aragonite in the sample were 
not examined. 
 
It is well-known that additives incorporated in the crystal structure of calcium 
carbonate tend to change the particle morphology. In a previous study, the 
presence of Sr has been observed to contribute to aragonite formation, yielding 
more stable aragonite than calcium (Klein & Hurlbut 1999). Also the presence 
of magnesium and cobalt has been found to promote formation of aragonite 
(Kitano 1962, Braybrook et al. 2002). 
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Fig. 8. Reference PCC (left) and PCC with 3.5 w-% SrCO3 content (right). 
Adapted from Publication II. 
 
Incorporation of ions into calcium carbonate crystals has been widely studied in 
the field of geochemistry. According to Nasrallah-Aboukais et al. (1996) ions 
can be incorporated into the crystal structure of calcium carbonate by 
substitution for calcium, interstitial substitution between lattice planes, 
substitution due to defects, and adsorption due to charges. 
 
Alkali metals coprecipitate into calcite and aragonite via different mechanisms 
(Plummer & Busengerg 1982, White 1975, White 1977). According to White 
(1977), sodium and potassium coprecipitate into aragonite via substitution of 
calcium. In contrast, in calcite, sodium and potassium coprecipitate into 
interstitial positions (Ishikawa & Ichikuni 1984, Okumura & Kitano 1986). 
Coprecipitated amounts may also differ significantly. Coprecipitated amounts 
of alkali metals, especially sodium, are shown to be higher in aragonite 
(Okumura & Kitano 1986).  
 
 
Papermaking potential of moderately modified samples 
 
The preliminary handsheet tests made using the ZnO-modified fillers presented 
in Fig. 5, and the reference filler presented in Fig. 8 (left), suggested some 
improvement (5 % - 8 %) in the light scattering coefficient due to the ZnO-
modified samples. The preliminary experiments are described in Publication I 
and will not be repeated here.  
 
Papermaking potential was further examined in detail with the MBF apparatus 
using samples with moderate degree of Zn and Sr modification. Zn and Sr 
contents, as well as other sample data, are listed in Table II. Particle size 
distributions of the fillers are presented in Figs. 9-10. 
 
The effective refractive index (neff) of a composite pigment consisting of a host 
particle (h) and a coating layer of particles (c)  can  be  approximated  from the  



 37

refractive indices (n) and the volume fractions (V) of the host and the particle 
layer, respectively, according to Equation (6) 
 

ch

cchh
eff VV

nVnVn       (6) 

        
Accordingly, the effective RIs of the moderately modified samples were 
calculated, using the chemical content data obtained with TGA (presented in 
Table II), and additional density and RI data provided in the literature. The 
densities and refractive indices of ZnO are 5.606 gcm-3 and 2.0, respectively 
(Lide 1990). Corresponding values of SrCO3 are 3.7 gcm-3 and 1.516 (Lide 
1990). Density and refractive index of calcium carbonate (calcite) used in the 
calculation are around 2.71 gcm-3 and 1.58, respectively (Lide 1990).  
 
Light scattering coefficient against filler content with different fillers is 
presented in Fig. 11. The differences in cluster sizes, particle shapes, and the 
resulting pore structures of the handsheets must be considered.  
 
In the light of the current scattering theories discussed in the Introduction, and 
as discussed earlier briefly under Materials and Methods, it must be pointed out 
that the particle size data presented here are obtained using a light scattering 
technique that should be used predominantly for spherical isotropic pigments, 
well dispersed in the surrounding fluid. In the analysis of pigments displaying 
differing shape and optically active structure, such as presented in this study, 
the data should be critically inspected, and most predominantly evaluated 
together with supporting information from other sources such as sedimentation 
based particle size distribution measurements and/or micrographs. Therefore, 
the cluster sizes and size distributions presented in Table II and Figs. 9-10, 
respectively, are presented as indicative values only. Additional information 
about the size and shape characteristics of the pigments studied, and the sheet 
void structure, is provided by the SEM images, and the mercury porosimetry 
analyses, respectively.  
 
The particle size data, shown in Figs. 9-10, display a primary peak centred 
around 5-10 µm, and a minor peak at or below 1 µm. Nano-S-PCC3 displays a 
single peak distribution with more evenly declining tail in the size range of the 
fine particles. 
 
The clustered scalenohedral PCC samples of this study presumably contain 
intracluster void space, as could be observed from Figs. 5, 6, and 8. The 
intracluster void space arises from the limited packing of individual 
scalenohedral particles in rosette-like or more irregular configurations. As a 
matter of fact, the emergence of clustered PCC and other structured pigments 
such as calcined clay has been contributed by the fact that intraparticle air-filled 
pores displaying size corresponding to half the wavelength of visible light are 
beneficial for light scattering. The role of internal voids as light scattering 
bodies is emphasised in the case of such pigments. Bown (1997a) has 
suggested, that the characteristic size of a filler with internal pore volume 
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corresponds to that of the size of the pores. In the case of calcined clay with 
weight  median particle  size  d50 and internal void size around 1.5 µm and 0.6 
µm, respectively, the characteristic size is 0.7 µm (Bown 1997a). This is 
consistent with the current understanding according to which the role of pores 
as light scattering bodies is emphasised in compressed structures such as 
heavily calendered papers, as also discussed by Bown (1997a).  
 
If the cluster is rigid enough to maintain its structure when dispersed in liquid, 
the air in the internal voids is replaced with the liquid. Due to the reduced RI 
contrast with regard to the inner pigment surface, the effect of the voids as light 
scattering bodies is reduced. However, even after filling with the liquid phase, 
significant RI contrast may still be present at the void-pigment interface. This 
can further affect the nature of backscattering, and increase the probability for 
misleading data in light scattering phenomena based particle size measurements 
valid for solid spherical particles. In this case, furthermore, the clusters are not 
uniform, but display local differences in density and refractive index. The 
internal pore volume and the heterogeneity of the particles significantly 
complicate the cluster size evaluation through the light scattering techniques. It 
is for these reasons that the second part of the thesis (from page 71), studying a 
well-defined porous medium filling with liquid, is undertaken to illustrate the 
RI-contrast effect using a complementary experimental design.  
 
According to the light scattering based particle size data, which, as described 
above, should be critically inspected, Nano-S-PCC 3 displays smaller cluster 
size than Nano-S-PCC 1 (or Nano-S-PCC 2) but is close to that of the 
commercial reference PCC (S-PCC (Com).  Evaluation of the micrographs 
supported this order of magnitude. 
 
Nano-S-PCC 3 yields higher light scattering than any of the other fillers. At 
least part of the Nano-S-PCC 3 particles display aragonitic crystallography, and 
hence, RI around 1.63. Furthermore, the aragonitic shape of Nano-S-PCC 3 
significantly differs from the shape of the other samples, and results in different 
packing and pore structure of the sheet. This effect will be discussed below. 
The influence of crowding can be envisioned in the case of Nano-S-PCC 3.  
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Table II. Characterisation of filler samples used in the MBF experiments. The 
cluster size denotes the volume-based size of filler clusters such as observed in 
Fig. 5. Adapted from Publication II. 

* depends on the relative amount of aragonite in the sample (not examined) 
 
 
 
 

 
 
Fig. 9. Volume-based particle size distributions of S-PCC (top) and S-PCC 
(Com) (bottom). 
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Fig. 10. Volume-based particle size distributions of Nano-S-PCC1 (top), Nano-
S-PCC2 (middle),  and Nano-S-PCC3 (bottom). 
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Fig. 11. The effect of filler type on light scattering coefficient. Adapted from 
Publication II. 
 
Qualitative inspection of the Nano-S-PCC1 and Nano-S-PCC2 filled 
handsheets with EDS confirmed that ZnO had retained. No benefits in optical 
properties were observed in these cases. According to the ZnO content data 
presented in Table II, the ZnO contents are relatively low. Hence, only a limited 
number of ZnO particles displaying advantageous size and location with regard 
to the surrounding medium may be present. The observed zero to moderate 
effect of Nano-S-PCC1 and Nano-S-PCC2 on light scattering is also consistent 
with the Rayleigh scattering calculation discussed below (paragraph 3.4 
Discussion).  
 
It can be observed from Fig. 12 that the light scattering coefficient is increased 
in a predominantly straightforward manner with regard to the decreasing tensile 
index.  The fillers, hence, do not provide synergistic benefit together with the 
fibres, but may display a more or less disruptive alignment between the 
adjacent fibres instead, such as suggested by Weigl et al. (1981). The resulting 
increase in the light scattering is, therefore, at least partly contributed by the 
debonding effect. However, the Nano-S-PCC 3 gives the highest light 
scattering coefficient at a fixed tensile index. This is an indication that the filler 
itself contributes to the light scattering, more so than in the case of the other 
fillers.   
 
Particle size affects both optical and strength properties and can influence 
combinations of the two as well. As suggested by Bown (1997b), small 
particles sized approximately 2 µm can yield better combinations of these 
properties than large particles (6 µm). If we assume that the cluster size has a 
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similar effect in our case, this could explain results here, in addition to the 
effects discussed above. 
 

         
Fig. 12. Effect of filler type on the property combination of light scattering 
coefficient and tensile index. Adapted from Publication II. 
 
 
Nano-S-PCC 3 yields the lowest bulk and air permeability (Figs. 13-14). This is 
consistent with the findings of, for instance, Breunig et al. (1990), according to 
which air permeability tends to decrease with higher SSA fillers. Lower SSA 
fillers Nano-S-PCC 1 and Nano-S-PCC 2 yield more open sheet structure. This 
is also in line with the assumed debonding effect. 
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Fig. 13.  Effect of filler type on bulk. Adapted from Publication II. 
 
 
 

       
 
Fig. 14. Effect of filler type on air permeability. Adapted from Publication II. 
 
 
The properties of calendered sheets are presented in Figs. 15-17. Calendering 
typically reduces pore volume and can therefore affect light scattering. After 
calendering, Nano-S-PCC 3 yields higher light scattering compared with the 
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other pigments. The advantage observed in the property combination of light 
scattering and strength properties in the case of uncalendered sheets has been 
reduced on calendering. Nano-S-PCC 3 yielded still the lowest air permeability. 
 
 
 

 
Fig. 15. The effect of filler type on light scattering coefficient. Calendered 
sheets. Adapted from Publication II. 
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Fig. 16. The effect of filler type on the property combination of light scattering 
coefficient and Huygen bond. Calendered sheets. Adapted from Publication II. 
 

 
 

 
Fig. 17. The effect of filler type on air permeability. Calendered sheets. 
Adapted from Publication II. 
 
Closer examination of the handsheet pore size distributions (shown in Figs. 18-
19), based on the mercury porosimetry analyses, suggest beneficial effect of 
both Zn and Sr based structuring on the pore structures of the filled sheets in 
respect to potential light scattering.  
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Fig. 18 presents the cumulative pore size distributions of uncalendered and 
calendered sheets filled with S-PCC (Com), Nano-S-PCC 2, and Nano-S-PCC 
3. According to a previous study (Ridgway & Gane 2003), irreproducible 
differences imparted by the occlusion effect due to the surface fibre irregularity 
are often encountered with pores with an equivalent Laplace diameter greater 
than 10 µm. The evaluation of the total volume would require supporting 
analyses through, for instance, oil absorption techniques (Ridgway & Gane 
2003). The truncated curves, shown in Fig. 18 (below), provide information 
about the relative porosity with pores displaying equivalent Laplace diameter 
less than 10 µm. 
 
The vertical lines in Fig. 19 illustrate the pore size range, which is the most 
effective for the interaction with light. The results suggest that, in the case of 
uncalendered sheets, S-PCC (Com) yields the lowest volume of optically 
effective pores, but displays the higher volume of bigger pores around the size 
of 1 µm. The big pores could contribute to the relatively high bulk and air 
permeability shown in Figs. 13-14. Slightly higher volume in the size range of 
optically effective pores is observed with Nano-S-PCC 2, indicating a 
beneficial spacing effect due to the ZnO structures, yielding more optimal 
interparticle distances. As suggested by Fig. 11, with 35 w-% filler content, 
Nano-S-PCC 2 yields a higher light scattering coefficient than S-PCC (Com). 
The possibly very fine ZnO particles, in spite of their high RI, do not have 
significant contribution to light scattering when contacted with micrometre-
sized PCC particles, as will be illustrated by the Rayleigh calculation in 
paragraph 3.4. However, the RI contrast imparted by larger ZnO particles, with 
diameter around 300-500 nm, might be expected to play a more beneficial role. 
The effect of ZnO particles, displaying size of 350 nm, deposited on potassium 
silicate, has been discussed by Johnson et al. (2003). 
 
Nano-S-PCC 3 yields the most beneficial structure displaying the highest 
volume of optically effective pores before calendering. This is consistent with 
the light scattering results presented in Figs. 11-12. All sheets filled with Nano-
S-PCC 2 and Nano-S-PCC 3 display discrete bimodal pore size distributions 
with the primary peak around 1.0 µm (with Nano-S-PCC 3 yielding to some 
extent smaller average pore size), and a small secondary peak around 40 nm.  
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Fig. 18. Cumulative mercury intrusion pore size distribution data of selected 
handsheets. 35 w-% filler content. The irreproducible occlusion effects due to 
surface fibre irregularity (see Ridgway & Gane 2003) are eliminated in the 
lower figure,  presenting the data truncated at 10 µm.  
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Fig. 19. Differential pore size distribution data of selected handsheets. 35 w-% 
filler content. The optically effective pore size interval is marked in the figure. 
 
As Fig. 19 illustrates, calendering significantly decreased the volume of larger 
pores around 1 µm, whereas the effects on the pore volume in the case of 
optically effective pores depended on the filler type.  
 
Calendering had a beneficial effect on volume of optically effective pores with 
Nano-S-PCC 2, whereas with Nano-S-PCC 3 the volume was reduced. In spite 
of this, Nano-S-PCC 3 yielded the highest light scattering coefficient, as was 
shown in Fig. 15, and suggests the effectiveness of including the higher RI 
material. This further indicates that the RI contrast introduced through the 
partially aragonitic particles is the more dominant factor rather than the 
resulting pore structure. However, this result applies to the examined filler 
content only. The situation could be different in ultra-highly filled papers 
displaying higher relative volume of optimal pores. 
 
Considering Figures 12, 16, and 19 together, it is possible to observe a 
synergistic benefit with high filler content of Nano-S-PCC 2 in the calendered 
sheets.  With  conventional  fillers,  a  more  or  less  straightforward  increase  of  
light scattering coefficient is allied with a decrease of tensile index, as typically 
encountered when increasing filler loading. In contrast, with Nano-S-PCC 2 the 
change in filler content from around 25 w-% to 35 w-% in calendered sheets 
increases light scattering coefficient without adverse effects on bonding (Fig. 
16), suggesting the positioning of the additional particles is in interfibre pores, 
rather than between the adjacent fibres. Extrapolation to filler contents beyond 
35 w-% would further suggest an increasing advantage through this synergistic 
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effect. As can be observed from Figs. 15-16, the light scattering efficiency 
through the pore-optimised, compressed Nano-S-PCC 2 filled sheets is 
increased with high filler content, whereas an indication of the crowding effect, 
i.e. reduced light scattering efficiency, can be observed in the case of Nano-S-
PCC 3 filled sheets. This suggests that with further increased filler contents 
Nano-S-PCC 2 could provide even more beneficial light scattering than Nano-
S-PCC 3 through increased volume of optically effective pores. 
 
Fig. 19 further shows that calendering significantly increased the volume of 
optically effective pores with Nano-S-PCC 2, and also with S-PCC (Com). 
Both fillers exhibit clustered scalenohedral morphology, whereas ZnO particles 
are present only on Nano-S-PCC 2. This suggests that besides imparting RI 
contrasts, the ZnO particles provide additional spacing, yielding advantageous 
pore structure, emphasised in compressed sheets.  
 
 
Modelling study 
 
The shape of the model particles, used to mimic the individual PCC particles 
observed in Figs. 5-6, was chosen to be prolate spheroidal (Penttilä & Lumme 
2008). Spheres were used to represent the ZnO particles.  
 
The ADDA approach (Draine and Flatau 1994, Yurkin et al. 2007) suggested 9 
% increase in backscattering intensity from single aggregates in the reference 
case (case I), in which the bulk RI was increased from 1.58 to 1.70, without 
introduction of ZnO particles. In the model coating including several 
aggregates, 1 % - 4 % increase in brightness, based on the RT calculations, was 
observed. 
 
The relative arrangement of the particles in the PCC aggregate didn’t 
significantly affect the resulting light scattering, as both randomly clustered, 
and regular rosette-like aggregates (Fig. 20) were examined  
 
 

 
Fig. 20. Clusters of scalenohedral PCC displaying differing arrangement of 
individual particles. Random arrangement (left), and regular, rosette-type 
arrangement (right). 
 
In contrast, 5 vol-% and 10 vol-% introduction of ZnO particles on PCC, 
corresponding to effective RIs around 1.60 and 1.62, respectively, resulted in 
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10 % - 20 % increase in backscattering from single aggregates, while brightness 
from the model coating increased 4 % - 7 %.  
 
Due to the approximations used, the modelling results should be considered 
indicative.  
 
ISO Brightness from handsheets displaying 20 % filler content was measured 
for comparison. Reference PCC, and PCC with 10 vol-% ZnO content 
(effective RI 1.62) were examined. Increment in ISO Brightness due to ZnO in 
this case was 2.1 %. The lower value compared to the modelling result was not 
surprising, as in coatings the particles are usually more beneficially located, 
displaying closer packing, and probably more beneficial pore size distribution 
than in fibrous matrices. The fibres themselves display relatively low brightness 
(around 84 % ISO, as measured from unfilled 60 gm-2 reference sheets). It is 
also noteworthy that in the modelling study the exact value of the imaginary 
part of the complex refractive indices, determining the absorption, were not 
known, while the approximation 0.00001 < ni < 0.0001, based on measured 
brightness values, was used. 
 
 
3.4 Discussion 
 
The results suggest that  
 

 the Kubelka-Munk theory based light scattering coefficient measured 
from PCC-filled handsheets,  

 and, as studied in the modelling section, backscattering intensity in 
addition to RT based brightness, calculated using model structures of 
single pigment clusters and model coatings consisting of several clusters 
in close proximity to each other, allowing multiple scattering from 
neighbouring particles, respectively,  

 
can be increased by replacing standard clustered scalenohedral PCC filler with 
the newly developed ZnO spot-coated PCC filler pigment displaying enhanced 
effective refractive index.   
 
The laboratory scale sample fabrication followed by simple sheet mould tests 
and more comprehensive MBF tests, complemented with the study of the 
calendering effects, suggest that  
 

 scalenohedral PCC filler can be used as a platform in using fine spot-
like particles as means to introduce RI contrasts in paper structure 
without significant adverse effects in sheet fabrication in the examined 
scale.  

 
The EDS study confirmed that ZnO had retained in the handsheets. This is also 
suggested by the pore size distribution data indicating differing structures 
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between ZnO containing Nano-S-PCC 2 filled sheets and standard PCC filled 
sheets. This supports the first hypothesis of the thesis.  
 
The effective refractive index of PCC was increased up to 1.67 as verified by 
the extended index matching method by the multi-function spectrometer MFS. 
That the method of refractive index matching gave successful extinction 
demonstrates that the particles act as an averaged refractive index medium and 
not as discrete optical elements. In this way, discrete introduction of fine 
particles with size close to the Mie-defined optimum onto the filler surface, and 
the consequent effect on the optical properties of the model coating, was 
contrasted by the effect of increasing the RI of PCC bulk particles without 
changes in the particle structure. The results indicate that, comparing the two 
approaches, introduction of fine particles on the PCC surface is more effective, 
yielding higher light scattering with a given effective refractive index. This is 
consistent with the considerations of the Mie treatment (1908). However, due to 
the observation that both effective RI and SSA of the resulting filler cluster 
were increased, the relative effects of these two factors were not quantitatively 
differentiated in this study. As it is a physical fact that increasing RI gradient on 
an optically active interface always increases the interaction with light, it is, 
however, justified to conclude that the fraction of ZnO particles displaying 
effective size for light interaction enhances light scattering at least partly 
through the RI mechanism.  
 
More specifically, it is suggested that the ZnO particles, when introduced on 
PCC surface, influence light scattering through the following four ways.  
 
First of all, the ZnO particles manifest local refractive index contrasts on the 
PCC surface. A significant fraction of the particles display size around 100 nm 
– 500 nm. Also nano-sized (  100 nm) structures could be observed (Fig. 6). 
Tailoring the refractive index of various nanocomposites has gained attention in 
the field of optical physics (Zeng et al. 1988, Shalaev 2002, Aspnes 1982, 
Chylek & Videen 1998, Lakhtakia 2001, Scaffardi & Tocho 2006, Boyd & Sipe 
1994).  
 
When subjected to interaction with light, nano-sized particles display, 
generally, relatively moderate scattering effects, following the theory of Lord 
Rayleigh (1871). For instance, our perception of the sky as a blue medium is 
due to the scattering of the shortest visible wavelengths of light from the 
molecular scattering centres distributed in the atmosphere.   
 
The Rayleigh criterion includes the size parameter  (Equation 7) for a particle 
in air 
 
 

0

2 a       (7) 

 
where  
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a  is the radius of the spherical particle (effective scattering size) 

0 is the incident scattering wavelength component in air, i.e. the 
wavelength in the scattering medium, which in this case is air. 

 
In the case where the scattering medium is not air, the incident wavelength is 
defined as  
 

m
0       (8) 

 
where 
 

0  is the incident wavelength value in air 
m  is the refractive index of the surrounding medium.  
 
These relations show that the particle size, a, in relation to the wavelength 
effective within the refractive index contrast environment, created by the 
particle and its surrounding, plays a defining role, where, m, the complex 
refractive index of the scattering body is given by 
 

iknm       (9) 
 
where 
 
n  is the real refractive index 
k  is the imaginary part of the refractive index 
 
The Rayleigh criterion states that when m   << 1, Rayleigh scattering may 
occur. For particles larger than this the scattering is defined by Mie theory. 
 
The Rayleigh criterion can be applied under simple linear assumptions to obtain 
an indication of relative scattering power. In the case of a composite pigment 
comprising the host particle, acting as the surrounding material on one side of 
the additional scattering particle (attached onto the host), which in turn has its 
further contrast boundary to air or fibre on the other side. The additional 
particle will contribute to the light scattering more effectively than just by the 
Rayleigh scattering alone, if m     2 amax/ , where amax is the respective 
scattering size at maximum scatter for illuminating light of wavelength  
 
First, considering the case of a host PCC particle with an optimum scattering 
particle size, around amaxPCC = 200 nm, its Rayleigh criterion, assuming the 
illuminated wavelength in air is 457 nm, is given by 
 

m  = 1.0 x 2 x 200 nm / 457 nm = 2.75 
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Therefore, it is not, by definition, a Rayleigh scatterer. However, this optical 
value expresses the optimum for calcium carbonate, and can be considered an 
optimum for our system.  
 
The additional very fine scattering particle, ZnO, displaying a radius of 50 nm 
surrounded by air, gives 
 

m  = 1.0 x 2 x 50 nm / 457 nm = 0.69  
 
and is, therefore, an efficient Rayleigh scattering centre, which can lead to a 
background scattering effect, if present in sufficient number, just like the 
abovementioned blue sky effect. Analogous calculation would show that 
contact with a neighbouring fibre (on the opposite side of the ZnO particle) 
would result in moderate scattering.   
 
Now, if we consider the ZnO particle neighbouring a medium of PCC, where 
PCC and ZnO display RI values of 1.58 and 2.0, respectively (Lide 1999), we 
obtain 
 

m  = 1.58 x 2 x 50 nm / 457 nm = 1.09 
 
for light travelling toward the ZnO particle from the PCC, and right on the 
border of Rayleigh scattering, i.e. its scattering efficiency is reduced. However, 
 

m  = 2.00 x 2 x 200 nm / 457 nm = 5.50  
 
for light travelling toward an optimally sized PCC (for scattering in air) through 
a medium of ZnO. This, too, is far from the optimum for particles larger than 
the Rayleigh criterion, i.e. 5.50 > 2.75 for PCC in air. These two latter cases are 
to  be  expected  as  the  refractive  index  contrast  is  much  less  than  for  an  air  
boundary. 
 
If we form an average of these scattering centre calculations we obtain for the 
ZnO particle a value of  (0.69 + 1.09)/2 = 0.89 for it surrounded on one side by 
air and on the other by PCC. Similarly, for the PCC surrounded to an 
approximation by air and ZnO we obtain (2.75 + 5.50)/2 = 4.13. If we have a 
1:1 layer occurrence of the particle types then we could expect a linear 
approximated average of (0.89 + 4.13)/2 = 2.51, which is quite close to our 
defined optimum of 2.71 for the known optimally sized PCC.  
 
Therefore, we can conclude that the addition of ZnO nanoparticles to the 
surface of an optimal PCC particle (defined as optimal in air) follows relatively 
closely the optimal scattering criterion of PCC alone. This means that the 
scattering from a filled paper, assuming no other interactions, is synergistically 
enhanced per unit composite filler volume, and hence weight, only if the 
addition of the ZnO nanoparticles provides changes in structural behaviour in 
respect to intra-cluster pore size, filler spacing or fibre matrix disruption.  
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The RI contrasts should be considered together with the resulting overall paper 
structure, and not alone. The Rayleigh approximation expression applied above 
ignores the effect of interparticle pore size distribution yielded by a high 
number of particles in the fibrous matrix. The ZnO particles not only modify 
the local RI contrasts, but also affect the interparticle pore size distribution of 
the paper structure. As discussed in paragraph 3.3, the ZnO particles have a 
beneficial effect on the pore structure, emphasised in highly-filled, calendered 
papers. Nonetheless, these calculations suggest that there is still much room for 
optimising the relative sizes of PCC and ZnO to give the maximum efficiency 
in terms of particle number, and weight, even given the crude approximations 
applied. When introducing a PCC with larger particle size, or placing the filler 
on/next to fibre, the PCC scattering effect is reduced. In contrast, larger ZnO 
particles could have a positive contribution, even when introduced on the larger 
PCC host particle (both also shown in Figs. 5-6). Nanoscale materials for light 
scattering are not always optimal. 
 
Secondly, as already mentioned, the ZnO particles raise the SSA (see Table II), 
which might further lead to an increase in interparticle or inter-aggregate 
spacing as illustrated in Fig. 21. In optics, interparticle spacing, displaying no 
less than 200 nm interparticle distances, has the most significant contribution to 
light scattering.  
 
The importance of spacing has been highlighted by some recent publications. 
Spacing of high-refractive-index pigments has been presented by Holm (2007). 
Spacing through fine particles in GCC coatings has been discussed by Gane 
(1998).  
 
When packing density of fillers increases throughout paper, i.e. by calendering, 
or locally by filler particle flocculation (Holm & Manner 2001, Porubska et al. 
2002), solid-air interfaces are replaced by solid-solid interfaces. This leads to 
reduction of light scattering. As presented by Gavelin (1998), fillers form flocs 
together with fines (heterogeneous flocculation as defined in the above 
paragraph 2.2). From the optics viewpoint, the effect is analogous, as fines and 
fillers display similar refractive indices. The light scattering effect reduces 
when interparticle distance goes below 200 nm. Flocculation is, however, 
inevitable if one is to achieve sufficient retention. Therefore, thirdly, it is 
beneficial that not all particles in a floc display similar indices.  
 
The fourth mechanism suggested here is related to the distribution of the spot 
structures on host particles. In an ordinary blend consisting of filler particles 
and very fine additional particles, separation between two particle types may 
take place due to colloidal attraction within the fine particle fraction. 
Segregation of two filler types with differing morphologies has been explained 
earlier by Gane et al. (1999). When the particles are attached onto the host 
particles, the separation is prevented, and the number of solid-solid contacts 
displaying refractive index contrast is maximised. 
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Fig. 21. Schematic figure illustrating the suggested mechanisms of light 
scattering generation through the novel filler. Left: increased SSA due to the 
fine particles. Right: spacing effect and RI contrasts occurring in a filler 
aggregate. Adapted from Publication II. 
 
 
The effective refractive indices calculated according to Equation 6 are used as 
indicative values, basically giving information about the degree of RI 
modification with regard to the average refractive index of PCC (1.58). The 
deficiency in the concept of the effective refractive index is that it fails to 
distinguish between homogeneous fillers, exhibiting no birefringence at all, and 
composite structures exhibiting local RI contrasts, and consequently, increased 
birefringence. Furthermore, the effective refractive index concept does not 
provide information on how the applied way of modification in question will 
impact the resulting light scattering. Namely, two fillers with similar effective 
refractive indices may display distinctively different local RI distribution, and 
consequently, different effects on the light scattering. The nature of 
birefringence was earlier illustrated in Fig. 7. Furthermore, as suggested by the 
Rayleigh calculation, nano-sized particles with high RI do not significantly 
contribute to the light scattering. As was suggested in the modelling study, it is 
more beneficial to increase the effective RI of PCC by introducing RI contrasts 
on the PCC surface in the form of high-RI particles with size suitable for 
interaction with light, than by increasing the intrinsic RI of the PCC bulk 
particles themselves. 
 
More detailed discussion on the various effective medium approximations can 
be found in the literature (Videen & Chylek 1998).  
 
In summary, RI gradients in the paper structure can be increased through using 
ZnO spot coated PCC as a filler. Furthermore, light scattering of the resulting 
paper is increased through the incorporated RI gradients provided that the ZnO 
particles display size close to the Mie-defined optimum. Nano-sized particles (< 
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100 nm) are less effective. However, the overall response in light scattering 
depends on the resulting pore structure.  
 
Sr based modification results mainly in conventional aragonitic crystals. In 
contrast to ZnO spot coated PCC, features supporting the first thesis hypothesis 
were not observed with this approach. 
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4 CONTRIBUTION TO THE DEVELOPMENT OF NOVEL 
STARCH BASED FILLERS 
 
4.1 Approaches 
 
Stock starch, after being gelatinised and solubilised through cooking in water, is 
typically added in the fibrous stock to provide paper dry-strength, reduced by 
the effects of fillers. To avoid operational problems at the PM, the dosage of 
stock starch is limited. Starch can also be applied onto the paper web surface at 
the size press.  
 
Due to the use of inorganic fillers and coating pigments, huge amounts of 
inorganic material are separated from fibrous suspensions in deinking lines. 
Over half of the deinking sludge formed for instance in the flotation stage can 
be clay and calcium carbonate based material (Hanecker 1994). Deinking 
sludge is dewatered and used for landfill, used in industrial purposes, or 
combusted (Hamm 1998). The European Union has set goals for increased 
recovery of metal, glass, and paper. However, in incineration of paper based 
waste, significant formation of ash takes place. New solutions would be 
beneficial to avoid the ash generation, and further ease the use of paper based 
waste in energy production. Considering the non-toxic, inert landfill 
applicability that ash still provides, however, the production of the organic 
material for paper filling purposes must support sustainable development as 
well if they are to be considered viable. The land space, fertilisers etc. needed 
for large-scale cultivation of, for instance, starch, for industrial purposes, 
should be carefully re- evaluated on the basis of both economical and 
environmental effects.  
 
Efforts have been made to develop organic pigments, such as plastic pigments, 
urea-formaldehyde pigments, and various modified starch based pigments 
(Krogerus 1998, Heiser & Shand 1973, Gruber et al. 1998, Varjos et al. 2004). 
Besides combustibility, organic fillers possess additional paper technical 
advantages such as light weight and low abrasivity.  
 
To achieve semi-organic or organic filler pigment with enhanced RI or light 
scattering potential, three alternative approaches were studied: 
 

1) spot coating of uncooked starch granules with inorganic material 
displaying high light scattering potential1,  

2) complexation between soluble starch and ions with high specific 
refractivity to obtain insoluble semi-organic hybrids2,  

3) incorporation of aromatic groups1 in a starch based filler granule.  

                                                   
1 Input by M-real Oyj, sample modification and analysis by LUT, paper technical testing by 
TKK 
2 Idea, sample modification, and analysis by VTT, paper technical testing by TKK 
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Hence, the first two approaches provide enhancement of starch filler optical 
performance through incorporation of inorganic material, giving semi-organic 
fillers, while the third approach provides 100 % organic pigment. 
 
The approaches were studied in research cooperation as described in the 
footnote. 
 
 
4.2 Materials and Methods 
 
Spot coated starch granule fillers 
 
Al-silicate was deposited in spots on uncooked starch granules (delivered by 
Raisio Group) reacting sodium silicate (Zeopol, Huber Engineered Materials) 
with aluminium sulphate, or alum (2331350, Kemira Oyj), in a 4.0 dm3 reactor 
in the presence of the granules. Three different spot coated starch samples were 
fabricated.  
 
First, a starting solution containing some alum and the granules was prepared. 
In the second stage, the sodium silicate, and additional alum were dosed in a 
controlled manner to form Al-silicate precipitates on the starch granules.  
 
The variables were starch type (native vs. anionic) and the rate of reagent 
addition. The samples are described in Table III. The samples were designed to 
exhibit 80 w-% Al-silicate content. 
 
 
Table III. The spot coating conditions of the starch granules. Adapted from 
Publication IV. 
 

   
 

                                                                                                                                       
1 Idea by the author, sample fabrication by VTT, paper technical testing by TKK 
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The size distributions and morphologies were studied with Coulter LS 130 and 
SEM, respectively.  
 
Dried chemical pulp, consisting of 70 w-% birch and 30 w-% pine, was 
disintegrated and beaten according to the standard SCAN-C 25:76 until a 50 
Nm.g-1 tensile  index  without  fillers  was  achieved.  60  gm-2 handsheets were 
prepared by applying the standard SCAN-C 26:76. 
 
The filler contents were controlled by silicate content determined through 
ashing. Silicate content targets were 6 % and 14 %, relative to the weight of the 
base paper.  
 
Laboratory handsheets are customarily dried at 23 ºC or 60 ºC. In this study, the 
wet-pressed handsheets were subjected to elevated temperature (90 ºC) for ten 
minutes in a fan drier specifically constructed for the experiment. This was 
done to correspond better with the drying conditions to be expected on a PM. 
The shape of starch particles may change in the presence of water due to 
dissolution of the polymer chains at the gelatinisation temperature (Ketola & 
Andersson 1998). Subsequently, the drying under standard conditions (23 ºC, 
50 % RH) was completed. The sheets were analysed with Standard Methods. 
 
A commercial silicate filler was used as a reference. 
 
 
Complex starch hybrid fillers  
 
The complexation idea as well as preparation and chemical characterisation of 
hybrid fillers were conducted solely by VTT, and are therefore not described as 
a part of this thesis summary. More details on this can be found in Publication 
V.  
 
Papermaking potential of the hybrid fillers was investigated at TKK in 
laboratory handsheet experiments including calendering. The hybrid fillers 
examined were carboxymethylated starch complexed with barium chloride 
(CMS + BaCl2), and CMS complexed with zirconyl nitrate hydrate (CMS + 
ZrO(NO3)2.xH2O).  
 
Handsheets were prepared with a Moving Belt Former (MBF) apparatus 
described by Räisänen (Räisänen 1998). Dried chemical pulp samples were 
mixed to obtain a blend furnish with birch and pine contents of 70 w-% and 30 
w-%, respectively. The blend was beaten to reach Schopper Riegler value 18 
and diluted to 3.0 gdm-3 fibre consistency.  
 
Targeted basis weight of the sheets was 80 gm-2. Target filler contents were 15 
%, 25 %, and 35 % relative to the base paper weight.  
 
Sheet preparation and calendering were done according to the methods 
described in the section covering spot-coated PCC. 
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Two commercial PCC grades (aragonitic and rhombohedral), and one GCC 
grade, were used as reference fillers. Particle size description of the reference 
fillers can be found in Table IV. 
 
 
Table IV. Volume-based particle size data of the reference fillers (Beckman 
Coulter LS particle size analyser). Adapted from Publication V. 
 
       

 
 
 
Aromatic starch based filler 
 
Refractive indices of polymer materials can be approximated by using the 
Lorentz-Lorenz equation (Seferis 1999, Paquet et al. 2004) 
 

M
n
nR

2
1

2

2

      (10) 

 
or the Gladstone-Dale equation 
 

MnR )1(        (11) 

 
where 
 
R  is the molar refraction 
n  is the refractive index 
M  is the molecular weight 
  is the density. 

 
Molar refraction can be calculated by summing up all chemical group or bond 
refractivities constituting the molecule.  For homopolymers, R = DP*RM, where 
RM 
is the refractivity of its monomer unit, and DP the degree of polymerisation.  
 
Aromatic groups display exceptionally high polarisability and refractivity 
compared with many other organic functional groups. Different chemical group 
or bond refractivities are listed in the literature (see for instance Krevelen 
1976). 
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In the case of heterogeneous polymers, such as polymer blends, copolymers, or 
semicrystalline polymers with phase dimensions lower than the wavelength of 
light,  Maxwell´s  equations  are  applicable.  RI,  or  its  upper  and  lower  
boundaries, can be calculated using dielectric constants of constituent phases (k 
= n2) (Seferis 1999, Partington 1960) 
 
In organometallic chemistry, refractive index of metallocenes, a group of 
organometallic compounds, has been widely investigated (Paquet et al. 2004, 
Olshavsky and Allcock 1997). In this field, small scale tailoring through 
addition of functionalities with high molecular polarisability, incorporation of 
inorganic particles or high molar refraction elements have been utilised.  
 
Heiser and Shand (1973) have covered using polymethyl methacrylate 
(PMMA) as a coating pigment. Examples of modification of PMMA for 
different applications can be found in the literature. Rasmussen (2001) has 
synthesised high refractive index polymers and copolymers to be used in 
eyeglasses by incorporating carbazole and other aromatic groups into 
methacrylates to get improved optical properties compared to PMMA.   
 
Polyimide materials – which often contain aromatic groups in the molecules – 
can be tailored on the molecular level to achieve RIs up to 1.8 (Flaim et al. 
2004). 
 
Based, for instance, on the above findings reported in the literature, the author 
suggested utilising aromatic groups as a means to increase the RI and light 
scattering potential of a starch based pigment. The advantage of aromatic 
modification is that 100 % organic pigment can be obtained. 
 
Therefore, novel aromatic starch benzoate pigments were synthesised at VTT as 
described in the Patent application by Mikkonen et al. (2008).  
 
A commercial pearlescent pigment, and three calcium carbonate pigments (A, 
B, and C) displaying weight median particle size (d50) around 5.6 µm, and 2-3 
µm, respectively, were used as inorganic reference fillers. A starch acetate 
filler, synthesised earlier by VTT, was used as the organic reference filler. 
 
Both of the organic fillers, i.e. starch acetate, and starch benzoate, displayed a 
porous structure made of particles with size below 1 µm.  
 
RI of starch acetate has been reported earlier (Karvinen et al. 2007). RI of the 
starch benzoate filler was estimated through visual microscopic examination. 
First, a few drops of the immersion liquid (Cargille Laboratories, New Jersey, 
USA), displaying known refractive index in the range of 1.40 – 1.70, with 
intervals of 0.05, were applied on a filler sample. The immersed sample was 
then exposed to light from a quartz halogen lamp (Ernst Leitz Wetzlar GMBH, 
Germany), and further examined with an optical transmission microscope 
(Leitz Diaplan type 020-437.035). The procedure was repeated several times, 



 62

by subjecting the examined sample to contact with different immersion liquids, 
to find the best matching point between the refractive indices of the two, 
observed as disappearance of the filler sample. The RI evaluation was made by 
VTT.  
 
Paper technical properties were examined at TKK with ordinary laboratory 
sheet moulding. Dried pulp (70 % birch, 30 % pine) was beaten to tensile 
strength index ~ 50 Nm.g-1 and was used as furnish.  
 
60 gm-2 handsheets were made in accordance with standard SCAN C 26:76. 
The handsheets were drum dried, air-conditioned, and analysed. 
 
 
4.3. Results  
 
Spot coated starch granule fillers 
 
The PSD of the spot coated starch filler sample 2 (Table III) is presented in Fig. 
22. The particle size gamut displays discrete bimodality in the particle size 
distribution, dominated by a large fraction of coarse starch granules (coated 
with fine Al-silicate particles as described below). The volume-defined median 
particle size, d50, of this particle fraction is around 30 µm, an order of 
magnitude roughly ten times greater than the size exhibited by conventional 
fillers. In addition, a small fraction of fines material exhibiting a respective 
particle size around 300 nm can be observed. The fines fraction could indicate 
that not all Al-silicate particles are attached to the starch granules but are 
segregated instead. The reference filler has more typical particle size, the 
average value being around 5 µm, as estimated from the SEM images, such as 
presented in Fig. 24.  
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Fig.  22. Differential particle size distributions (the two curves represent 
replicated measurements) of a spot coated starch granule filler (sample 2). 
Adapted from Publication IV. 
 
The surfaces of Al-silicate coated starch granules are presented in Fig. 23. The 
figures suggest an even introduction of fine Al-silicate particles on the coarse 
starch granules. The estimated size of the silicate particles varies in the range of 
50 nm – 500 nm (as suggested also by Fig. 22, viz. the lower peak of the 
bimodal particle size distribution possibly presenting the unattached fine 
material fraction). This is around the optimum for effective interaction with 
light. Fig. 23 also suggests that the silicate particles have been usually 
deposited at an optimum spacing (  200 nm) on the starch granules, displaying 
air-imparted RI contrasts between the particles, which is considered also 
beneficial for the light interaction.  
 
 

 
Fig. 23. Spot structures in samples 1 (left), 2 (middle), and 3. Adapted from 
Publication IV. 
 
The reference Al-silicate filler is presented in Fig. 24. The filler consists of 
closely aggregated fine spherical aluminium silicate particles, building up 
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irregularly shaped highly porous larger pigment structures. The size of the fine 
particles is around 100-200 nm.  
 

 
 

Fig. 24. Al-silicate based reference filler. Adapted from Publication IV. 
 
 
In contrast to the starch filler samples 1-3, in the case of the reference the fine 
particles are arranged in a relatively densely packed configuration, displaying 
less spacing and probably more contact points to the surrounding particles. Due 
to the lack of refractive index (RI) contrast between the particles, light 
scattering is not as effectively generated in the absence of suitable interparticle 
spacing, i.e. effective surface porosity. In an optical sense, interparticle spacing 
displaying no less than 200 nm distance between the particles would be more 
beneficial.  
 
The handsheet property combination of light scattering coefficient and Scott 
bond, provided by sample 2, is presented in Fig. 25. The results suggest 
significant benefits in the property combination when Al-silicate is introduced 
in paper on the starch particle surfaces instead of through the conventional free 
addition manner. This is suggested to be due to the synergy provided by the 
finely dispersed silicate and the coarse host starch granules. Being attached to 
the host particles, the silicate particles provide effective light scattering, but 
may not excessively disrupt the fibre network which would probably be the 
case if introduced in the conventional way. The restrained deterioration of 
strength is likely achieved due to coarse particle size provided by the starch 
host granules.  
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Fig. 25. Light scattering coefficient against Scott bond in different Al-silicate 
contents. Sample 2. Drying temperature is marked in the legend. Adapted from 
Publication IV. 
 
The treatment of the handsheets at elevated temperature did not have a 
significant effect on the results. This suggests the ability of the starch particles 
to withstand the drying conditions examined.  
  
Complex starch hybrid fillers  
 
The results suggest that the new starch-hybrid fillers can be introduced in paper 
as fillers using the conventional forming procedure without adverse effects. 
Forming and visual examination of the sheets suggested feasible behaviour 
especially with the CMS + (ZrO(NO3)2.xH2O) hybrid, which provided superior 
bulking ability. Fig. 26 presents the bulk values from the calendered sheets. 
Bulk is largely affected by the filler particle size, the volume occupied by the 
particles, and the calendering response of the filler. The CMS + BaCl2 hybrid 
displayed strong bonding and significant densification of the sheets. 
 
CMS + BaCl2 and CMS + (ZrO(NO3)2.xH2O) hybrid fillers displayed particle 
sizes markedly higher than the reference fillers. The volume-based particle size 
distributions of the hybrid fillers, were centred around 20-60 µm and 10 µm, 
respectively. Hence, the scattering properties of the hybrids will need further 
optimisation through PSD modification.  
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Fig. 26. Bulk of the calendered sheets containing two different starch-hybrid 
fillers, and inorganic reference fillers. Adapted from Publication V. 
 
 
Aromatic starch based fillers 
 
Incorporation of aromatic groups contributed to the refractive index of the 
organic filler. Refractive indices of the reference starch acetate and the aromatic 
starch benzoate were around 1.47 (Karvinen et al. 2007) and 1.50-1.55 
(examined with the microscopic method), respectively. As further observed in 
the microscopic examinations, both fillers had a porous particle structure 
consisting of aggregated fine particles displaying sizes below 1 µm.  
 
The light scattering coefficient measured from the filled sheets is presented in 
Fig. 27. These results suggest that with fixed filler content, i.e. fixed filler 
weight relative to the base paper weight, starch benzoate yields higher light 
scattering than the other fillers examined. The difference is emphasised when 
filler content is increased from 9.4 w-% to 18.0 w-%. Further increase to 28.3 
w-% filler content displays a slight reduction in the light scattering gain, which 
might be an indication of optical crowding. Property combination of light 
scattering coefficient and tensile strength index, presented in Fig. 28, further 
suggests effective light scattering at fixed debonding. 
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Fig. 27. Light scattering coefficient against filler content. The filler content is 
expressed as w-%. Sheets filled with organic starch based reference filler (St-
Acet), optically enhanced starch based filler (St-Bz), and commercial calcium 
carbonate fillers (A, B, and C). 
 
 

 
Fig. 28. Combination of light scattering coefficient and tensile strength index of 
sheets filled with organic starch based reference filler (St-Acet), optically 
enhanced starch based filler (St-Bz), commercial calcium carbonate fillers (A, 
B, and C), and a commercial pearlescent pigment.  Filler contents of the sheets 
are expressed in terms of weight-%. 
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4.4 Discussion 
 
The work described above illustrates three different approaches to tailor starch 
based materials to be further utilised as paper filler.  
 
A semi-organic filler based on coarse starch granules spot-coated with an 
optically effective discrete layer of Al-silicate particles was developed in 
cooperation with research partners. The results suggest significant benefits in 
the property combinations of light scattering coefficient and strength when Al-
silicate is introduced in paper on the starch particle surface instead of through 
the conventional manner of free addition. Being attached to the host particles, it 
is at this stage suggested that the silicate particles provide effective light 
scattering, but may not excessively disrupt the fibre network which would 
probably be the case if introduced in the conventional way. The reduced 
deterioration of strength is considered to be due to the coarse particle size 
provided by the starch host granules. On the other hand, the reduced effect on 
debonding decreases light scattering. This could explain the lower light 
scattering coefficient of the sheets when inspected with fixed filler content.  
 
The second thesis hypothesis that organic filler particles can be utilised in novel 
ways with other materials to increase paper light scattering is partially 
supported in this case. The Al-silicate spot-coated starch granules yield 
improved property combinations, but when inspected against filler content, 
slight reduction in light scattering coefficient can be observed. 
 
The potential of the starch-based hybrid fillers CMS + BaCl2 and CMS + 
(ZrO(NO3)2.xH2O) will be further evaluated after optimisation of the scattering 
properties through milling.  
 
An aromatic-modified starch benzoate filler, displaying fine aggregate structure 
and increased RI, developed in another research cooperation during this study, 
provided light scattering clearly surpassing the level provided by conventional 
inorganic fillers on a weight for weight basis. The result indicates that the 
refractive index of the organic filler particle itself can be increased, and, hence, 
supports the third thesis hypothesis. 
 
The most frequently used ways to estimate papermaking potential of fillers 
include plotting the light scattering coefficient against tensile strength, as 
suggested by Alince (1989), and against filler content in terms of filler weight 
with relation to the weight of the base paper. In the former approach, with 
conventional fillers, increase of light scattering coefficient and corresponding 
decrease of tensile index are displayed, as filler content is increased. In this 
conventional way of presentation, the light scattering coefficient yielded at 
fixed tensile is used as the basis of the filler potential evaluation. In the latter 
standard way of presentation, plotting the property against filler content (w-%) 
does not provide sufficient basis for comparing fillers with differing specific 
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gravities in the same plot, as it fully ignores that fillers with lower specific 
gravity occupy greater volume proportion in respect to the total paper volume, 
and hence provide more surface for light interaction at fixed weight-%. 
Therefore, when examined alone, the plot may give distorted view about the 
light scattering properties of individual filler particles. 
 
The results (Figs. 27-28), presented via the standard evaluation method, 
indicate that effective light scattering can be achieved by the novel starch 
benzoate filler, surpassing the level provided by both organic and inorganic 
reference fillers examined. The light scattering yielded by the starch benzoate 
filler at fixed tensile (Fig. 28) is higher than that provided by the other fillers, 
suggesting good potential to be used as filler in paper applications. The benefit 
can be considered significant, as, for instance, with 20 Nmg-1 tensile index, 
starch benzoate yields over 60 % higher light scattering coefficient than the 
calcium  carbonate  references.  This  might  indicate  the  ability  of  the  filler  to  
promote more efficient use of fibres through, for instance, grammage reduction. 
That with around 18 w-% filler content the organic fillers yield equal tensile 
strength, but  significantly different light scattering coefficient, indicates that 
the starch benzoate filler itself contributes scattering more than merely through 
increased debonding. This refers to the effect of increased RI. 
 
In Fig. 29, the light scattering coefficient is plotted against filler content in 
terms of filler volume in relation to the base paper volume. The figure is 
obtained from Fig. 28 by using thickness and specific gravity data of the sheets 
and the fillers, respectively. The sheets exhibit thickness in the range of 110 µm 
– 120 µm. The calcium carbonates and the starch acetate filler used in this 
experiment display densities of 2.71 gcm-3 (Lide 1990) and 1.356 gcm-3 

(Karvinen et al. 2007), respectively. For the density of the starch benzoate filler 
the value of  the starch acetate  (1.356 gcm-3) is used as an approximation. The 
effect of filler density is further demonstrated in the case of starch benzoate by 
using additional density values in the range of 1.2 gcm-3 - 1.7 gcm-3.  
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Fig. 29. Light scattering coefficient against filler content. Filler content is 
expressed in terms of vol-%. Sheets filled with organic starch based reference 
filler (St-Acet), optically enhanced starch based filler (St-Bz),  and commercial 
calcium carbonate fillers (A, B, and C). SG1, SG2 and SG3 denote the specific 
gravities, 1.356, 1.7, and 1.2, respectively. 
 
 

The results in Fig. 29 show that the calcium carbonate fillers A and B impart 
actually higher light scattering with constant volume-based filler content, 
suggesting effective scattering from the individual CaCO3 bodies. Starch 
benzoate would give equally effective scattering with a nominal filler density 
around 1.7 gcm-3.  
 
All in all, the results suggest effective scattering due to the starch benzoate 
filler in the light of the three ways of presentation discussed (Figs. 27-29), and 
illustrate the significant effect of RI increase with optimally-sized particles. The 
results are also consistent with the current scattering theory based on the 
framework of the Mie scattering treatment (Mie 1908).  
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 - Part II: Refractive Index in Printing Applications - 
 
 
5  INTRODUCTION  
 
Paper coatings, formed by application and drying of pigmented coating slurry 
onto a paper surface at a coating unit, and further, finishing through calendering 
in the following unit operation, display, in general, lower porosity and higher 
uniformity than the base paper substrate alone. Coating layers promote 
beneficial interactions with liquids during printing, limit linting, and improve 
the optical properties.  
 
The interaction phenomena between the coating matrix and printing inks, such 
as the competing actions of spreading and absorption, can be influenced in a 
controlled manner by engineering the coating pore structure. Besides porosity, 
the  pore  size  distribution,  together  with  surface  free  energy  of  the  involved  
phases, linked to external pressure if present, significantly affect the absorption 
behaviour. A critical factor is the pore connectivity within the coating matrix, 
enabling liquid absorption into the structure by capillarity in the finest pores, 
and pore wall wetting in the largest pores. Work done by, for instance, 
Schoelkopf et al. (2000a, b), Gane et al. (2004) and Ridgway et al. (2006a) 
highlight the preferred pathway wetting phenomenon of initially rapid wetting 
front propagation through fine pores at the moment the liquid is contacted with 
the coating surface. With longer contact times the filling of larger pores is 
completed, and the point of saturation gradually gains on the wetting front 
(Schoelkopf et al., 2000a, b, 2003a, b, Gane et al. 2004). In other words, the 
concentration gradient at the wetting front increases as a function of contact 
time.  
 
The capillary pressure across a wetting liquid meniscus in a cylindrical pore can 
be described by the Laplace equation  
 

     
r

P cos2 LV     

 (12) 
where  
 
P     is the pressure difference across the liquid meniscus 

LV    is the surface tension of the liquid-vapour interface  
 is the contact angle 

r is the radius of the cylindrical pore. 
 
 
The well-known Lucas-Washburn equation concept of infinite cylindrical 
capillaries absorbing under viscous resistance-equilibrated flow is not fully 
comparable in paper coatings displaying to some extent non-uniform 
interparticle pore geometry, distances, and connectivity.  
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Actually, liquid propagation through capillary wetting in the finest pores of the 
coating structure is not at equilibrium within short timescales. In contrast, 
models by Szekely et al. (1971) and Bosanquet (1923) account for energy loss 
and inertial effects, respectively, as liquid flows in such heterogeneous media. 
In the Bosanquet model, the acceleration of a liquid in relation to its volume 
defines the preferential absorption on the nanoscale into the smallest pores 
before saturation of the larger voids is reached.  
 
As discussed earlier in this study, pigment particle size and shape largely define 
the resulting interparticle pore structure. Traditional coatings often consist of 
blends of GCC and clay as beneficial pore structure is not typically achievable 
using standard GCC alone, except in the case of multicoated sheets. 
Interparticle pore structure, and the resulting liquid interaction, can be 
controlled to some extent through latex binder content, and, as suggested by 
van Gilder and Purfeerst (1994), and Rousu et al. (2002), the latex solubility 
index. 
 
Current demands for higher brightness favour increased usage of GCC (Gane 
1998).  This has created a need for new structured calcium carbonate grades 
capable to provide advantageous coating structures as a single pigment. 
Bimodal pore size distributions of coatings have been shown to be achievable 
through recently introduced nanofeatured calcium carbonate coating pigments 
displaying fine intraparticle pores providing additional capillary driving force 
for liquid propagation (Gane 2006, Ridgway et al. 2006b). 
 
Refractive index differences between the paper coating matrix, the liquid phase 
of the printing ink, or fountain solution, and air can be utilised in developing 
optical tools providing real-time information about the dynamics of liquid 
absorption into porous paper coating during printing. Knowledge of absorption 
behaviour of liquids into coatings is essential for the print quality, and 
controllability of printing processes. It is also an important factor in terms of 
the  efficiency  of  print  drying  processes,  such  as  in  heatset  web  offset  or  in  
digital presses, as the distribution of liquid in the coated paper surface 
determines the relative heat energy required for liquid evaporation. 
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6 RELATING LIQUID LOCATION AS A FUNCTION OF 
CONTACT TIME WITHIN A POROUS COATING 
STRUCTURE TO OPTICAL REFLECTANCE  
 
In the previous Part I of the thesis aggregate particles containing internal voids 
with distributed RI gradients were used as fillers in papermaking to enhance 
light scattering potential. In that study, it was highlighted that the effect of RI 
gradient variation is difficult to confirm alone, as its effect is convoluted with 
that of particle agglomerate size and internal pore distribution and size. Here, 
therefore, a further study is undertaken in which the pore size distribution is 
well-defined, in one case using solid particulate skeletal material (coating GCC 
pigment) and in a second case an internally porous skeletal material (modified 
calcium carbonate MCC), exhibiting a discretely bimodal pore size distribution. 
This latter case models an idealised filler that has internal porosity, but now we 
can maintain a consistent RI throughout the solid material. Using these model 
systems allows the RI contrast to be examined in a complementary way to that 
in the paper filler case, i.e. by reducing contrast rather than increasing it. Effect 
of changing SSA due to RI modification, observed in the case of PCC in the 
first part, is eliminated through modifying RI now through liquid absorption. In 
this way, the RI contrast behaviour can be illustrated without the convolution 
with the other parameters prevailing in the paper filler study. The link of value 
to paper coatings in the print process is then also an immediate corollary, and is 
further highlighted here.  
 
Liquids usually exhibit higher refractive index than air, but lower refractive 
index than typical coating pigments and binders. Thus, a refractive index 
contrast modification takes place as liquid replaces air in the interparticle 
coating pores. This can be observed as intensity decrease of the diffuse 
reflection, or brightness, as the light scattering from the solid-liquid interfaces 
is reduced. 
 
Binder can affect the absorption behaviour in a number of ways. Firstly, films 
formed by soluble binders can reduce the pore connectivity, which has further 
influence  on  the  distribution  of  liquid.   In  the  case  of  latex,  liquids  can  
additionally permeate by diffusion into the polymer matrix depending primarily 
on the similarity in solubility indices of latex and liquid (van Gilder & Purfeest 
1994, Rousu et al. 2002). Therefore, the binder can swell, leading to a further 
reduction in pore network connectivity, and hence permeability, and even 
significant loss of pore volume (Xiang et al. 2003). 
 
The objective of this part, as presented in the introduction, is to relate the liquid 
distribution within the porous coating network to optical reflectance. 
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6.1 Materials and Methods  
 
Slurries of ground calcium carbonate (GCC1) and modified calcium carbonate 
(MCC2) pigments (RI 1.58) were compressed to tablets through wet filtration 
with a range of pore structures, controlled by the pigment type and binder 
content. The GCC displays blocky particle shape, and weight median particle 
size, d50, around 1.5 µm (equivalent spherical diameter, e.s.d.). The MCC 
pigment exhibits internal nano-featured pore structure, with pore size close to 
the Bosanquet inertially-defined optimum, < 100 nm, (Schoelkopf et al. (2002) 
and Gane (2006)) at short timescales, and particle size, d50, around 5.1 µm, 
estimated from micrographs. The binder used is a styrene acrylic latex3 with 
narrow particle size distribution around 200 nm. More detailed presentation of 
the pigments, including the micrographs, can be found from Publication VII. 
 
Specific pore volume and pore size distribution of the tablets were analysed by 
mercury porosimetry using an Autopore IV porosimeter4, and corrected with 
Pore-Comp5 software to account for mercury and penetrometer effects, as well 
as sample skeleton compression applying the equation given by Gane et al. 
(1996). The maximum applied pressure in the porosimeter was 415 MPa, able 
to probe the pore structure on the nanometre scale.  
 
Liquid6, in the form of a typical offset ink diluent oil (RI ~1.46), was absorbed 
into the tablets by capillary wicking without external pressure. Liquid uptake 
was thus driven by the capillarity of the porous tablet in contact with a 
supersource of the liquid, formed by a reservoir of excess liquid held in a 
decanting glass dish. 
 
After a series of pre-determined contact times (60, 420, 900, 1 200, 1 500 s with 
GCC, and 60 s, 240 s, 420 s, 600 s with MCC) the tablet was dried by wiping 
away any excess surface liquid using a tissue, and the tablet with its contained 
liquid weighed. 
 
Reflectance, R457, or ISO brightness (effective wavelength of 457 nm), 
was  detected  from  the  exposed  surface  using  an  Elrepho7 SE 070R 
                                                   
1 Hydrocarb is a product name of Omya AG, Baslerstrasse, CH-4665 Oftringen, Switzerland 
2 The MCC pigment represents a proprietary technology patented by Omya AG, Baslerstrasse, 
CH-4665, Oftringen, Switzerland 
3 Acronal S 360 D is a product name of BASF, Ludwigshafen, Germany. 
4 Micromeritics, 4356 Communications Dr. Norcross, GA 30093-2901, U.S.A 
 
5 Pore-Comp is a program software name of the Porous Media Research Group at the 
University of Plymouth, U.K. 
 
6 PKWFTM 4/7 is a product name of Haltermann Products, Schopenstehl 15, 20095 Hamburg, 
Germany 
7 Elrepho is a product name of Lorentzen & Wettre, Kista, Sweden 
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spectrophotometer. After each measurement, a thin layer was removed from the 
tablet sample surface by grinding the surface carefully with sandpaper to obtain 
the reflectance, R(t, z), as a function of height (length of absorption into the 
sample), z, and absorption time, t (see Fig. 30). 
 
More details on the experimental procedure of the absorption procedure and the 
reflectance measurement can be found in Publication VI. 
 
 

 
  
Fig. 30. Measurement of reflectance from exposed tablet. Adapted from 
Publication VI. 
 
 
The influence of liquid absorption on latex swelling was examined by 
introducing and drying some of the latex onto a glass microscope slide, and 
then measuring the weight increase on immersing it in oil. The excess of oil 
remaining was removed with a tissue. A more detailed description of the 
method has been reported by Rousu et al. (2002). The swelling can 
significantly influence the pore structure. In the cases of high interaction, this is 
especially the case, such as can be observed between aromatic mineral oils and 
styrene butadiene latices of closely matching solubility index (Van Gilder and 
Purfeerst (1994), Rousu et al. (2002)). According to Xiang et al. (2003) with 14 
pph latex content, latex with low swellability yields a higher volume of fine 
pores than latex with high swellability, indicating partial pore closing of the 
fine pores due to the swelling. 
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As more specifically explained in Publication VI, the specific pore volume lost 
by latex swelling,  cm3g-1, may be expressed as 
 

=  + [ .n/(100+n)]/ oil - wmeasured saturation/ oil     (13) 
 
where 
 
n   is the latex content in the coating, pph 
   is the weight fraction of oil absorbed in latex 
oil   is the density of oil 

wmeasured saturation is the measured oil saturated mass of the coating. 
 
 
If we consider this porosity loss using the parameters of our experimental case, 
where just 7 w/w% is the measured fractional uptake into the latex, then  = 
0.07. In the case of 12 pph latex content, using Equation (13), the pore volume 
lost, calculated accordingly, is 0.014 cm3g-1, adopting a measured density of oil, 

oil= 0.824 gcm-3.  The  effect  of  this  pore  volume  loss  is  shown  in  the  
“corrected” data for 12 pph latex below to illustrate how such a correction 
could be applied. 
 
 
6.2 Results  
 
The pore size distributions of the tablets, including the corrections made for 
compression are presented in Fig. 31. The results illustrate the effect of latex 
content on the total pore volume of the tablets, and the polydispersity (breadth 
of distribution) of the pore sizes, which plays an essential role in the 
development of the liquid front propagation and the liquid uptake capacity.   
 
The GCC coatings exhibit a continuous, mono-modal pore size distribution 
around 200 nm (Fig. 31, left). With low latex content, a more significant 
fraction of fine pores are present, contributing to more rapid absorption and 
enhanced preferred pathway effect of the imbibing liquid, as obtained according 
to Schoelkopf et al. (2000a, b), Gane et al. (2004) and Ridgway & Gane (2002). 
Increasing latex content decreases the specific pore volume, and yields a 
narrower pore size distribution, centred at 200 nm, the size beneficial for light 
interaction. 
 
In contrast, MCC yields a discrete, bimodal pore size distribution (Fig. 31, 
right). The fine, intraparticle nanopores of MCC (size 30 nm – 80 nm), and 
interparticle microvoids (1 µm) are further connected through throat-like 
connectivity pores acting as route-providing channels for the absorbing liquid, 
and bodies for effective interaction with light, in the manner more specifically 
explained in Publication VII. 
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Fig. 31. Cumulative mercury intrusion (top) and differential (bottom) pore size 
distributions of the tablets formed for absorption study. Adapted from 
Publication VII. 
 
Before the tablet surface is exposed to the liquid, the fluid present in the coating 
pores  is  air,  and  the  refractive  index  contrast  with  regard  to  the  coating  
components is at maximum. At the moment the liquid is contacted with the 
coating, the liquid starts to replace air, filling the first layer of fine pores first, 
and so the refractive index difference between the pores and the solid 
components is reduced. However, the optical effect is not maximised with the 
involvement of the fine pores. The filling is, in contrast, most clearly observed 
as decreasing reflectance when the next larger pores, displaying size suitable 
for light interaction, start to fill. Due to the presence of these optically 
interactive pores, filled with RI contrast reducing liquid, the reflectance is 
significantly reduced, as could also be predicted from, for instance, the 
treatment by Mie theory. 
 
The reflectance data obtained with GCC coatings (Fig. 32) illustrate that the 
pores fill progressively and not at all fill at the same time, confirming the 
effects of preferred pathway wicking (Schoelkopf et al. 2000a, b, Ridgway et 
al. 2006a, Gane et al. 2004). It is known that rapid absorption occurs in the 
presence of small pores, and this dominates the initial wetting front distribution 
(Schoelkopf et al. 2000a, b, Gane et al. 2004, Schoelkopf et al. 2001, 2002, 
2003a, b). Larger pores are first only partially filled (Schoelkopf et al., 2000a, 
b, 2003a, b, Gane et al. 2004). With longer contact times the filling is 
completed, and the point of saturation gradually gains on the liquid front as 
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wetting proceeds through the structure with permeability becoming the 
progressive controlling parameter. 
 

 
 
Fig. 32. Reflectance against the distance from the tablet bottom (absorption 
distance) with different latex contents. GCC coatings. Adapted from 
Publication VI. 
 
Similar response in reflectance was observed in the case of MCC (see 
Publication VII). This indicates that with MCC coatings, the liquid distribution 
follows the same principles of capillarity and permeability with regard to 
optically active pores. In both coatings, part of the pores which are filled by the 
liquid, display effective size in terms of interaction with light. This is a 
prerequisite for observing the liquid distribution through optical reflectance 
measurements. In MCC coatings, filling of the throat-like connectivity pores 
can be clearly observed as decreasing reflectance, while the response to filling 
of the fine intraparticle pores and large interparticle voids is more moderate.  
 
The reflectance data of Fig. 32 are presented as a logarithmic plot in Fig. 33, 
where a linear relationship can be observed.  
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Fig. 33. Reflectance against the distance from the tablet bottom with different 
latex contents. GCC coatings. Logarithmic plot. Adapted from Publication VI. 
 
 
The gradients of the lines in the logarithmic plots are re-plotted against contact 
time in Fig. 34. In the case of GCC, the gradients form a straight line 
relationship with respect to time over the shorter timescales, and for the 2 pph 
latex level over the complete timescale range. By contrast, this does not apply 
for long time scales (t > 1 000 s) in permeability-restricted structures, i.e. at 
higher latex levels. In fact they level off to a plateau as the absorption becomes 
defined by permeability alone, shown as dashed curves, i.e. at longer times. In 
the case of higher latex levels, there are regions in the structure that are 
unreachable by the liquid and so the gradient of pore filled volume as one 
approaches the wetting front at infinite time becomes a constant. Furthermore, 
latex swelling may cause additional blocking of the inter-pore connections. In 
the case of significant blocking, isolation of entire regions in the coating pore 
structure could be possible. Furthermore, although not verified, this result could 
be an indication of structural changes due to shifting of pigment particles from 
the original positions. 
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Fig. 34. Logarithmic reflectance gradient against contact time between the 
tablet and the liquid supersource. GCC (top) and MCC (bottom) coatings. 
Adapted from Publication VII. 
 
Representing the behaviour seen in Fig. 34 in another way, it is possible to 
relate the liquid uptake by absorption as a linear function of square root of time, 

t, by defining the mass absorbed, mabs,  per  unit  area,  A, normalised to the 
sample porosity, , i.e. mabs(t)/(A ) (as presented in Publications VI-VII). 
 
By combining the two linear relationships, the final relation of liquid uptake to 
optical reflectance can be established (Equation 14). The analysis of results has 
shown that by plotting the square of the porosity-normalised absorbed liquid 
mass (mabs(t)/(A ))2 against dlogR(t, z)/dlogz we  obtain  the  straight  line  
relationships for absorbed liquid as a function of logarithmic reflectance 
gradient at a given time, t (Fig. 35). 
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With the GCC coatings, the result indicates increased logarithmic reflectance 
gradient from the tablets having higher latex contents (Fig. 35). This is due to 
their more homogeneous pore structure, as reported from the porosimetry, i.e. 
narrower pore size distribution centred around the size class that is highly 
interactive with the visible light wavelengths. As expected, the response of 
reflectance to the filling of the finer pore sizes in the porous structures is more 
moderate. With the MCC coatings latex content had minor effect. 
 
The effect of pore volume loss due to the latex swelling is illustrated in the case 
of 12 pph latex content by including the porosity corrected values, 
mabs/(A corrected), and comparing them together with the original values. The 
effect of swelling of the styrene acrylic latex on the relationship in Fig. 35, due 
to the aliphatic mineral oil, is only slight to moderate, which could also be 
expected from the observations reported by Rousu et al. (2002).  
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Fig. 35. The logarithmic reflectance gradient as a function of the square of the 
absorbed liquid mass. GCC coatings. The pore volume loss corrected data of 
tablets with 12 pph latex content, calculated according to Equation 13, is 
referred to as “12 pph corrected” in the legend. Adapted from Publication VII. 
 
 
6.3  Discussion  

 
This outcome is the first step in the development of a remote sensing tool 
enabling the detection of liquid distribution in porous systems under dynamic 
conditions, such as in printing applications, where only non-contact 
measurements can be considered. This is achievable through optical methods, 
for instance reflectance measurements based on diffuse illumination, and 
detection perpendicular to the coating surface, as illustrated in this study. That 
the liquid distribution can be monitored by reflectance measurements supports 
the fourth hypothesis of the thesis. 
 
The preferred pathway propagation of liquid is gradually decelerated as a 
function of contact time, due to the effect of the viscous drag, and the point of 
saturation, sat(z), progressively gains on the wetting front position. The 
magnitude of the concentration gradient, i.e. the change in concentration per 
unit length, increases with time, and theoretically approaches infinity. This is 
illustrated by Equation 15, and further in the schematic diagram displayed in 
Fig. 36. 
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Fig. 36. The effect of liquid concentration gradient as a function of time. 
Adapted from Publication VI. 
 
As the pore size varies within the range that is effective in terms of light 
interaction, it is possible to illustrate the concentration gradient increase with 
contact time through reflectance measurements. This is consistent with the fifth 
thesis hypothesis. Furthermore, the relationship between reflectance change in 
the z-direction of the coating structure, as a function of contact time, and the 
liquid uptake, was established. That the relationship is valid for both GCC and 
MCC coatings examined, suggests that in both cases the liquid distribution 
follows the same principles of capillarity and permeability with regard to 
optically active pores. 
 
Knowing the relationship, the liquid uptake could be monitored in the future by 
scanning beneath the coating surface with non-destructive non-contact tools 
such as near-infra-red (NIR).  
 
Reflectance was measured from surfaces of macroscopic blocks of tablets 
representing typical paper coatings. This was followed by removal of layers 
displaying thickness up to thousand-fold with regard to the size of the pigments 
used, after which the reflectance measurement was repeated. When incident 
diffuse light interacts with a coating layer, it is scattered back partly from the 
surface, while the rest of the backscattering comes from the underlying 
structure. Therefore, the reflectance values obtained are not purely surface-
reflected values. The usage of macroscopic blocks of tablets enables the 
measurements with millimetre-wide intervals in the z-direction, suggesting that 
this approximation is justified. 
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As described in the introductory section of this thesis, the base paper is an 
extremely heterogeneous network consisting of fibres, various fibrous 
fragments, filler particles, and interconnected voids between the particles. The 
base sheet structure further affects the coating uniformity through the small-
scale grammage and density variation (i.e. formation), and in particular, surface 
roughness (see for instance Dahlström & Uesaka 2009).  
 
Naturally, the coating uniformity largely depends on the pigment, the binder, 
the degree of pigment flocculation, and the coating process. Variations in the 
coating structure have influence on the nature of the interaction between the 
coating and the liquids contacted with the coating in printing, and tend to 
contribute to mottling, or unevenness of printed image (Gliese & Gane 2005). 
Uniform coating displaying even distribution of well-dispersed pigments 
promotes beneficial interaction with liquids, such as ink and fountain solution, 
by absorbing them in a controlled way before reaching the base paper, 
protecting the base paper from being subjected to uneven moisture profile 
(which may further cause increased number of web breaks, blistering, and 
waving), reducing print-through, and, finally, improving the quality of the 
resulting image.  
 
In the heat-set offset printing process, external heat energy is applied on the 
printed paper immediately after the printing units, to immobilise and set the oil-
based offset inks and the fountain solution on the image- and non-image areas, 
respectively, through evaporation of the liquid phase involved. Information on 
the liquid distribution in the thickness of the coating is essential in terms of the 
print quality, runnability, and economics, as it determines the relative heat 
energy required, promoting more efficient control of the process variables. 
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7 CONCLUSIONS 
 
The first objective of this study was to improve the paper optical properties, 
arising from diffuse reflectance, through introducing RI contrast in paper 
structure by new means. The RI approach was used due to the reasons 
crystallised in the following: 
 

A) Current paper grades exhibit lack of interparticle and inter 
material RI contrast, as fibres, fines, fillers, coating pigments, 
and binders usually display similar refractive indices. Hence, 
significant light scattering is not generated at the solid-solid 
contact interfaces. Instead, interparticle pores, imparted by filler 
specific surface area and fibre debonding in the base paper, and 
coating particle dimensions and shapes in the coating, play a 
significant role in this respect by defining the pore space 
between particles. In uncoated grades, such as WFU, the role of 
fillers is critical. 

B) It is advantageous, therefore, to introduce as much filler as 
possible. This however results in increased fibre debonding, 
reducing paper strength. The particle crowding effect may also 
negate any potential scattering benefit when high filler contents 
are used. Also process performance can be deteriorated. Hence, 
with conventional practices only, filler contents cannot be 
significantly increased. 

C) As a consequence from B), filler particles must be optimised 
with limited dose. However, lot of work has already been done 
to affect particle size distribution, specific surface area, 
interparticle pore size, and flocculation, while RI contrast 
modification has received less attention. 

D) According to current scattering theory, already a minor increase 
in RI of fine particles, displaying size around half the 
wavelength of light, can boost light scattering of the matrix. 
Fine pigments and fillers as RI modifying particles are, 
therefore, most beneficial.  

 
Therefore, different fillers with increased RI, verified by spectrometric and 
microscopic methods, were developed in the laboratories during this study, and 
their effects in paper studied.  
 
The results suggest beneficial light scattering potential of many of the novel 
fillers proposed. Also improved combinations of light scattering coefficient – 
strength properties were observed. The results indicate that the light scattering 
effects in paper can be contributed to by small-scale deposition of optically 
effective, fine particles on the filler surface, and by affecting the intrinsic filler 
RI through modification at the molecular level. Advantages with both inorganic 
and organic materials were observed. 
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Effective RI of clustered scalenohedral PCC filler was increased through 
introduction of high RI-particles as spots on the PCC surface. This was 
achieved through simple extension of the conventional carbonation process by 
utilising soluble RI modifying additives during the PCC precipitation. From the 
additives examined, especially Zn resulted in beneficial optical properties. Zn 
was deposited as ZnO spots (RI 2.0) displaying at least partially optimum size 
and inter-spot distances with regard to light interaction. In laboratory handsheet 
filler experiments, the novel PCC, displaying effective RI adjusted to 1.63-1.67 
with the ZnO particles, improvement in reflectance, measured from standard 
filled handsheets, was achieved.  
 
Besides adjusting the effective RI of PCC, the ZnO particles increased the filler 
SSA, and, further, had a beneficial contribution to interparticle spacing through 
increasing the number of optically effective pores in the sheet. With low ZnO 
content, yielding only slightly increased effective RI (about 1.60), the spacing 
effect was moderate, and no benefit in light scattering coefficient was observed. 
However, as the results suggested, calendering significantly increased the 
volume in the region of optically effective pores, and the light scattering 
coefficient was consequently boosted by increasing filler content, without 
adverse effects on bonding. This might be an indication of the synergistic effect 
due to the ZnO modified PCC filler, occurring in compressed highly-filled 
structures. In addition, no indications about the crowding effect were observed, 
and light scattering efficiency increased monotonically with increasing filler 
content. These findings enabled the mechanisms of filler structure and RI 
change to be differentiated.  
 
In the light scattering modelling study from simulated model PCC coatings, 
incrementing effective RI from the original level, 1.58, to 1.60 – 1.62 through 
introduction of ZnO particles, displaying size around 150 nm, resulted in 4 - 7 
% improvement in reflectance. The modelling study further suggested that 
increasing the effective RI of PCC through the used method, i.e. ZnO 
introduction, is more beneficial for light scattering than increasing the RI of 
bulk PCC particles. This was supported in practice when comparing the effects 
of densification of RI modified pigments by calendering sheets with high filler 
content. However, the approximations, especially in the radiative transfer (RT) 
approach in the case of multiple scattering calculations made for a piece of 
coating comprising several aggregates, and in the estimation of complex 
refractive index, must be considered as limitations to this modelling approach, 
and the results are therefore only indicative of possible mechanisms. 
 
Using linear combination averaging, the Rayleigh criterion expression for a 
composite particle, consisting of smaller ZnO particles, exhibiting size around 
50 nm, on the surface of an optimally sized PCC (for scattering in air), showed 
that the composite provided similar scattering power to that of separate PCC 
particles having the same total volume as the sum of the host PCC particles and 
the volume of the host plus attached ZnO particles, i.e. a scattering power 
similar to twice the loading by PCC alone.  
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The light scattering mechanisms due to the ZnO spot-coated PCC are suggested 
to be due to local RI contrast enhancement, increased SSA, both of which were 
verified, and the additional spacing effects, as suggested by the micrographs, 
and the pore size analyses. More work is needed to study the relative effects of 
the mechanisms. 
 
The results obtained with the ZnO spot-coated PCC support the first hypothesis 
of the thesis. PCC filler can be used as a platform for optically effective fine RI 
enhancing structures, which further contribute to light scattering coefficient of 
paper.  
 
From the soluble RI-modifying additives examined, also Sr had a beneficial 
effect on the optical performance of PCC. In contrast to Zn modification, the Sr 
additive yielded at least partly aragonitic PCC crystals. Even with low degree of 
modification, benefits in the pore structure and light scattering coefficient of the 
filled sheets were observed. Calendering reduced the volume related to 
optically effective pores, but did not significantly reduce the light scattering. 
This might be an indication that the light scattering advantage yielded by this 
filler is more dominated by the RI gradient with regard to the surrounding 
particles. A crowding effect was, however, observed with the Sr modified 
sample. However, as the results observed with Nano-S-PCC 3 arise from the 
conventional aragonitic structure, Sr modification as an approach was not found 
to support the first hypothesis. 
 
The second thesis hypothesis was that light scattering effects in paper can be 
enhanced by utilising organic filler particles with other materials in novel ways. 
The results indicate that introduction of Al-silicate on the starch granule carrier 
with coarse particle size yields better combination of light scattering coefficient 
and strength property than conventional introduction of free addition. SEM 
images indicate that Al-silicate is distributed on starch granules in discrete 
manner, which supports the discussion on increased RI gradients when 
contrasted to densely packed configuration displayed by conventional Al-
silicate filler. To verify that the interfaces occur in the paper structure in a 
similar way, closer examination of the filled sheet structures is required. The 
second thesis hypothesis is partially supported in this case. The Al-silicate spot-
coated starch granules yield improved property combinations, but when 
inspected against filler content, slight reduction in light scattering coefficient 
can be observed. The novelty aspect was supported by a patent that was granted 
for this innovation. 
 
In general, increase in RI contrast was most beneficially realised in increased 
light scattering with fillers displaying a particle size close to the optimal for 
light interaction. This observation is consistent with the scattering theory based 
on the Mie solution. An aromatic-modified starch benzoate filler, displaying 
fine aggregate structure and increased RI, developed in research cooperation 
during this study, provided light scattering clearly surpassing the level provided 
by conventional inorganic fillers on a weight for weight basis. An increase in 
the bulk filler particle refractive index was verified, which supports the third 
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thesis hypothesis. The handsheet results suggest that the starch benzoate filler 
itself contributes to light scattering more than merely through increased 
debonding effect. This refers to the increased RI. 
 
The fillers examined behave mostly without disturbances or adverse effects in 
papermaking, as simulated by the Moving Belt former (MBF) experiments in 
this study. A lot of work remains to be done to examine the potential of these 
fillers further, for instance their impact on printability, as in some cases 
linting/dusting might be an issue.  In the future work, biological aspects must 
also be considered, and optimal manufacturing and calendering conditions 
should be found. More work is needed to study the ability of the composite 
structures to stand the shear forces of a paper machine. Economic feasibility of 
the fillers is also to be evaluated, and their environmental impact considered.  
 
In the second part of the study, due to the convolution problem recognised in 
the first part, i.e. identification of the response of light scattering coefficient to 
the increase of local refractive index contrasts in complex structures with 
simultaneous changes of particle configurations and overall pore structure, the 
response to decreased contrast was studied through liquid absorption in more 
uniform structures of coatings. This allowed the effect of RI contrast to be 
studied without the effects of the other parameters present in the first part. 
 
The objective was to relate the liquid uptake and its distribution in the pore 
structure to optical reflectance measured from the coating surface exposed to 
contact with a chosen liquid supersource for a defined range of contact times.  
 
The results suggest that the liquid distribution in a coating as a function of 
contact time can be detected by reflectance measurements. This is consistent 
with the fourth thesis hypothesis. As higher RI liquid replaces air in the pores, a 
significant decrease in reflectance is observed. A porosity normalised formula 
for reflectance change as a function of absorbed liquid mass was derived.  
 
Using the reflectance measurement method utilised in this study, it was possible 
to  observe  the  consistency  of  the  results  with  the  earlier  findings  made  in  the  
study field of liquid absorption into coatings, displaying rapid and uneven 
initial absorption of the liquid front, driven by the fine pore capillarity, and 
followed by subsequent filling of larger pores. This, finally, supports the fifth 
thesis hypothesis. As time progresses the saturation point of the liquid filling 
the structure gradually approaches that of the advancing wetting front, 
eventually making the wetting front more evenly distributed.  
 
In coatings comprising standard GCC pigment the structural effect of latex 
content significantly influenced the reflectance change. The reflectance change 
with regard to the mass taken up by the coating structure was most significant 
with coating structures displaying narrow pore size distribution centred around 
the particle size suitable for effective light interaction, i.e. half the wavelength 
of light. This observation is in line with the considerations of the Mie solution, 
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suggesting highest effect in RI change in light scattering with particles or pores 
displaying half-wavelength size. 
 
The results obtained with GCC were contrasted with coatings containing 
modified calcium carbonate (MCC) displaying unique internal nano-featured 
pore structure. The results suggest similar response in reflectance with the 
MCC coatings, which indicate that the liquid distribution in the coating 
structure follows the same principles of capillarity and permeability with regard 
to pores displaying optically effective size. The results emphasise the role of the 
refractive index gradients at optimal pores as an important factor defining the 
magnitude of the optical response. 
 
The outcome of the second part is further considered useful as a first step in the 
development of on-line measurements for observing dynamic liquid uptake into 
porous coating structures. Applications of such methods are foreseen as being 
of value in controlling printing press properties and efficiency, for example in 
the case of heatset web offset, where ink and fountain solution drying efficiency 
depends on the distribution of these liquids within the pore structure of the 
paper. 
 
In conclusion, the combination of the publications and complementary results 
bound together in this work suggest that the methods studied provide 
potentially important new means to utilise RI contrast modification in paper 
making, finishing and printing applications.  
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ERRATA 
 
 

 Paper I 
 
 Page 479, second column: “…in steps of 0.05” 
 Should be: “…in steps of 0.01-0.05” 
 
 Page 481, first column: ”…refractive indices were 1.62 and 1.67” 
 Should be: “…refractive indices were 1.63 and 1.67”. 
 
  
 Paper II 
 

Page 6, Table I. Dosage 200 mg/g 
 Should be 0.2 mg/g. 
 

Page 6, second column: “...pH and temperature of the stock were around 7 °C and 
20 °C, respectively.” 
Should be: “…pH and temperature of the stock were around 7 and 20 °C,  
respectively.” 

 
 
 Paper IV 
 
 Page 3186, Table 1, Mg(OH)2 dosage 1:1 g 
 Should be 1.1 g 
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