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Abstract 
 
The objective of this work was to study the addition of fluorescent whitening agents 
(FWAs) for efficient use on pigment coating of paper substrates with low grammage and 
the goal was to achieve high optical response by using low amount of FWAs. A 
commercial light-weight coated (LWC) paper grade was provided by Stora Enso 
Corbehem Mill and isotropic laboratory sheets were produced at Stora Enso Research 
Centre using PFI sheet former. Optical properties such as brightness, whiteness and L, a* 
and b* colour space values were evaluated using Minolta spectrophotometer with D65 
illuminant for both types of substrate using different types and amounts of FWA while 
the effect of the addition of dye was evaluated in both isotropic sheets and as well as in 
the coating. The results showed that brightness and whiteness of double-coated paper 
increased by increasing the amount of fluorescent whitening agent in the coating layer. 
Also, higher brightness and whiteness was achieved by introducing a higher amount of 
fluorescent whitening agent in the top coating rather than in a pre-coating. The addition 
of a shading colorant in the paper substrate had a positive influence not only on the 
brightness but also on the whiteness of coated paper. 
 
 
 
Keywords: LWC paper grade, FWA, Dye, Bench Coating, Brightness and Whiteness 
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Sammanfattning 
 
Syftet med denna studie var att studera tillsatsen av fluorescerande vitmedel (FWA) för 
att effektivisera användningen i pigmentbestrykning av papper med låg ytvikt. Målet var 
att nå en hög optisk respons men ändå använda en låg mängd FWA. Ett kommersiellt 
LWC-papper erhölls från Stora Enso, Corbehems pappersbruk, och isotropa 
laboratorieark tillverkades med PFI-arkformerare på Stora Enso Research Centre. Optiska 
egenskaper, såsom ljushet, vithet och färgrymd (L, a* och b* värden), hos samtliga prover 
med varierande mängd och typ av FWA uppmättes med hjälp av en Minolta 
spektrofotometer med D65 ljuskälla. Effekten av färgnyanstillsats utvärderades både hos 
handgjorda ark och hos bestrykningslager. 
Resultaten visade att både ljushet och vithet hos dubbelbestrukna ark ökade med ökad 
mängd FWA i bestrykningslagren. Högre ljushet och vithet nåddes också när FWA 
placerades i toppbestrykningen. Tillsats av nyanseringsfärg i papperssubstratet ökade både 
ljushet och vithet hos de bestrukna arken.  
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Executive Summary 
 
The aim of the project was to study the addition of fluorescent whitening agents (FWAs) for 
efficient use in pigment coating of paper substrates with low grammage more specifically 
light-weight coated paper grades (LWC). The goal was to achieve high optical response by 
using low amount of FWAs. The investigation included the effects of base substrate, pre-
coating, top coating and location of FWA in substrate (i.e. paper) and as well as in the 
coating layers. Different FWA grades were added to a coating colour, which was applied onto 
various paper substrates in single and double layers. Paper substrates either with or without 
FWA and with or without dye were used. The experimental work was divided into two parts, 
as various types of substrates were investigated by using different amounts of FWAs. Part A 
included a commercial LWC paper grade of grammage 42 g/m2 while part B comprised 
isotropic sheets of grammage 39 g/m2 produced at Stora Enso Research Centre by the PFI 
sheet former with varying compositions i.e. with or without FWA and dye respectively. The 
substrates were coated twice on the same side using a bench coater while varying the 
amounts of FWA in the coating layers. The effect of the dyes was not only investigated in the 
isotropic sheets but also in the coatings. However, dye was only investigated in the coating of 
isotropic sheets. Aesthetic properties like brightness, whiteness and L*, a* and b* colour 
space values were recorded using a Minolta spectrophotometer with D65 illuminant for 
evaluation of the optical response. The results showed that brightness and whiteness of 
double-coated paper increased by increasing the amount of fluorescent whitening agent in 
the coating layer. Also, higher brightness and whiteness were achieved by introducing a 
higher amount of fluorescent whitening agent in the top coating rather than in a pre-coating. 
The fluorescent whitening agent denoted FWA1 (Blankophor P01) was found to be more 
effective at low concentrations up to 0.9 pph whereas FWA2 (Blankophor NC) was shown 
to be effective when higher concentrations were concerned. The addition of a shading 
colorant in the paper substrate had a positive influence not only on the brightness but also 
on the whiteness of coated paper. Hence, the addition of fluorescent whitening agent in the 
paper is an effective way to improve the brightness and whiteness of the double-coated 
paper. 
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1. Introduction 

1.1. Objectives and Scope of the Study 

The aim of this work was to study the addition of fluorescent whitening agents 
(FWA) for efficient use in pigment coating of paper substrates with low grammage. 
The goal was to achieve high optical response by using low amounts of fluorescent 
whitening agents. The investigation included the effects of base substrate, pre-
coating, top coating and location of FWA in the substrate (i.e. the base paper) as 
well as in the coating layers. Different FWA grades were added to a coating colour, 
which was applied onto various paper substrates in single and double layers. Paper 
substrates either with or without FWA and with or without dye were used. 

1.2. Background 

Fluorescent whitening agents are extensively used in the paper industry to improve 
the brightness/whiteness of the paper. There are important quality parameters 
especially for printing papers. FWA improves the brightness with a blue tone 
desired for paper (Heikkilä et al. 1998). The consumer demand for whiteness levels 
is increasing for most commercial paper grades and in terms of treatment cost and 
paper quality for the manufacturer, it is of great importance to use the optimum 
amount of fluorescent whitening agents and shading colorants (Ohlsson and 
Federer 2002). 

Coating of paper has the potential to retard the brightness reversion that takes place 
upon storage. Paper is also coated to enhance optical properties like brightness, 
opacity and whiteness of the substrates, which are subjected to printing matters. 
Paper is printed in multi-colour to form various products, for example magazines, 
catalogues, brochures and consumer packages of different kinds, where brilliance 
and sharpness in the printed image are highly desired. Coating is necessary for 
photo-stability reasons for the long life and high value products made by pulps 
containing lignin. A coating colour is comprised of an aqueous dispersion of 
pigments as the main component, binders and several other additives, for example 
brightening agents, co-binders and thickeners, dispersants, pH-control agents, anti-
foaming agents, and colorants to obtain desired properties in terms of brightness, 
opacity and water retention. Depending upon the specific properties or 
combination of properties and dosages, pigments are classified as follows: 

 
I. Main pigments 

II. Special pigments 
III. Additional pigments 
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The main pigments used are kaolins, ground calcium carbonates (GCC) and talcs. 
Gypsum and barium sulphate lie in the category of special pigments while 
additional pigments are precipitated calcium carbonates (PCC), calcined kaolins, 
plastic pigments, alumina trihydrates and titanium dioxides. However, GCC are 
most commonly used in Europe due to their high availability and low cost. 

GCC particles are irregular and almost spherical in shape having density of about 
2.7g/cm3. The particle size is generally given as the fraction of particles smaller than 
a specific diameter in µm. The particle size distribution is derived from the slope of 
the curve showing the cumulative mass percentage and gives information about the 
width of the distribution. The traditional GCC grades have broad particle size 
distribution (Osterhuber et al. 1996), (Santos et al. 2000). 

Binders are the second most important component of coating colours. As the self-
explanatory name says, the role of binder in coating colour is to bind the pigment 
particles to each other and to the base sheet as well. The most commonly used type 
of binders is latex along with starch. Latexes used in paper coatings are primarily 
styrene-butadiene (SB), styrene-acrylate (SA) copolymers and poly vinyl acetate 
(PVAc). 

Co-binders and thickeners are added to the coating colour to control water 
retention and rheological properties. Examples of co-binders are cellulose 
(hardwood, softwood or cotton linters) derivatives e.g. carboxymethyl cellulose 
(CMC). Polyvinyl alcohol (PVA) and soy protein are also categorized as co-binders. 

The development of CMC has made it very versatile and various CMC grades are 
being used in many industrial applications including paper manufacturing, food and 
beverage industry and personal care products. Examples of uses are in cosmetics, 
drugs and detergents, as textile warp sizing agents, as thickener or binder in 
adhesives, latex paints and coatings. 

Polyvinyl alcohol also works as a good binder but it is not rather cost efficient when 
compared to latexes. Therefore, it is used mainly as a carrier for fluorescent 
whitening agents. 

FWAs are used in papermaking and in paper coatings to improve the 
brightness/whiteness of the products. FWA absorbs short wave (300-360 nm) 
ultra-violet light and emits it in the blue region thus leading to enhanced brightness. 
Most fluorescent whitening agents used in the paper industry are based on 
derivatives of diaminostilbene-disulfonic acid (Ohlsson and Federer 2002). 
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1.3. Optical Properties 

1.3.1. Light/Sheet Interactions 

When light strikes an object, it may be transmitted, scattered, reflected or absorbed 
and all these phenomena can occur independently or in conjunction with each 
other. There are many factors considered when the appearance of the paper is 
concerned for example brightness, whiteness, fluorescence, opacity, and gloss. 
Optical properties of paper especially its abilities to scatter and absorb visible light 
are of most importance and are highly dependent on the structure of the paper and 
its chemical composition. The scattering coefficient determines the reflectivity of a 
coated paper and is commonly explained by the theory known as ‘Kubelka-Munk’. 
However the application of this theory for multi-layer coated paper is limited 
because it does not include any parameter considering effects of wavelength (Ma et 
al. 2008). Furthermore, the light scattering coefficient of different layers cannot be 
experimentally determined from a coated whole sheet and it varies with the 
thickness of the coating layers (Ma et al. 2008). 

 
Figure 1.1 Light-sheet interactions 

 
Figure 1.2 A: Specular reflectance, B: Semi glossy-paper and C: Diffused reflectance (Re-drawn from Pauler 
2002) 
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Due to the multitude, proximity and complexity of light-interacting particles in a 
sheet of paper, the overall effect of light is usually considered rather than 
light/sheet interactions while carrying out optical measurements of paper (Borch 
2001).  

Figure 1.1 schematically describes the interaction of light with a sheet of paper. 
Reflectance is the ratio of intensity of reflected light to incident light intensity. 
Similarly, transmittance and absorbance are the ratios of transmitted and absorbed 
light intensities respectively, to the intensity of incident light (Borch 2001). 

Figure 1.2A shows specular, 1.2B shows semi glossy-paper while 1.2C shows 
diffused reflectance. Specular reflectance is the reflectance of a substrate or a 
material, which has 100% gloss and has a highly polished surface like steel, and 
mirrors that have zero micro roughness. It is impossible to achieve specular 
reflectance for a product like paper because of its porosity, which is illustrated by a 
semi-glossy paper (Figure 1.2A). In this case, a large part is not only specularly 
reflected but also diffusely reflected. On the other hand, diffused reflectance is the 
reflectance of a material, which is very rough and porous, and hence reflects the 
light in all directions (Figure 1.2B).  

Whiteness and brightness are sometimes interchangeably used when relative 
whiteness of different papers is compared. However, these two terms are related 
but their scientific definitions differ from each other, which are further explained 
below. Both are manifestations of optical properties and neither of them can be 
measured directly.  

1.3.2. Brightness 

Brightness is affected by FWA and it is a property of paper. Diffuse reflectance of a 
thick stack of paper at 457nm wavelength of visible light is known as brightness. 
Diffusion of light is meant by considering the component of light that not only 
bounces from the surface of the paper but also from the structure of the paper. 
Reflectance is the comparison of the proportion of light coming back from the 
observed sample to the fraction of light returned from a perfectly white substance 
i.e. a sample absorbing no light. The ISO brightness is defined as the intrinsic 
reflectance factor at an effective wavelength of 457 nm (ISO 2470), but may be 
deceptive for substrates containing FWAs and dyes due to the usage of only one 
specific wavelength (Aksoy et al. 2004). 

1.3.3. Whiteness 

Whiteness is like brightness, also a property of paper and is defined as the 
reflectance of paper at all the visible wavelengths in the visible spectrum. The object 
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appears white if it reflects the light completely and scatters diffusively at all the 
wavelengths of visible spectrum. The object appears coloured when some 
wavelengths of the light are absorbed while others are reflected. On the other hand, 
it appears black if the object absorbs all the wavelengths of light throughout the 
visible spectrum (Hubbe et al. 2008). Whiteness is commonly measured according 
to the standard known as CIE whiteness (Uchida 1998). 

1.3.4. Fluorescence 

The ability of a substance to absorb light at a specific wavelength and emit it at a 
higher wavelength is called fluorescence. Optical brighteners or fluorescent 
whitening agents are added to improve the appearance properties (brightness, 
whiteness etc.) of printing and writing papers (Heikkilä et al. 1998). When light 
strikes a fluorescent material, some of the electrons acquire energy and a portion of 
energy is converted into heat. Thus, the emitted light has lower energy as compared 
to the incident light, which results in longer wavelengths (Hubbe et al. 2008). In 
contrast, non-fluorescent material either completely absorbs and converts such 
energy to heat, or instantly releases the energy by emitting light at a wavelength 
equal to the incident light (Hubbe et al. 2008). 

 
Figure 1.3 Energy diagram of fluorescent materials illustrating the energy transitions taking place within 
electronic orbitals (Re-drawn from Hubbe et al. 2008) 
 
As described in Figure 1.3, principally FWA absorbs short wavelength light from 
the whole spectrum and the electrons absorbing the energy get excited from their 
ground state to the first excited state denoted by S1. The fluorescence effect arises 
when the electrons lose their energy in the blue region of the spectrum and returns 
back to the original state denoted by So. 

1.4. Fluorescent Whitening Agents 

Fluorescent whitening agents, sometimes called optical brightening agents are dyes 
that absorb light in the ultraviolet (UV) and the violet region of the electromagnetic 
spectrum and re-emit light in the blue region (typically 420-470 nm). This 
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phenomenon is called fluorescence. FWAs are colourless to weakly coloured 
organic compounds. 

The operation of whitening is connected with the preparation of the commercial 
products, which are dependent on highest possible whiteness (Harold and 
McElhone 2001). Paper manufacturers obtain the optical compensation of the 
yellow cast by the use of FWAs because they want the removal of coloured 
impurities or their conversion into colourless substrates. Ultra-violet radiation fades 
the colour of the paper upon exposure to sunlight or indoor illumination containing 
UV-radiation and this phenomenon is known as brightness reversion or 
discoloration (Fjellström et al. 2009). The yellow cast is caused by the absorption of 
short-wavelength light (violet-blue) and that lost light is in a way recovered with the 
help of FWAs and a completely white appearance is thus achieved.  

The phenomenon known as ‘Fluorescence’ described above produces this 
additional light. Therefore, fluorescence whitening is based on the addition of light 
and the whiteness effect is achieved by the bluing phenomenon through the 
emittance of light. Due to the absorption in the visible range of the spectrum, 
FWAs should be optically colourless (Harold and McElhone 2001). The use of 
FWA is a way of replacing the light lost through absorption, by giving a neutral and 
completely white object. Addition of FWA in excess makes it possible to convert 
more UV radiation into visible light thus achieving a sparkling appearance called 
whitest white (Harold and McElhone 2001). The use of excessive amount of FWA 
will always give a blue-violet or bluish green appearance of the products because of 
itself coloured fluorescent light. 

Due to its versatility, the applications of FWA include detergents, papers, pigment 
coating of papers, textiles, clear lacquers, pigmented lacquers, paints, printing inks 
and plastics. 

Fluorescent whitening agents are aromatic or heterocyclic compounds and many of 
the practically used substances contain condensed ring systems. The presence of an 
uninterrupted chain of conjugated double bonds is an important feature of these 
compounds and the number of chains depends upon the substituents as well as the 
planarity (tendency to adsorb on cellulosic surfaces) of the fluorescent part of the 
molecule (Harold and McElhone 2001). Mostly, they are derivatives of stilbene or 
4-4’diaminostilbene or 5-membered heterocycles such as triazoles, oxazoles and 
imidazoles, or 6-membered heterocycles, for example naphthalimide or coumarines. 

1.4.1. Types of Fluorescent Whitening Agents 

In this study, the effects of disulfonated stilbenes were investigated. Three types of 
FWAs used in the paper industry are disulfonated, tetrasulfonated and 
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hexasulfonated stilbenes with different number of solubilizing sulfonic groups, i.e. 
two, four and six respectively (Shadkami et al. 2011). Disulfonated stilbenes have 
good affinity for cellulosic material but limited solubility in water and are mostly 
used in the wet end. The most common and versatile type is tetrasulfonated 
stilbenes due to their good solubility and medium affinity for cellulose and these 
grades are used in the wet-end, in size-press and coating processes. However, 
hexasulfonated stilbenes are used where there is demand for high brightness of the 
products. 

There have been numerous investigations on the use and amounts of FWA in 
uncoated and coated papers in terms of limitations in the efficiency of FWA. The 
studies have shown that it is desirable to design a carbonate and kaolin coating 
colour to produce a gradient FWA distribution in the thickness direction with the 
highest FWA concentration towards the surface. Broad particle size distribution of 
GCC with fine kaolin can further improve the whiteness by allowing more UV light 
to transmit into the pre-coating layer and into the base paper, to generate more blue 
light and to be back- scattered through the pre-coating when wood-free or 
groundwood base paper containing FWA is used (Ma et al. 2008). It has also been 
found that higher amount of FWA gave negligible difference in brightness when 
used above a certain limit due to the absorption of light in the visible spectrum that 
caused greening effect (a shift of chromaticity towards green) and saturation of the 
fluorescence effect (Coppel et al. 2011). The use of FWA for improving the optical 
properties of high yield pulp-containing (HYP) paper sheets has also been 
investigated. HYP encompasses all the mechanical pulps in which fibres are 
primarily separated from the wood by using refiners rather than dissolving the 
lignin by chemicals. It was found that the brightness and whiteness loss due to HYP 
substitution could be recovered by increasing the FWA charge (Zhang et al. 2009). 

1.5. Dyes 

Natural materials such as fibre, pigments etc. commonly have a yellowish tint. 
Lignin and other non-fibrous materials are removed with the help of the bleaching 
process in pulp manufacturing but residual lignin and other coloured substances 
also give yellow hue to the chemical pulp. Dyes are also used to eliminate this hue 
along with FWAs to improve the aesthetics of the paper. 

The yellow tint of the pulp is reduced or eliminated by using violet or blue shading 
colorants but the mechanism of their impact on the brightness differs from that of 
fluorescent whitening agents. The shading colorants absorb yellow and red light. 
Papers containing shading dyes are perceived to be whiter than papers without dyes 
because of the absorbance of this yellow and red light. Dyes are also used in coating 
colours to control the final shade of the paper or board and to reduce the amount 
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of FWA used to achieve the target whiteness. Anionic dye that is applied in slightly 
basic or neutral environment at high temperatures and basic dyes have been used to 
extra lift the whiteness as well as to adjust chromaticity co-ordinates (Ohlsson and 
Federer 2002).  

CIE proposed in the 1970s a homogeneous colour system for colour-matching 
functions (CMF) (Pauler 2002), known as the CIE L*, a*, b* (CIE Lab) system. 
According to this system X, Y and Z tristimulus values represent a colour in three-
dimensional colour space by integrating the reflected light, weighted by the 
respective CMF, over the spectral range and consists of a grey scale axis L* that 
represents the lightness, a green-red axis a* for hue and a yellow to blue axis b* for 
chroma as shown in Figure 1.4 (Pauler 2002). 

 

Figure 1.4 CIE L* a* b* colour space (re-drawn from Pauler 2002) 
 
Whiteness is a subjective property of color perception and any measurement of 
whiteness must be based on colour measurement. CIE has presented a generally 
accepted equation to calculate the whiteness, W and given as 
 

W = Y10 + 800 (xn.10 – x10) + 1700 (y n.10 - y10) 
Where, 
Y = the Y-value 
x10, y10 = the chromaticity co-ordinates 
xn.10, yn.10 = the chromaticity co-ordinates for the D65-illuminant 
 
Y, x and y are calculated for an observer angle of 10o and the D65-illuminant 
The equation is divided into two terms Y i.e. luminance and 800 (xn.10 – x10) + 1700 (y 

n.10 - y10) i.e. colour which increases the whiteness when the material approaches blue 
and reduces the whiteness when material us yellowish. 
The whiteness is complemented with a calculation of a red/green tint value T and is 
given as  

TW.10 = 900 (xn.10 – x10) + 650 (y n.10 - y10) 
When T is positive for greenish material and negative when the material is reddish 
(Pauler 2002). 
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1.6. Measurement of Optical Properties 

The light that reaches our eyes gives the perception of the colour and for this 
perception it is important how the energy in the light is distributed. There are 
different ways that enable the eyes to perceive the colour. The light can come 
directly from a light source e.g. sun and light bulb but the light is usually reflected 
from a material that gives the colour of that material. 

An object appears white only when it reflects the same amount of light in all 
wavelengths as that of illumination. The perceived colour by the material is a result 
of absorption of a specific wavelength e.g. white snow appears red in the sunset. 

Due to the influence of the light source on the colour measurement, the 
standardization is of much importance. CIE has defined the spectral energy 
distributions for different standard illuminants and most common of them are A, C 
and D65 where A corresponds to an ordinary incandescent lamp, C is northern 
daylight and the D65-illuminant is the same as illumination C but exceeds in the UV 
portion of light comparatively. 

Optical properties are commonly measured by means of a spectrophotometer 
according to standardized method (ISO 2470). The principle of the device is 
described below. 

 
Figure 1.5 A spectrophotometer (Re-drawn from Pauler 2002) 
 
A spectrophotometer (Figure1.5) consists of a sphere coated inside with a white 
pigment usually BaSO4 (Pauler 2002). A filter wheel is placed in front of the high 
light intensity source (xenon lamp) to prevent any direct light from reaching the 
sample. The sample is placed at the bottom of the device and is thus illuminated 
with a completely diffuse light from the walls. A detector is placed at the top of the 
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sphere. It is provided with a gloss trap or specular port, for the prevention of any 
specular reflection of the light from the sample to the detector. A 
spectrophotometer has a monochromator and photodiodes, which divides the 
reflected light into its spectral components and records the spectral reflectance 
respectively. The reflectance factor is measured with different geometries of 
illumination and detection. Within pulp and paper industries, the method is based 
on the geometry d/0o that describes d as the diffuse illumination and 0o as the 
measurement is made perpendicular to the sample. A different geometry is also 
used i.e. 45o/0o, which implies that the angle of illumination is 45 degrees. This 
method has an advantage of screening off the gloss more efficiently. 
 

1.7. Coating Colour Components 

1.7.1. Ground Calcium Carbonate 

Influence of Pigment 
 
The major influence of coated paper on the efficiency of FWA comes from 
pigment type and coat weight by reducing the transmittance of UV-radiation 
(Fjellström et al. 2009). The efficiency of FWA also strongly depends upon the 
carrier in the coating colour and it has been demonstrated that polyvinyl alcohol 
(PVA) shows higher performance as a carrier than carboxymethyl cellulose (CMC) 
because of absorption and conversion of UV light from a wider wavelength range 
(Heikkilä et al. 1998). A term known as discoloration is used for papers when 
exposed to sunlight or indoor illumination containing ultra-violet (UV) light. This 
occurs by the formation of chromophores, which absorb light in the blue-green 
region and it is said to be caused by lignin constituents (Davidson 1996), (Forsskåhl 
2000), (Lanzalunga and Bietti 2000). Many experiments have been performed to 
compare the effects of pigment types in retarding the discoloration and most of 
them found kaolin more effective than calcium carbonate (Fjellström et al. 2007a), 
(Fjellström et al. 2007b). It was also found that bleaching of the pigments resulted 
in overall minor decrease in transmittance especially at low coat weights. Bleaching 
of kaolin and calcium carbonate was done using sodium dithionite and sodium 
formamidine sulphinate respectively (Fjellström et al. 2009). However, other 
researchers have found calcium carbonate to be superior to other pigments 
(Fjellström et al. 2009). The transmittance in the UV-region after the addition of 
FWA to coating colour decreased to a larger extent when ground calcium carbonate 
was used than in the case of kaolin (Fjellström et al. 2009). 

GCC was found to be more effective than clay for higher efficiency of FWA when 
coating colours were concerned due to its lower adsorption characteristics thus 
leaving more FWA free to convert UV light into visible blue light (Heikkilä et al. 
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1998). The authors also found that GCC has slightly higher refractive index i.e. 1.66 
than clay i.e. 1.57 and hence GCC has the ability to scatter the light more than clay 
does. It was found that GCC generally has higher brightness than clay due to its 
lower light absorption ability (Fjellström et al. 2009). 

Influence of Particle Size Distribution 

Particle size distribution (PSD) of pigments influences the optical properties of 
coated paper through the formation of altering coating surface structures, which 
affects the interaction of light with the base paper. The coating structure affects the 
light scattering and light absorption behaviour. Light scattering of a coated layer is 
affected by the mean particle sizes, the shape of the pigment and the particle size 
distribution (Kumar et al. 2011). Also, particle size distribution affects the pore size, 
pore structure and pore volume and especially the micro voids in the structure, 
which in turn influence the light scattering. Gane (2001) also reported that pigment 
particle size and the degree of packing control the optimum light scattering of a 
coated surface. Traditionally GCC has broad particle size distribution (Osterhuber 
et al. 1996 and Santos et al. 2000). Narrow particle size distribution is preferred 
over broad particle size distribution because it reduces the transmittance of UV 
light in UV-region by creating higher void volume in the dried structure (Fjellström 
et al. 2009). It was also investigated elsewhere that GCC with a narrow PSD not 
only generated higher pore volume than GCC with a broad PSD having the same 
pore diameter ranges but also affected the attenuation of forward and 
backscattering of light before leaving either side of the coated paper (Ma et al. 
2008). Also, larger pore volume increases the light scattering coefficient and hence 
reduces the transmittance of light. Another experiment revealed the fact that 
narrow PSD gives higher total void volume and consequently, higher scattering 
coefficient (Knappich et al. 2000). 

1.7.2. Influence of Binder 

Latex 

Binders used in coating colours are of two types, water-soluble binders and binders 
that are insoluble in water, the latter of which are known as latexes. Latex is made 
by emulsion polymerization of various monomers to form copolymers of for 
example styrene-butadiene and styrene-acrylate. Polymer particles are dispersed in 
water using an emulsifier, forming an aqueous dispersion. The binder works by 
keeping the pigment particles stuck to each other and to the substrate by forming a 
film. Film formation initially takes place after water is evaporated. There have been 
several investigations of the film-forming process and it is said that the film is 
formed in a step-wise manner (Dobler and Holl 1996). Figure 1.6 describes the 
stages in film forming process of latex. Ordering of particles and close-packing 
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occurs in the first stage while particles undergo deformation due to capillary forces 
in the second stage. Finally, collapse of the particle structure is caused by the inter-
diffusion of polymer chains over the boundaries of particles. 

 
Figure 1.6 A: Dispersion of latex particles in water, B: Water evaporation and packing of structure, C: 
Particle deformation and D: Film formation (Re-drawn from Dobler and Holl 1996) 

 
The properties of a coating are strongly affected by the glass transition temperature 
Tg of the latex. Tg is the temperature at which the polymer changes from a glass-like 
to a rubber like state. The Tg is related to the film-forming process and film 
formation is thus affected by the temperature and time for drying of the coating. 

It has been shown that the particle size of latex affects the coating structure in 
terms of porosity of coating layer. Particle size of latex also affects the size and 
number of pores (Lamminmaki et al. 2005). In their study, they found that smallest 
particle size gave highest number of pores with smallest pore size and vice versa. 
The tendency of latex to migrate depends upon both on the properties of latex 
particles and other factors for example the presence of a co-binder, the drying 
conditions and the amount of water absorbed into the paper substrate. The 
immobilization process causes migration of latex during the formation of the 
coating structure (Zhang et al. 2010). Latex migration is affected by the 
transportation of water through capillary forces from both the coating layer into air 
i.e. coating-air interface and absorption into the base paper. In other words, latex 
migration is strongly related to water retention ability of the coating colour. The 
ability of the substrate to absorb water, the speed of the drying process and the 
drying temperature, the coating colour composition and the coating applicator type 
might be the other factors for the occurrence of migration (Aschan 1973). It has 
also been shown that coating colours with broad PSD gives less porous structure 
and thereby leads to greater migration of the latex towards the surface (Dahlström 
and Uesaka 2009). Latex migration is dependent on coat weight due to filter cake 
formation because at low coat weights, water absorption by the substrate may 
immobilize the coating film thus leaving less latex to migrate towards the surface 
(Zang et al. 2008). There have been numerous investigations on binder migration 
and its effect on various coating properties. It has been found that the gloss of 
coated paper increases when binder migrates to the top layer during drying because 
it blocks many pores though leaving some small pores open (Kugge 2003). 
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1.7.3. Influence of Co-binders and Carriers 

Carboxymethyl Cellulose (CMC) 

Sodium carboxymethyl cellulose normally known as CMC is a very versatile co-
binder because of several important properties that it gives to a coating colour. 
Most important of them is rheology, which affects the coater runnability. It also 
works as an efficient water retention agent due to its strong hydrophilic 
characteristics. Furthermore, it works as a good carrier of fluorescent whitening 
agents too (Kloow 2009). The importance of CMC in terms of rheological control 
of the coating colours especially at high shear rates is due to its role as a viscosity 
enhancer. Though, water retention is of most importance in this study because the 
fluorescent whitening agent may migrate with the water phase during consolidation 
and drying. CMC improves water retention efficiently and it can be adjusted by 
choosing the optimum grade of CMC. It has been shown that pre-coatings with 
coarse GCC require higher molecular weight and higher viscosity CMC grades for 
achieving good water retention (Kloow 2009). The amount and optimum grade of 
CMC to be chosen depends on coat machine conditions and must be selected for 
each specific process. The increasing demands for higher whiteness of paper have 
not only become possible to meet by selecting whiter pigments but also with the 
use of higher amount of fluorescent whitening agents. As a carrier, the amount of 
CMC is important rather than the type when FWAs are concerned (Kloow 2009). 
However, low-molecular-weight CMC grades have been shown to be favourable 
when higher amount of FWAs are used (Kloow 2009). Another special advantage 
of CMC is light fastness compared to other carriers such as PVOH, because it 
disperses FWA in the z-direction through the coating layer due to its good water 
retention ability (Kloow 2009). 

Polyvinyl Alcohol (PVOH) 
Polyvinyl alcohol is also very versatile and is commonly used as a carrier of 
fluorescent whitening agents. The grades, which are preferred for use in coating 
colours, range from 3 to 6 mPas in viscosity when measured under defined 
conditions.  The viscosity measurement is carried out at 20 °C and at 4 % 
concentration in water by means of a Hoeppler viscometer (falling ball method), 
and the value is expressed in mPas (DIN 53015). Furthermore, the preferred 
PVOH grades range between 88-99% in degree of hydrolysis (Hentzschel 2009). 
The use of PVOH grades with lower degree of hydrolysis may give undesired 
properties, for example longer dissolution times, inhomogeneous solutions due to 
phase separation and adhesive-like behaviour (Hentzschel 2009). PVOH is said to 
be adsorbed well on kaolin (Hentzschel 2009) in comparison with calcium 
carbonate (Mäkinen and Laakso 1993). Due to this reason it serves well as a 
protective colloid in coating colours and provides smoothly running and viscosity-
stable coating colours. It neither restricts to the level of low-molecular weight nor 
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the promotion of the viscosity of a coating colour as compared to CMC. It has 
been shown that coating colours containing PVOH show a gradual decrease in 
viscosity with increased shear rate (Hentzschel 2009). It was concluded that using 
not more than 1.0 pph PVOH based on the dry amount of pigment, very low-
molecular weight PVOH grades showed good compatibility for ultra-high shear 
coating colours. 

Mechanism of PVOH as Carrier 

Fluorescent whitening agents are mostly sulfonated aromatic chromophores and 
possess delocalized pi-electrons to be electronically excited upon exposure to UV or 
incident daylight (Hentzschel 2009) as explained above. This excitation may 
sometimes result in a conformational change of the molecule i.e. trans-cis 
isomerisation (Figure 1.7). Molecules that undergo such a conformational change in 
the excited energy state do not fluoresce. However, the trans configuration allows 
pi-electrons to distribute over the aromatic chromophore and thus result in 
fluorescence. 

PVOH is said to fix the conformation of FWA by forming some sort of complex 
with the primary state and hence enhances the fluorescence degree as a whole upon 
irradiation of UV or incident daylight. CMC, starch and the products having similar 
polyol structures are believed to show the same mechanism while fluorescing 
whereas PVOH does so to a higher extent (Hentzschel 2009), thus making it more 
effective as a carrier of FWAs. It has also been shown that PVOH exhibited 
outstanding carrier efficiency in combination with FWAs when low-molecular 
weight, fully hydrolysed NaCMC and oxidized starch at a constant amount of FWA 
were compared (Hentzschel 2009). Furthermore, the investigation for the use of 
different grades of PVOH showed that fully hydrolysed PVOH grades at the lower 
end of molecular weight scale were found to be slightly more efficient. Hence 
PVOH has the ability to boost the performance of fluorescent whitening agents 
more than any other co-binder (Hentzschel 2009). 

 

Figure 1.7 Cis-trans configuration for FWAs. Only the linear oriented trans-configuration results in 
fluorescence, due to freely moveable pi-electrons along the whole molecule. R represents the two parts of the 
FWA molecule located around the isomerization center. 

In this study, it has been shown that increasing the amount of fluorescent whitening 
agent in the coating layer increases the brightness and the whiteness. Also, addition 
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of shading dye in the paper has a positive influence on the brightness as well as on 
the whiteness of coated paper. It was concluded that higher brightness and 
whiteness were achieved by incorporating a higher amount of fluorescent whitening 
agent in the top coating rather than in a pre-coating.  
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2. Materials and Methods 

2.1. Substrates 

Two types of substrates were used in this study with the characteristics given below. 
A. Lightweight coated paper (LWC, 42g/m2, Stora Enso Corbehem Mill, 

Brebieres, France). 
B. Isotropic sheets (39 g/m2 each 20x20 cm) were produced from wet pulp and 

purple dye (Basazol Violet 46 L, BASF, 0.1% diluted, 4.9 Liters/hr., BASF; 
Germany). The solids content of the pulp was almost 23% and it was 
defibrillated at 1200 rpm using a sheet former (PFI-arkform) with and without 
FWA (10 kg/ton Optiblanc CB, disulfonic; 3V Sigma; BASF/Germany) here 
denoted FWA 3 and shading colorant (Basazol Violet 46 L, BASF, 
triarylmethane; BASF/Germany) respectively to investigate the effect on the 
dosage of FWA (optimization). MgSO4 (20 kg/ton), 0.1% Polymer (Eka PL 
1310 U; Eka Chemicals AB) of amount 0.8 kg/ton (0.8 ml/sheet) and 0.5% 
silica (Eka NP 495 Eka Chemicals AB) of amount 1.5 kg/ton (0.48 ml/sheet) 
were also added for the retention of fines and FWA. PFI sheet former uses the 
air to mix the pulp in water and was equipped with plastic wire for sheet 
making. Substrate B was made for this study due to the unavailability of the 
substrate A produced with and without FWA. The final composition of the 
isotropic sheets was selected after some basic trials concerning for example, 
optimum dosages of retention chemicals for FWA (which depends on the type 
of pulp used), the type of FWA, retention of fines and the amounts to be used. 
The optimum dosages of FWA3 and other chemical as well as the procedure 
for sheet forming were discussed with the supplier (BASF). The suggested 
procedure by BASF was as follows (Nåhem 2012): 

1. Dilution of defibrillated pulp to 20 g/l 
2. Addition of FWA 
3. Further dilution of pulp to 5 g/l 
4. Stirring the calculated amount of diluted pulp per sheet for a minute 
5. Add polymer and stir it for 15 seconds 
6. Add silica and stir it for 15 seconds 
7. Sheet forming using PFI sheet former 
8. Pressing 
9. Drying 
10. Pressing was done using Double Felted Roll Press under 7 bars. Drying was 

done almost restrained at 100 oC for 7 minutes. The grammage was 
calculated according to the standard ISO 5270. 
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The basis coating recipe (Table 2.1) contained 100 pph calcium carbonate 
(Hydrocarb 90; Omya AB, Malmö, Sweden), 12 pph SB latex with a particle size of 
120 µm, and a Tg of 24oC (PX9272; Eka Synthomer Oy, Oulu, Finland), 0.5 pph 
carboxymethyl cellulose (Finfix 10, CP Kelco Oy, Äänekoski, Finland), 0.6 pph 
polyvinyl alcohol (Mowiol 4-98; Kuraray Europe GmbH). pH was 8.6 and did not 
change by the addition of FWA or dye. The viscosity of the coating colour was 800 
cp, measured by Brookfield viscometer using spindle no. 5 and no change in 
viscosity was observed by the addition of FWA or dye.    

Two different FWA grades, Blankophor P01 (here denoted FWA1) and 
Blankophor NC (here denoted FWA2) added at concentrations of 0-1.2 pph were 
used to evaluate the optimum efficiency in terms of brightness. Both FWA grades 
were sulfonated stilbene derivatives supplied by Blankophor GmbH & co. KG. 
Leverkusen, Germany but their exact chemical composition is not known. The 
different amounts of FWA were added to portions of the basis-coating recipe 
(Table 2.2). 

For coating substrate B, A commercial violet dye (IRGALITE Violet M, BASF, 
Spain) in pph was used in combination with the FWA1 grade in pph (Table 2.3). 

Table 2.1 Coating colour recipe 

Components Parts per 
hundred 

Solids 
(%) 

Dry Wt. 
(g) 

Wet Wt. 
(g) Wet (g) Dry (g) Wt. % 

Dry 
GCC (HC90) 100 78 100 128.2 795.3 620.3 88.4 
Latex (9272) 12 50 12 24 148.9 74.4 10.6 
CMC (FF10) 0.5 10 0.5 5 31.0 3.1 0.4 
PVOH (4-98) 0.6 15 0.6 4 24.8 3.7 0.5 

Total   113.1 161.2 1000 701.6 100 
 
Table 2.2 Addition of fluorescent whitening agents (FWA1 or FWA2) for coating of substrate A 

Samples Pre-Coatings (pph) Top Coatings (pph) Total 
(pph) 

1 0 0 0 
2 0 0.3 0.3 
3 0 0.6 0.6 
4 0 0.9 0.9 
5 0 1.2 1.2 
6 0.3 0 0.3 
7 0.6 0 0.6 
8 0.9 0 0.9 
9 1.2 0 1.2 
10 0.3 0.3 0.6 
11 0.6 0.6 1.2 
12 0.3 0.6 0.9 
13 0.6 0.3 0.9 
14 0.9 0.3 1.2 
15 0.3 0.9 1.2 
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Table 2.3 Addition of fluorescent whitening agent (FWA1) and shading dye in coating colours for coating of 
substrate B 

Type of Sheet Dye in Coating Colour FWA1 in the Top Coating (pph) 

Non FWA No 0 

Non FWA Yes 0 

Non FWA Yes 0.3 

Non FWA Yes 0.6 

FWA No 0 

FWA Yes 0 

FWA Yes 0.3 

FWA Yes 0.6 

FWA + Dye No 0 

FWA + Dye Yes 0 

FWA + Dye Yes 0.3 

FWA + Dye Yes 0.6 

2.2. Bench Coating 

A bench coater is usually used on laboratory scale. The bench coater has variable 
coating speed comparatively much lower than used in industrial applications. The 
equipment is user friendly, easy to handle and versatile for small-scale trials. 
Principally, it consists of a wire-wound rod (Figure 5) that is placed on the top of 
the substrate. Two holders are equipped at both sides, which are used to hold the 
coating rod. The coating colour is poured manually on the substrate as uniformly as 
possible and the rod moves over the substrate to transfer the coating colour to the 
substrate through the gaps between the wire and the surface as shown below. The 
rod pushes the excess colour forwards and as well as towards the sides. The desired 
coat weight is achieved by using an appropriate rod with a specific diameter (Figure 
2-1). The wider the diameter, the wider will the gaps be and hence, higher the 
resulting coat weights. 

 
Figure 2.1 Principle of a bench coater with wire-wound coating rod (Re-drawn from Bohlin 2011) 
 
To determine the effect of the substrates and the coating colours, the coatings were 
first applied on paper substrates by means of a bench coater (Figure 2-1), K202 
Control Coater (RK Print LTD., Royston, UK) using a series of wire-wound rods 
to achieve the required coat weight of 10-12g/m2. The coat weights were 
determined by taking the weight difference of coated and uncoated substrates 



 

19 
 

having same area. Finally, the wire-wound rod with number 1 resulting in a coat 
weight of 11g/m2 was selected. 

2.3. Drying 

Drying of coated sheets can be done in different ways for example by free drying in 
ambient laboratory conditions or in an oven at enhanced temperature. In this study, 
two coatings were applied on each substrate (here denoted pre-coating and top 
coating) while varying the amounts of FWA in both layers. The coated sheets were 
dried under restrained conditions in an infrared dryer (STFI Infra-Red dryer, 
Innventia, Sweden) for one minute per because of the high tendency for the wet 
sheets to curl. Rapid drying in the IR dryer was also used for the purposes of 
preventing the migration of FWA down into the coating layer, i.e. to keep it located 
at the surface and also to prevent degradation of FWA that might occur when dried 
in an oven for a long time. 

2.4. Measurement of Brightness and Whiteness 

Brightness (R457) measurements were recorded using a spectrophotometer (Minolta 
3630 brightness tester; Basildon Essex, UK) according to ISO 2470. Each sample 
was measured three times and the standard deviations were calculated by taking the 
average of the measurements of the replicates (See Appendices). Calibration was 
done with ISO reflectance standards of UV-fluorescent paper. 
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3. Results and Discussion 

3.1. Studies of Reflectance Curves on Uncoated and Coated Papers 

Part A: 

Figure 3.1 describes the reflectance of uncoated paper with three different types of 
illuminants. The curves represent R+UV (illuminant D65+UV), R-UV (illuminant 
D65-UV) and C/2 (illuminant C) respectively. Spectral curves confirmed that the 
LWC paper i.e. substrate A itself contained a small amount of a fluorescent 
whitening agent as can be seen by looking at the brightness curves. The ISO 
brightness (R457) obtained by R+UV illumination was 81.52% while it was 78.11% 
and 74.42% with the C/2 and R-UV illuminants respectively. The wavelength 457 
nm is considered important in brightness because of the sensitivity of the human 
eye to blue and yellow light and bleaching also effectively increases the spectral 
reflectance in the violet and blue region at about 457nm wavelength. The intensity 
of UV light in the illumination strongly affects the efficiency of FWA (Auhorn 
2006) therefore the brightness obtained by C/2 and R-UV illuminations were lower. 
 

 
Figure 3.1 Wavelengths vs. Brightness showing the colour spectra of uncoated 42g/m2 LWC paper grade 
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3.2. Studies on the Comparison of Brightness between different FWAs 

The graphs below present the results for ISO brightness of lightweight double-
coated paper grade (substrate A) while varying the amounts of fluorescent 
whitening agents in the pre and top coatings as shown in the tables above each 
figure. 

 
Figure 3.2 Brightness (R457, %) vs. FWA concentration (pph) in ascending order in the top layers1

 
Figure 3.2 shows the brightness achieved on double-coated paper with increased 
amount of FWAs in the top coatings whereas no FWA was added in the pre-
coating colours. The efficiency of FWA was to be optimized between the two types 
of FWAs in terms of achieved brightness. As can be seen the brightness value was 
85.2% for the pre-coated paper and the value increased by more than 5 percentage 
units i.e. to 90.6% for FWA1 and almost 5% i.e. 90.1% for FWA2 after coating the 
top layer with 0.3 pph FWA. However, the differences were not significant since 
only three replicates were analysed. Further increment in FWA concentration in the 
top layer 0.6 pph increased the brightness of the paper up to 91.8% and 91.6% for 
FWA1 and FWA2 respectively. Similarly, at 0.9 pph FWA in the top layer, the 
brightness increased up to 93.1 and 92.9% for FWA1 and FWA2 respectively. The 
maximum brightness attained was 93.2% and 93.2% for FWA1 and FWA2 
respectively by placing the full amount of added FWA (i.e. 1.2 pph) in the top 
layers. 

 

 

                                                 
1 Error bars show the standard deviations of three replicates 
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Figure 3.3 Effect of FWA on shades 

Figure 3.3 shows a* and b* values for both FWAs. It was observed that values a* 
exhibited a significant increase while b* values decreased at very low addition level. 
However, b values for both the FWAs appeared to reach a maximum value at 0.9 
pph. FWA depending on its specific properties shows such certain effects where it 
is not beneficial to increase the amount any further and is known as ‘greening’ 
(Claudio 2003). In Figure 3-2, even though the brightness was further increased 
with increased amounts (from 0.9-1.2 pph) of fluorescent whitening agent, the 
increment was very low for FWA1 and that might either be due to the phenomena 
called ‘migration’ thus leaving somewhat less amount of FWA1 to absorb UV light 
in the topmost surface (Heikkilä et al. 1998). An alternative explanation can be 
‘greening/yellowing’ which, might be due to the inherent colour of FWA because it 
might also have absorbed some visible light at higher concentrations as evidenced 
in Figure 3.3 (Roberts 1996). It was found that the curves turned towards higher b* 
and lower a* at the highest concentration of FWA. The results are in line with 
Coppel et al. (2011). It was observed that FWA2, which is based on a more 
advanced technology, has a higher greening limit as compared to FWA1 (Figure 
3.3) when comparing the higher amounts of FWA and that lies in good agreement 
with the information given by the supplier (Wedin 2012). 

The result clearly shows that higher brightness can be achieved by gradually 
increased amount of FWA in the top layer, which is in good agreement with the 
literature i.e. highest brightness can be achieved by introducing more FWA in the 
top layer as compared to addition into the pre-coat (Aksoy et al 2004). However, 
there was no conspicuous difference between two FWAs at any of the dosages, 
which was also confirmed in Figure 3.2 by the standard deviations. 
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Figure 3.4 Brightness (R457, %) vs. FWAs concentrations (pph) in ascending order in the pre-coatings2

 
 

Figure 3.4 represents the results obtained on double-coated paper where the top 
coating was free from FWA while varying amount of FWAs were included in the 
pre-coating. It can be seen that brightness value increased by increased dosage of 
FWA in the pre-coating but the efficiency of the fluorescent whitening agent was 
found to be lower when incorporated in the pre-coating and FWA was kept 
constant in the top coating i.e. opposite to Figure 3.2. 

In Figure 3.4 the brightness achieved by the addition of 0.3 pph in the pre-coatings 
were 87.0% and 86.9% for FWA1 and FWA2 respectively, which were lower when 
compared with 0.3 pph FWA in Figure 3.2. Similarly, comparing dosages in the pre-
coating in Figure 3.2 with the corresponding dosages in Figure 3.4 confirmed that 
the brightness was higher when more FWA was added into the top coatings. 

 

                                                 
2 Error bars show the standard deviations of three replicates 
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Figure 3.5 Brightness (R457, %) vs. FWA concentration (pph) in ascending order in the pre-coatings3

 
 

Figure 3.5 shows the results obtained on the double-coated LWC paper grade and 
contain brightness values of coating layers in which the total concentration of FWA 
in both the coating layers was 0.9 pph collectively. The first point (0 pph in the pre-
coating) showed that highest brightness was obtained when all FWA was present in 
the top layer and then gradually decreased by decreased amount of FWA in the top 
coatings. The second point is the combination of 0.3 pph and 0.6 pph in the pre-
coating and top coating respectively, which gave second highest brightness value i.e. 
91.6% for both FWAs. The last point showed the lowest brightness when all (i.e.0.9 
pph) FWA was present in the pre-coating. This plot provides a comparison of the 
results between pre-coating and top coating while combining the total 
concentrations of FWA i.e. 0.9 pph in both coating layers. The plot clearly 
demonstrates that highest brightness was achieved only when higher amount was 
present in the top coating was and the obtained results agree very well with the 
literature (Heikkilä et al. 1998). 
 
 

                                                 
3 Error bars show the standard deviations of three replicates 
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Figure 3.6 Brightness (R457, %) vs. FWAs concentrations (pph) in ascending order in the pre-coatings4

 
 

Figure 3.6 shows the results obtained on the double-coated LWC paper grade and 
contain brightness values in which the total concentration of FWA in both coating 
layers was 1.2 pph collectively. The first point corresponds to the combination of 0 
pph and 1.2 pph where all whitening agent was located in the top layer and thus 
rendered the highest possible brightness i.e. 93.2%. Notably is that almost the same 
brightness values were obtained for the combination of 0.6+0.6 FWA in the 
pre+top coating layers (differences were masked by data scattering). However, a 
step decrease in brightness reduction was found when the amount of FWA in the 
top layer was reduced to 0.3 pph in the top coating (0.9 pph in the pre-coating). A 
significant decrease in the brightness was finally found when all FWA was located 
in the pre-coating. 

It was noteworthy that the fluorescent whitening agent denoted FWA2 was found 
to be at least either equally effective or more, especially at higher concentrations 
(0.9 and 1.2 pph) pph in almost all the cases except in situations where the 
concentration was either individually or collectively lower than 0.9 pph and that is 
in accordance with the information (Wedin 2012) 

Migration of water and FWA is always expected to be higher from the pre-coating 
into the base paper whereas transport into the top coating should be less 
pronounced. Consequently the efficiency of FWA in a pre-coating should be less 
when compared to addition into the top coating (Auhorn 2006). Migration might 
have taken place even from the top layer into the first layer but the effect is 
                                                 
4 Error bars show the standard deviations of three replicates 
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assumed to be lower as compared to the first layer because of the occurrence of the 
two-sided migration from it (Heikkilä et al. 1998). 

Conclusively, it can be said that there was negligible difference in the efficiencies of 
the two fluorescent whitening agents and achieving the highest possible brightness 
was a result of the addition of higher amounts of FWA in the top coatings. 

3.3. Studies on the Comparison of Whiteness between different FWAs 

 
Figure 3.7 Whiteness (%) vs. FWA concentration (pph) in ascending order in the pre-coating5

 
 

Figure 3.7 shows the CIE whiteness achieved on double-coated paper and increased 
amount of FWAs in the top coatings where no FWA was added in the pre-coating 
colours. It can be seen that the whiteness was lowest when coatings contained no 
FWA and it increased up to 17 percentage units i.e. from 78.6 to 95.0 % for both 
FWAs by the addition of 0.3 pph FWA in the top coating. It kept on increasing 
from 95.0 % to 98.5% and 98% for FWA1 and FWA2 respectively when the 
amounts of FWA were increased from 0.3 pph to 0.6 pph. Similarly, at 0.9 pph in 
the top coating, the whiteness increased from 98.5% to 101.6% for FWA1 and 
from 98.0% to 100.5% for FWA2. There was no further increment in whiteness 
worth noticed for any of the FWAs after adding more FWA. The whiteness 
decreased slightly for FWA1 but the diminution was masked by the standard 
deviations. 

                                                 
5 Error bars show the standard deviations of three replicates 
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Figure 3.8 Whiteness (%) vs. FWA concentration (pph) in ascending order in the pre-coatings6

 
 

Figure 3.8 shows the whiteness achieved on double-coated paper and increased 
amount of FWAs in the top coatings where no FWA was added in the top coating 
colours. The whiteness achieved in Figure 3.8 by adding 0.3 pph in the pre-coating 
was more than 5 percentage units for both FWAs while it was almost 17 percentage 
units when compared to the addition of 0.3 pph in the top coating in Figure 3.7. 
The trend in the amount of increment followed the same behaviour by adding 0.3 
pph more in the pre-coating as it was in Figure 3.7 i.e. around 3 percentage units for 
both FWAs. However, by increasing the FWA addition from 0.9 to 1.2 pph in the 
pre-coating gave very minor increase for FWA1 and only slightly higher effect for 
FWA2 but the differences were masked by the standard deviations. It was clearly 
seen that the whiteness increased every time the amounts of FWAs were increased 
but the increase in whiteness was less when FWA was incorporated in the pre-
coatings than that achieved when located in the top coatings. 

                                                 
6 Error bars show the standard deviations of three replicates 
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Figure 3.9 Whiteness (%) vs. FWA concentration (pph) in ascending order in the pre-coatings7

 
 

Figure 3.9 shows the results obtained on the double-coated LWC paper grade and 
contain whiteness values of coating layers in which the total concentration of FWA 
in both the coating layers was 0.9 pph collectively. It was observed that whiteness 
was highest i.e. 101.6% for FWA1 and 100.5% for FWA2 when the total amount of 
FWA added was 0.9 pph. It seemed to be very interesting combination to find out 
the efficiencies of FWAs at higher concentrations i.e. 0.9 pph. The whiteness 
decreased with the decrease in concentrations of FWA in the top coating and it was 
lowest at 0.9 pph in the pre-coating. 

                                                 
7 Error bars show the standard deviations of three replicates 
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Figure 3.10 Whiteness (%) vs. FWAs concentrations (pph) in ascending order in the pre-coatings8

 
 

Figure 3.10 shows the results obtained on the double-coated LWC paper grade and 
contain whiteness values of coating layers in which the total concentration of FWA 
in both the coating layers was 1.2 pph collectively. It was also found to be of high 
interest to compare the total concentration of FWA i.e. 1.2 pph. Whiteness 
followed the same pattern as in Figure 3.9 i.e. decreased with the decrease in 
amount of FWA in the top coating. However, very slight difference in whiteness 
was found when adjacent points were compared except in case of the last two 
points, i.e. between 0.9 and 1.2 pph in the pre-coating. The results are well in 
agreement with the literature as shown in the brightness graphs. 

It was also observed that whiteness just as brightness was higher for FWA2 than 
for FWA1 when higher amounts of FWA were used and this observation is also in 
good agreement with supplier information (Wedin 2012). 

  

                                                 
8 Error bars show the standard deviations of three replicates 
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3.4. Studies on Comparison of Brightness and Whiteness between the 
Sheets with FWA and Dye, with only FWA and with neither FWA nor 
Dye  

Part B: 

The following graphs represent the differences of brightness and whiteness of 
uncoated isotropic sheets without dye and FWA, containing only FWA3 and the 
sheets containing dye and fluorescent whitening agent (FWA3) respectively. 

 
Figure 3.11 Brightness of uncoated isotropic sheets9

Figure 3.11 shows the difference in brightness values of the sheets that differ in 
compositions of FWA and the dye. Non-FWA sheets showed lowest brightness i.e. 
73.3% while sheets with FWA and the sheets containing both dye and FWA 
showed almost equal brightness values i.e. around 79%. 

 

 
Figure 3.12 Whiteness of uncoated isotropic sheets10

 
 

Figure 3.12 shows the difference in whiteness values of different sheets varying in 
composition of FWA and dye. It was observed that sheets having no FWA showed 
                                                 
9 Error bars show the standard deviations of three replicates 
10 Error bars show the standard deviations of three replicates 
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lowest whiteness i.e. 42.3% as compared to the other two types of sheets. 
Whiteness was increased up to 60.5% when FWA was added in the stock while a 
significant increase up to 87.8% was observed for the sheets that contained both 
FWA and the dye. The reason for this increment was that the measurement was 
carried out over the whole range of wavelengths within the visible spectrum of 360-
740 nm unlike the measurement of brightness where only the blue region is 
considered. 

The following graph represents the differences in brightness of double-coated 
isotropic sheets (substrate B) without dye, with dye and the sheets containing dye 
and fluorescent whitening agent (FWA3) respectively. The FWA grade denoted 
FWA3 consists of being a disulfonated stilbene and was suggested by BASF to be 
used in the sheets (Nåhem 2012) since disulfonated grades are more commonly 
used in the wet end as compared to tetrasulfonated FWAs. The horizontal axis 
shows whether the dye was added in the coating colours or not and the amounts in 
pph of FWA1 in the top coating layer with no FWA incorporated in the pre-coating 
layer. FWA1 was used on the basis of the findings from Part A i.e. where no 
notable difference between FWA1 and FWA2 was found at low dosages. 

 

Figure 3.13 Brightness (R457, %) vs. FWA concentrations (pph) of non-dye and dye-containing coating 
colours in ascending order in the top-coatings11

Figure 3.13 shows that the brightness (R457) was slightly higher i.e. 83.4% for the 
sheets that contained neither dye nor FWA in the coating colour when compared to 
the sheets coated with dye-containing coating colour for which the brightness was 

 

                                                 
11 Error bars show the standard deviations of three replicates 
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83.1% when no FWA was present. However, following the principle proven in part 
A, it was observed that increasing the amount of FWA in the top layer increased the 
brightness significantly from 83.1% to 88.9% at 0.3 pph and further to 91.6% when 
the amount was doubled. Similarly, it was also observed that the brightness was 
higher i.e. 84.9% when coating substrate sheets containing FWA with the non-dye 
coating colour than with dye-containing coating colour (in which case it was 
84.5%). It can also be seen that the brightness of the sheets containing the shading 
dye increased from 88.9% to 90.4% at 0.3 pph concentration of FWA in the top 
layer while it was 91.6% at 0.6 pph and it also increased to some extent up to 92.0% 
without FWA and with FWA in the base sheet respectively. 

The brightness was increased even more i.e. from 84.9% to 85.7% by the addition 
of dye along with the fluorescent whitening agent in the sheets. The trend was 
expected as it was seen before that the coating colour must not contain the dye for 
achieving higher brightness i.e. 85.7% for non-dye coating colour and 85.0% for 
dye-containing coating colour and it increased with the increase in the fluorescent 
whitening agent in the top layer. It can be seen that the increment in brightness 
from 0 to 0.3 pph FWA was almost the same in the sheets containing only dye and 
the sheets with dye and FWA but it was further increased to 93.2% at 0.6 pph. The 
reason of having almost the same brightness at 0.3 pph can be masked with the 
difference in the value of standard deviation of the coating and the value was higher 
for sheets containing both FWA and the dye as expected. Therefore, to achieve 
higher brightness, there should not be a shading dye in the coating colour while 
considering the working principle of fluorescent whitening agents that the short 
wavelength light will be absorbed by the dye and thus possessing less amount of 
light in the violet region for the fluorescent whitening agent to excite. However, the 
comparison of the coating colour was not made at every step i.e. only the 
concentrations 0.3 pph and 0.6 pph were investigated but the mechanism and 
principle can be followed without a doubt from the starting point.  

Conclusively, achieving the highest possible brightness was a result of the addition 
of dye and fluorescent whitening agent in the isotropic sheets but without the dye 
in the coating colour. 



 

33 
 

3.5. Studies on Comparison of Whiteness between the Sheets with FWA 
and Dye, with only FWA and with neither FWA nor Dye 

The following graphs represent the differences of brightness and whiteness of 
uncoated isotropic sheets without dye and FWA, containing only FWA3 and the 
sheets containing dye and fluorescent whitening agent (FWA3) respectively. 

 
Figure 3.14 Whiteness (R457, %) vs. FWA concentrations (pph) of non-dye and dye-containing coating 
colours in ascending order in the top-coatings12

 
 

Unlike brightness, whiteness was found to be lowest in Figure 3.14 when there was 
neither FWA nor dye in the coating layer for all kinds of sheets. It was 71.9% for 
Non-FWA sheets and 76.8% and 90.9% for sheets with FWA and the sheets 
containing both FWA and dye respectively. Whiteness did not show the same 
behaviour as brightness did when the dye was added first in the coating colour. The 
reason that was the whole range of wavelengths in the spectrum was taken into 
consideration for the measurement of whiteness whilst brightness was measured 
considering only the wavelength of 457 nm where the added dye had the highest 
impact. Whiteness increased from 71.9% to 73.4% for non-FWA sheets when the 
dye was added in the top coating. There was high increment in whiteness when 
FWA was also added in the top coating i.e. 0.3 pph and the increment was almost 
20 percentage units, but only about 8 percentage units (i.e. from 93.1% to 101.4%) 
for non-FWA sheets when the amount of FWA was doubled in the top coating. 

Similarly, the increase in whiteness for sheets containing FWA was very low when 
there was only dye added in the coating i.e. from 76.8% to 78.0% but it also showed 

                                                 
12 Error bars show the standard deviations of three replicates 
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20 percentage units increment like the non-FWA sheets did, after adding 0.3 pph 
FWA in the top coating. There was a further increase in whiteness i.e. from 98.0% 
to 102.8% after the amount of FWA was increased in the top coating.  

Sheets containing both FWA and dye showed distinctively higher brightness in 
Figure 3.13 even in the start when there was neither FWA nor dye in the coating 
colour. Like other types of sheets, the increase in whiteness was not high i.e. 90.9% 
to 93.4% when only dye was added in the coating colour but it also increased when 
0.3 pph FWA was introduced in the top coating and whiteness was boosted from 
93.4% to 110%. There was tremendous increase in whiteness i.e. 18 percentage 
units when the amount of FWA was doubled in the top coating for the sheets 
containing both FWA and the dye. 

Conclusively, achieving the highest possible whiteness was a result of the addition 
of dye and fluorescent whitening agent in the isotropic sheets but without the dye 
in the coating colour. 

Since substrate B was produced due to the unavailability of the same quality LWC 
paper with and without fluorescent whitening agent. Therefore, it is unrealistic to 
compare the studies of part A and part B because of the difference in the materials. 
However, they both were lightweight coated grades of paper having basis weights 
of 42g/m2 and 39g/m2 respectively. In addition, the coating colour components 
used were the same despite the fact that a shading dye was added in the latter case. 
The solids content of the coating colours were slightly higher in part A than in part 
B i.e. 55.0% and 53.6% respectively. The lower solids content in the latter case was 
caused by the addition of a shading dye that caused a slight dilution of the colour 
despite the very low amount added. Therefore, it might be interesting to know that 
highest brightness achieved in both parts (A and B) were the same i.e. 93.2% but 
with using only the half amount of FWA (0.6 pph) used in part B as compared to 
the amount of FWA (1.2 pph) used in part A. This was made possible by adding a 
shading dye and a fluorescent whitening agent in the paper sheets and the addition 
of dye in the coating colour (part B). 
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4. Conclusions 

From the study in part A, it can be concluded that brightness and whiteness of 
double-coated paper sheets increased by increasing the amount of fluorescent 
whitening agent in the coating layers as expected. The effect was observed for 
incorporation in both the pre-coating and the top coating layer respectively, but 
higher brightness and whiteness were achieved expectedly by introducing a higher 
amount of fluorescent whitening agent in the top coating rather than in the pre-
coating. Blankophor P01 (FWA1) was shown to be more effective at low 
concentrations, i.e. from 0.3 pph up to 0.9 pph, whereas Blankophor NC (FWA2) 
was shown to be more effective when higher concentrations were concerned. The 
colour space a* values were found to increase while b* values were found to 
decrease with increased addition of fluorescent whitening agents. However, the 
effects were reverting after a certain point i.e. 0.9 pph for both FWAs but the effect 
was more pronounced for FWA1than for FWA2. 

From the study in part B, it can be concluded that the addition of a shading 
colorant in the paper has a positive influence on the brightness as well as on the 
whiteness of coated paper. Also, the addition of fluorescent whitening agent in the 
paper is an effective way to improve the brightness of the double-coated paper. 
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5. Suggestions for future work 

• The coating procedure comprising variations in FWA concentration and 
shading dye could be carried out using the same type of material in the base 
substrate. 

• The substrate should be characterized for the locations of FWA in the 
substrate as well as in the coating layers to see how FWA really interacts 
with not only different components of the stock but also with the coating 
components. 

• The amounts of the other coating colour components for example PVOH 
and CMC, etc. should be varied to see the effect of the final efficiency of 
FWAs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

37 
 

References 
Aksoy, B., Fleming, D., Joyce, K. (2004). Whitness evaluations on tinted and FWA 
added papers, Michigan, USA.  

Aschan, P. J. (1973). Drying of coated board and binder migration. Tappi Journal, 56(4), 
78-81. 

Auhorn. W. J. (2006). Chemical Additives. Holik, H. Handbook of paper and board. 
Ravensburg, Germany: Escher Wyss, pp. 62-145. 

Bohlin, E. (2011). Optics of coated paperboard: Aspects of surface treatment on porous 
structures. Karlstad: Sweden.   

Borch, J. (2001). Optical and Appearance Properties. In Borch, J., Lyne, M. B., 
Mark. R.E., Habeger, Jr. & C.C. (eds.) Handbook of physical testing of paper. New York: 
Marcel Dekker, pp. 96-125. 

Claudio, P. (2003). Whiteness Assessment: A primer, Axiphos GmbH, Germany. 

Coppel, L.G. Andersson, M., Edström, P. & Kinnunen, J. (2011). Limitations in 
the efficiency of fluorescent whitening agents in uncoated paper, Nordic Pulp & Paper 
Research Journal, 26(3), pp. 319-327. 

Dahlström, C. & Uesaka, T. (2009). New insights into coating uniformity and base sheet 
structures, Industrial and Engineering Chemistry Research, 48 (23) 

Davidson, R.S. (1996). The photodegradation of some naturally occurring polymers. Journal 
of Photochemistry and Photobiology, 33(1), pp. 3-25. 

Dobler, F. & Holl, Y. (1996). Mechanisms of latex film formation, Trends in Polymer 
Science, 4(5), pp. 145-151. 

Fjellström, H., Höglund, H. & Forsberg, S. (2009). The UV-screening properties of 
coating layers: The influence of pigments, binders and additives, Nordic Pulp & Paper 
Research Journal 24(2), pp. 206-212. 

Fjellström, H., Höglund, H., Forsberg, S., Paulsson, M. & Rundlöf, M. 
(2007a). A novel method of studying the ability of a coating layer to retard the photo-yellowing of 
the base paper, Nordic Pulp & Paper Research Journal 22(3), pp. 343. 

Fjellström, H., Höglund, H., Forsberg, S., Paulsson, M. & Rundlöf, M. 
(2007b). Inhibition of light-induced brightness reversion of high-yield pulps: The UV-screening 
properties of coating layers containing kaolin or calcium carbonate pigments, Nordic Pulp & 
Paper Research Journal 22(3), pp. 350. 



 

38 
 

Forsskåhl, H., Höglund, H., Forsberg, S., Paulsson, M., & Rundlöf, M. 
(2000). Brightness reversion. In Forest products chemistry, Ed. Stenius, P, Fapet Oy, 
Helsinki, Finland, pp. 278-332. 

Gane, P. A. C. (2001). Mineral pigments for paper: Structure, function and development 
potential (Part II). Wochenblatt fuer Papierfabrikation, 129(4), pp. 174-179. 

Harold, J., McElhone, J. R. (2001). Book editors. Concise encyclopedia of chemical 
technology 4th edition. Place: CIBA-GEIGY Corp., pp. 181. 

Heikkilä, K., Alatalo, M. & Grankvist, T. (1998). Laboratory studies of simultaneous 
use of titanium dioxide pigment and fluorescent whitening agent in double-coated print paper, 
Proc. Coating Conf. New Orleans, May 4-6, Tappi Press, pp. 366-372. 

Hentzschel, P. (2009). Co-binders and thickeners. In Paltakari, J. (ed.). Pigment 
coating and surface sizing of paper. Helsinki, Finland: Paper Engineers’ 
Association/Paperi ja Puu Oy. pp, 246-255. Hubbe, A.M. Pawlak, J.J. & Koukoulas, 
A.A. (2008): Paper’s appearance: A reviw. BioResources (2), pp. 627-665. 

Hubbe, M.A., Pawlak, J.J. & Koukoulas, A.A. (2008). Paper´s Appearance: A 
review, BioResources, 3(2), 627-665. 

Kloow, G. (2009). Co-binders and thickeners. In Paltakari, J. (ed.). Pigment coating 
and surface sizing of paper. Helsinki, Finland: Paper Engineers’ Association/Paperi ja 
Puu Oy, pp. 228-234. 

Knappich, R., Burri, P., Hugener, P. & Lohmüller, G. (2000). Wet and Dry 
Coating Structure of Calcium Carbonate Pigments with Narrow Particle Size Distribution, 
Tappi Journal 83(2), pp. 91-98. 

Kugge, C. (2003). Consolidation and Structure of Paper Coating and Fibre Systems. Diss. 
Stockholm: Royal Institute of Technology, Sweden. 

Kumar, N., Bhardwaj, N. K. & Chakrabarti, S. K. (2011). Influence of particle size 
distribution of calcium carbonate on coated paper whiteness, Journal Coat. Tech. Res., 8(5), 
pp. 613-618. 

Lamminmaki, T., Forsstrom, U., Tienari, M., Saharinen, E., Mikkila, J. & 
Koskelainen, J. (2005). Calendering of coated paper at high speeds and temperatures. 
Nordic Pulp and Paper Research Journal, 20(3), pp. 354-360. 

Lanzalunga, O. & Bietti, M. (2000). Photo and radiation chemical induced degradation of 
lignin model compounds. Journal of Photochemistry and Photobiology B: Biology 56, 
pp. 85-108. 



 

39 
 

Ma, D., Douglas Carter, R. D., LLC, Kamin, Macon, Haefner, D. & Dogariu, 
A. (2008). The influence of kaolin and ground calcium carbonates on the efficiency and 
distribution of fluorescent whitening agents (FWA) in paper coating, Nordic Pulp & Paper 
Research Journal 23(3), pp. 327-332. 

Mäkinen, M. & Laakso, A.P. (1993). The adsorption of polyacrylic acid and polyvinyl 
alcohol on fine ground calcium carbonate. Nordic Pulp Paper Res. Journal 8(1), pp. 59-61. 

Nåhem, C. (2012), BASF, personal communication. 

Ohlsson, L. & Federer R. (2002). Efficient use of fluorescent whitening agents and shading 
colorants in the production of white paper and board. Technical Association of Pulp and 
Paper Industry of Southern Africa Oct. pp. 8-11. 

Osterhuber, EJ, McFadden, MG. & Roman, N. (1996). The effect of particle size 
distribution on the structure and optical properties of calcium carbonate containing coatings, 
International Paper & Coating Chemistry Symposium Proceedings, pp. 47-55. 

Pauler, N. (2002). Paper optics. Kista, Sweden: AB Lorentzen & Wettre Corp. 
Communications Dept., pp. 20. 

Roberts, J.C. (1996). Dyes and fluorescent whitening agents for paper. Blackie Academic & 
Professional. Paper Chemistry. London SEI 8HN, UK: Blackie Academic & 
Professional. pp. 185-187. 

Santos, N.F., Velho, J. & Gomes, C. (2000). Influence of calcium carbonate coating 
blends upon paper properties, Iberoamerican Congress on Pulp and Paper Research. 

Shadkami, F., Helleur, R. & Sithole B.B. (2011). The Analysis of Optical Brightening 
Agents in Paper Samples Using Liquid Chromatography with High-Resolution Mass 
Spectrometry, Journal of Wood Chemistry and Technology, 31, pp. 42–57. 

Uchida H. (1998). A new whiteness formula, Col. Res. Appl. 23(4), pp. 202-209. 

Wedin, I. (2012). FWA Application, Stora Enso, Karlstad, August 15. Originally 
presented at Technical discussion on FWA and shading, Düsseldorf, Germany 18th 
October 2011. 

Zang, Y.H., Liu, Z., Cao, Z.L. & Mangin, P. (2008). An extension of Lepoutre mechanism 
for the consolidation of the structure of latex-pigment coatings. In TAPPI Advanced Coating 
Fundamentals Symposium, June 11-13, Montreal, QC, Candada: TAPPI Press, 29. 

Zhang, H., He, Z., Ni, Y., Hu, H. & Zhou, Y. (2009). Using optical brightening 
agents (OBA) for improving the optical properties of HYP-containing paper sheets, Pulp & 



 

40 
 

Paper Canada, T137-T141. 

Zhang, H., Hui, L. & Ni, Y. (2010). Adsorption behaviours of optical brightening agents 
and precipitated calcium carbonate onto pulp fibres. Ind. Eng. Chem. Res, 49, 9407-9412. 

  



 

41 
 

6. Appendices 

The following table shows the amounts of Blankophor P01 and Blankophor NC 
added in the coating colours in part A and the amount of dye added in the coating 
colours in part B. 

 

6.1. Part A 

The following table shows the brightness and whiteness values of Blankophor P01 
(FWA1) for all the trials. 

 
 
Following are the values for brightness and whiteness values of Blankophor NC 
(FWA2). 

 

FWA (pph) Weight (g)  Total weight of  basis coating colour Dye (pph)
Weight 
of dye 

(g)
0.3 0.76 500 0.0045 0.11

0.6 1.52 500 0.0045 0.11

0.9 2.29 500
1.2 3.05 500

First Trial Second Trial Third Trial First Trial Second Trial Third Trial
R457 D65/10 + UV R457 D65/10 + UV R457 D65/10 + UV WI CIE C/2/10 + UV WI CIE C/2/10 + UV WI CIE C/2/10 + UV

Averages St. Dev. Averages St. Dev.

1 0 0 85.3 85.2 85.2 85.2 0 78.59 78.59 78.59 78.59 0.00
2 0 0.3 90.6 90.4 90.7 90.6 0.2 94.91 94.78 95.43 95.04 0.34
3 0 0.6 92.1 91.5 91.7 91.8 0.3 98.39 99.11 97.95 98.48 0.58
4 0 0.9 92.8 93.6 92.9 93.1 0.4 103.35 100.80 100.70 101.62 1.50
5 0 1.2 93 93.4 93.1 93.2 0.2 102.48 100.90 100.72 101.36 0.97
6 0.3 0 87.1 86.8 87 87 0.2 83.73 84.11 83.92 83.92 0.19
7 0.3 0.3 90.8 90.6 90.6 90.6 0.1 95.38 95.70 95.33 95.47 0.20
8 0.3 0.6 91.8 91.5 91.7 91.6 0.2 98.34 98.23 97.65 98.07 0.37
9 0.3 0.9 92.3 92.9 93 92.7 0.4 100.23 99.03 101.00 100.09 0.99
10 0.6 0 87.8 87.9 88 87.9 0.1 87.07 86.78 86.92 86.92 0.14
11 0.6 0.3 91.3 91.1 91.2 91.2 0.1 97.66 97.29 97.01 97.32 0.32
12 0.6 0.6 92.1 91.7 91.7 91.8 0.2 99.04 99.76 99.14 99.32 0.39
13 0.9 0 89.1 89.3 89.3 89.2 0.1 91.06 90.31 91.05 90.81 0.43
14 0.9 0.3 92 91.8 91.8 91.9 0.1 99.07 99.30 98.90 99.09 0.20
15 1.2 0 89.7 89.6 89.3 89.5 0.2 91.61 91.76 90.30 91.22 0.80

No. Of Samples Pre-Coatings Top Coatings

First Trial Second Trial Third Trial First Trial Second Trial Third Trial
R457 D65/10 + UV R457 D65/10 + UV R457 D65/10 + UV WI CIE C/2/10 + UV WI CIE C/2/10 + UV WI CIE C/2/10 + UV

Averages St. Dev. Averages St. Dev.

1 0 0 85.2 85.3 85.2 85.2 0.0 78.59 78.59 78.59 78.59 0.00
2 0 0.3 90.1 90.1 90.2 90.1 0.0 94.91 94.78 95.43 95.04 0.34
3 0 0.6 90.9 91.8 92.1 91.6 0.6 96.88 99.11 97.94 98.48 0.58
4 0 0.9 92.1 93.2 93.4 92.9 0.7 100.02 100.80 100.70 101.62 1.50
5 0 1.2 92.6 93.8 93.2 93.2 0.6 100.23 100.90 100.72 101.36 0.97
6 0.3 0 86.8 87.1 86.9 86.9 0.1 82.62 84.11 83.92 83.92 0.19
7 0.3 0.3 90 90.5 90.9 90.4 0.5 94.21 95.70 95.33 95.47 0.20
8 0.3 0.6 91.1 91.6 92.1 91.6 0.5 98.62 98.23 97.65 98.07 0.37
9 0.3 0.9 92.7 93.1 93.3 93.0 0.3 101.50 99.03 101.00 100.09 0.99
10 0.6 0 87.8 88.1 88.4 88.1 0.3 87.01 86.78 86.92 86.92 0.14
11 0.6 0.3 91.1 91.4 91.6 91.3 0.3 97.01 97.29 97.01 97.32 0.32
12 0.6 0.6 91.7 91.8 91.9 91.8 0.1 99.79 99.17 99.34 99.32 0.39
13 0.9 0 88.8 89.2 89.5 89.2 0.3 90.26 90.31 91.05 90.81 0.43
14 0.9 0.3 92.3 92.3 92.4 92.3 0.0 100.53 99.30 98.90 99.09 0.20
15 1.2 0 90.1 90.1 90.5 90.2 0.2 93.20 91.76 90.30 91.22 0.80

No. Of Samples Pre-Coatings Top Coatings
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Following are the tables of L*, a* and b* values of Blankophor P01 (FWA1). 

 
 
Following are the tables of L*, a* and b* values of Blankophor NC (FWA2). 

 

6.2. Part B 

Following are the tables of brightness and w hiteness values of various kinds of 
sheets and the amounts of Blankophor P01 (FWA1) and dye used. 

 

 
 

L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10

PC=0.TC=0 95.1 0.6 -1.6 95.2 0.6 -1.5 95.10 0.60 -1.60 95.13 0.60 -1.57 0.06 0.00 0.06
PC=0.TC=0.3 95.1 0.8 -2.3 95.3 0.8 -2.4 95.1 0.6 -1.7 95.17 0.73 -2.13 0.12 0.12 0.38
PC=0.TC=0.6 95.4 0.9 -3.3 95.4 0.9 -3.3 95.2 0.8 -2.2 95.33 0.87 -2.93 0.12 0.06 0.64
PC=0.TC=0.9 95.4 0.7 -3.1 95.4 0.7 -2.7 95.3 0.7 -2.8 95.37 0.70 -2.87 0.06 0.00 0.21
PC=0.TC=1.2 94.8 0 0.7 95.4 0.6 -2.7 95.4 0.7 -2.7 95.20 0.43 -1.57 0.35 0.38 1.96
PC=03.TC=0 95.1 0.6 -1.7 94.9 -0.1 0.7 94.8 0 0.7 94.93 0.17 -0.10 0.15 0.38 1.39

PC=0.3.TC=0.3 96 -0.5 4.7 95.2 0.6 -1.7 95.1 0.6 -1.6 95.43 0.23 0.47 0.49 0.64 3.67
PC=0.3.TC=0.6 96 -0.5 4.6 95.3 0.7 -2.2 95.3 0.7 -2.1 95.53 0.30 0.10 0.40 0.69 3.90
PC=0.3.TC=0.9 94.9 0.1 0.1 95.3 0.6 -2.4 95.4 0.7 -2.8 95.20 0.47 -1.70 0.26 0.32 1.57
PC=0.6.TC=0 95 0.8 -2.2 94.9 0.1 0.1 94.9 0.1 0.1 94.93 0.33 -0.67 0.06 0.40 1.33

PC=0.6.TC=0.3 95 0.8 -2.2 95.2 0.7 -2.1 95.1 0.7 -2 95.10 0.73 -2.10 0.10 0.06 0.10
PC=0.6.TC=0.6 95.1 0.8 -2.5 95.07 0.79 -2.49 95.08 0.78 -2.47 95.08 0.79 -2.49 0.02 0.01 0.02
PC=0.9.TC=0 95 0.3 -0.8 95 0.2 -0.6 95 0.3 -0.8 95.00 0.27 -0.73 0.00 0.06 0.12

PC=0.9.TC=0.3 95.1 0.8 -2.5 95.2 0.7 -2.5 95.2 0.7 -2.4 95.17 0.73 -2.47 0.06 0.06 0.06
PC=1.2.TC=0 95 0.3 -0.9 95.1 0.3 -0.9 95.1 0.2 -0.5 95.07 0.27 -0.77 0.06 0.06 0.23

St. Dev.Second Trial Third TrialFirst Trial
Dosages of FWA

Averages

L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10 L* C/2/10 a* C/2/10 b* C/2/10

PC=0.TC=0 95.1 0.6 -1.6 95.2 0.6 -1.5 95.10 0.60 -1.60 95.13 0.60 -1.57 0.06 0.00 0.06
PC=0.TC=0.3 94.9 0.6 -1.7 95 0.6 -1.5 94.9 0.6 -1.6 94.93 0.60 -1.60 0.06 0.00 0.10
PC=0.TC=0.6 95.1 1.2 -3 95.4 0.8 -2.1 95.2 0.9 -2.4 95.23 0.97 -2.50 0.15 0.21 0.46
PC=0.TC=0.9 95.2 0.9 -2.7 95.4 1 -3.1 95.3 1 -3.2 95.30 0.97 -3.00 0.10 0.06 0.26
PC=0.TC=1.2 95.4 0.9 -2.6 95.4 1 -3.4 95.5 0.8 -2.7 95.43 0.90 -2.90 0.06 0.10 0.44
PC=03.TC=0 95 -0.1 1.1 94.9 0 0.6 94.7 0 0.6 94.87 -0.03 0.77 0.15 0.06 0.29

PC=0.3.TC=0.3 95 0.7 -1.5 95.1 0.6 -1.6 95.1 0.7 -1.8 95.07 0.67 -1.63 0.06 0.06 0.15
PC=0.3.TC=0.6 95.1 0.9 -2.4 95.1 0.8 -2.5 95.2 0.8 -2.7 95.13 0.83 -2.53 0.06 0.06 0.15
PC=0.3.TC=0.9 95.1 0.9 -3 95.3 0.9 -3.1 95.3 0.9 -3.1 95.23 0.90 -3.07 0.12 0.00 0.06
PC=0.6.TC=0 94.9 0.2 0.1 94.9 0.1 0 95 0.1 0 94.93 0.13 0.03 0.06 0.06 0.06

PC=0.6.TC=0.3 95.1 0.7 -2 95.1 0.8 -2.2 95.2 0.8 -2.2 95.13 0.77 -2.13 0.06 0.06 0.12
PC=0.6.TC=0.6 95.11 0.78 -2.49 95.11 0.78 -2.49 95.08 0.78 -2.47 95.10 0.78 -2.48 0.02 0.00 0.01
PC=0.9.TC=0 94.9 0.4 -0.6 95 0.3 -0.7 95.1 0.3 -0.7 95.00 0.33 -0.67 0.10 0.06 0.06

PC=0.9.TC=0.3 95.2 0.9 -2.8 95.2 0.9 -2.8 95.2 0.8 -2.7 95.20 0.87 -2.77 0.00 0.06 0.06
PC=1.2.TC=0 95.1 0.4 -1.2 95.1 0.4 -1.2 95.2 0.4 -1.3 95.13 0.40 -1.23 0.06 0.00 0.06

St. Dev.
Dosages of FWA

First Trial Second Trial Third Trial Averages

Type of Samples Pre-Coatings Top Coatings Dye R457 D65/10 + UV WI CIE D65/10 + UV R457 D65/10 + UV WI CIE D65/10 + UV R457 D65/10 + UV WI CIE D65/10 + UV

No FWA but dye Yes 83.24 74.08 82.74 72.02 83.25 74.24
0.3 in the Top Coating Yes 88.93 93.09 88.82 93.2 88.9 92.97
0.6 in the Top Coating Yes 91.32 100.06 91.89 102.42 91.55 101.68
Non-FWA, Non-dye No 83.42 72.14 83.18 71.28 83.49 72.43

No FWA but dye Yes 84.54 78.24 84.23 77.29 84.7 78.59
0.3 in the Top Coating Yes 90.3 98.31 89.79 96.05 90.96 99.75
0.6 in the Top Coating Yes 92.25 103.81 92.06 102.39 91.6 102.08
Non-FWA, Non-dye No 85.15 77.48 84.66 76.26 84.95 76.58

No FWA but dye Yes 84.61 92.59 85.1 93.79 85.35 93.76
0.3 in the Top Coating Yes 89.02 107.61 91.47 110.45 90.28 111.82
0.6 in the Top Coating Yes 92.41 114.88 93.32 119.02 93.94 121.22
Non-FWA, Non-dye No 84.9 89.44 86.04 91.96 86.19 91.28

Nil

First Trial Isotropic Sheets Second Trial Isotropic Sheets Third Trial Isotropic Sheets

Sheets withFWA & Dye

Sheets with FWA

Non-FWA Sheets Nil

Nil
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Following are the tables of L*, a* and b* values of  Blankophor P01 (FWA1) for 
Paper without FWA, Paper with F WA and Paper with both F WA and d ye 
respectively. 

 

 
 

 
 

Type of Samples Pre-Coatings Top Coatings Dye
Averages St. Dev. Averages Averages

No FWA but dye Yes 83.1 73.4 73.4 0.33
0.3 in the Top Coating Yes 88.9 93.1 93.1 0.13
0.6 in the Top Coating Yes 91.6 101.4 101.4 0.15
Non-FWA, Non-dye No 83.4 71.9 71.9 0.17

No FWA but dye Yes 84.5 78 78 0.35
0.3 in the Top Coating Yes 90.4 98 98 0.39
0.6 in the Top Coating Yes 92 102.8 102.8 0.25
Non-FWA, Non-dye No 84.9 76.8 76.8 0.3

No FWA but dye Yes 85 93.4 93.4 0.33
0.3 in the Top Coating Yes 90.3 110 110 0.66
0.6 in the Top Coating Yes 93.2 118.4 118.4 0.27
Non-FWA, Non-dye No 85.7 90.9 90.9 0.59

Nil

Averages & Standard Deviations
R457 D65/10+ UVWI CIE D65/10 + UV

Sheets with FWA & Dye

Sheets with FWA

Non-FWA Sheets Nil

Nil

L* a* b* L* a* b* L* a* b*
Non- FWA. 95 -0.2 3.4 94.9 -0.2 3.4 94.9 -0.2 3.6 94.9 -0.2 3.6 94.9 -0.1 3.4 94.9 -0.1 3.3

Non Dye 94.9 -0.2 3.3 94.9 -0.2 3.5 95 -0.1 3.3
94.9 -0.2 3.4 94.9 -0.2 3.5 94.9 -0.1 3.3

Non- FWA, 94.4 0 2.7 94.4 0 2.7 94.5 -0.1 3.2 94.5 -0.1 3.1 94.4 0 2.7 94.4 0 2.6
Dye 94.5 0 2.7 94.5 -0.1 3.1 94.4 0 2.6

94.5 0 2.7 94.5 -0.1 3.1 94.5 0 2.6
94.8 1.1 -1.3 94.8 1.1 -1.3 94.7 1.3 -1.5 94.7 1.2 -1.4 94.8 1.1 -1.2 94.8 1.1 -1.3
94.8 1.1 -1.4 94.7 1.2 -1.3 94.8 1.1 -1.3
94.8 1.1 -1.3 94.7 1.2 -1.4 94.8 1.1 -1.3
95 1.5 -2.8 95 1.5 -2.8 94.9 1.6 -3.3 94.9 1.6 -3.3 94.8 1.6 -3.2 94.8 1.6 -3.2
95 1.5 -2.8 94.9 1.6 -3.3 94.8 1.6 -3.2
95 1.5 -2.8 94.9 1.6 -3.4 94.8 1.6 -3.3

Paper Without FWA

Coating
First Trial Second Trial Third Trial 

Average Average Average

0.6FWA

0.3FWA

L* a* b* L* a* b* L* a* b*
Non -FWA, 95.1 0.1 2.3 95.1 0.1 2.3 95 0 2.5 94.9 0 2.5 95.1 0 2.4 95.1 0 2.5

Non Dye 95.1 0.1 2.2 94.9 0.1 2.5 95 0 2.5
95.1 0.1 2.2 94.9 0 2.5 95 0 2.5

Non- FWA, 94.5 0.1 1.8 94.5 0.1 1.8 94.5 0.1 2 94.5 0.1 2 94.5 0.1 1.8 94.5 0.1 1.7
Dye 94.5 0.1 1.8 94.5 0.1 2 94.5 0.1 1.7

94.5 0.1 1.8 94.5 0.1 2 94.5 0.1 1.7
94.6 1.4 -2.6 94.7 1.4 -2.5 94.7 1.2 -2 94.7 1.2 -2 94.8 1.4 -2.9 94.8 1.4 -2.7
94.7 1.4 -2.6 94.7 1.2 -2 94.8 1.4 -2.7
94.7 1.4 -2.5 94.7 1.2 -2 94.8 1.4 -2.6
94.8 1.7 -3.7 94.8 1.7 -3.7 95 1.5 -3.4 94.9 1.5 -3.3 94.7 1.6 -3.4 94.7 1.6 -3.3
94.8 1.7 -3.7 94.9 1.5 -3.3 94.7 1.6 -3.3
94.8 1.7 -3.7 94.9 1.5 -3.2 94.7 1.6 -3.3

Paper With FWA

Coating
First Trial Second Trial Third Trial

Average Average Average

0.3FWA

0.6FWA
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L* a* b* L* a* b* L* a* b*
Non-FWA. 92.7 -0.2 -1.5 92.7 -0.2 -1.5 93 -0.1 -1.9 93 -0.1 -2 93.2 -0.1 -1.7 93.2 -0.1 -1.7

Non Dye 92.8 -0.2 -1.6 93 -0.1 -2 93.3 -0.1 -1.7
92.7 -0.2 -1.5 92.9 -0.1 -2 93.2 -0.1 -1.7

Non- FWA, 92 0 -2.6 92 0 -2.6 92.1 0 -2.8 92 0 -2.8 92.3 0.1 -2.7 92.3 0.1 -2.7
Dye 92 0 -2.6 92.1 0 -2.8 92.3 0.1 -2.7

92 0 -2.5 92.1 0 -2.8 92.3 0.1 -2.7
92.2 0.9 -5.7 92.2 0.9 -5.7 93.3 1.2 -6.1 93.2 1.2 -5.9 92.3 1.3 -6.6 92.3 1.3 -6.6
92.2 0.9 -5.7 93.2 1.2 -5.8 92.3 1.3 -6.7
92.2 0.9 -5.7 93.2 1.2 -5.8 92.3 1.3 -6.5
92.9 1.3 -7 92.9 1.3 -7 92.8 1.5 -7.9 92.8 1.5 -8 92.7 1.7 -8.5 92.7 1.7 -8.5
93 1.3 -7 92.8 1.5 -8 92.7 1.8 -8.5
93 1.3 -7 92.7 1.5 -8 92.8 1.8 -8.5

Paper With FWA + Dye

Coating
First Trial Second Trial Third Trial 

Average Average Average

0.3FWA

0.6FWA

L* a* b* L* a* b* L* a* b*
94.9 -0.2 3.4 95 0 2.4 93 -0.1 -1.7
94.4 0 2.8 94.5 0.1 1.9 92.1 0 -2.7
94.8 1.2 -1.3 94.7 1.3 -2.4 92.6 1.1 -6.1
94.9 1.6 -3.1 94.8 1.6 -3.4 92.8 1.5 -7.8

Averages and St. Dev.
Paper without FWA Paper with FWA + DyePaper with FWA

Non-FWA, Non-dye
Non-FWA but Dye

0.3 Top Coating
0.6 Top Coating
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Following tables present the reflectance values of sheets containing FWA2 and 
FWA1 respectively.  
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Following tables present the reflectance values of Isotropic sheets (material B) 
starting from sheets without FWA, sheets with FWA and sheets with FWA and dye 
respectively.  
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