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Preface

For the last 100 years or so, our everyday life has been predominated by the use 
polymeric materials. Tires for automobiles, for example, grant us the mobility that 
is a paramount precondition for our modern civilization to function as it does. 
More and more, polymeric materials are substituting metals or, as in the case 
of coatings, are delivering important contributions to the protection of valuable 
resources.

It is true for almost all polymeric materials that they gain their full potential of 
use only by the incorporation of pigments and fillers (extenders). Usually, one 
finds that the pigments only develop their beneficial action when they are evenly 
distributed within the polymeric matrices. Most pigments and fillers are produced 
and marketed as dry powders that “agglomerate” due to mutual attraction and 
therefore present themselves as larger, fairly spherical entities. The destruction 
of these structures by mechanical forces in polymer melts or polymer solutions, 
yielding a homogenous distribution of the single pigment particles is called “dis-
persing”. In that sense, dispersing is the elemental step in the production of any 
composite materials, especially in the case of coatings.

In spite of the huge importance of dispersion processes in the production of 
composite materials, dispersing itself is still often looked upon as being more 
of an art rather than a fundamental, scientifically underlain technical process. 
The reason for this may lie in the fact that a number of separate steps take place 
simultaneously during dispersions. These steps are the wetting of pigment sur-
faces, the mechanical disruption of agglomerates and the stabilization of the 
single “primary” pigment particles obtained against renewed agglomeration, 
which is called “flocculation”. The interrelations appear complicated and confus-
ing to some. None of the single steps can be studied completely isolated from one 
another in a quantitative manner. Yet, there is profound knowledge concerning the 
physical and chemical background to these three steps. And, although quantita-
tive prognoses are difficult, there are a number of perceptions and theories that 
lead to a sound understanding of the influencing parameters. With this knowl-
edge, it is possible to find the reasons for possible failure on a case to case basis in 
a structured manner and to then find solutions to the problems quickly. In doing 
so, mathematical formulas are of great assistance since they enable an operator 
to find the influencing parameters at a glance. In the simplest case, a formula 
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depicts which parameters facilitate a process, which impede it and which don’t 
play a role at all. 

In order to satisfy the pretension of this book, namely to convey fundamental 
knowledge of dispersion processes, the basic interactions between atoms and/
or simple molecules is treated first. In that way, the wordings that are used to 
describe colloidal interactions are filled with meaning. 

Following this are chapters in which the elemental steps of dispersions are dis-
cussed. These are explicitly:

• the wetting of pigment (filler or extender) surfaces by liquid components of a 
mill base

• the mechanical breakage of pigment (filler or extender) agglomerates
• the stabilization of the dispersed pigments against flocculation.

The pretension of this book is formulated in the title: “Dispersing Pigments and 
Fillers”. It is meant to serve the experienced practitioner as well as the novice as 
a source for information for their everyday work.

Krefeld, January 2012
Jochen Winkler
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Hydrogen bonds 29

sequence is that the two atoms or molecules that are associated vibrate around a 
mean separation distance rm. 

The Lennard-Jones potential was used to describe the distance dependent interac-
tion between molecules of gas. In the case of the noble gas argon, for example, 
σ = 3.405 Ångstrom was found to be the distance at which the atoms neither attract, 
nor repel each other and the maximum attraction energy of ε = 165.3 ·  10-21 Joules was 
calculated for two argon atoms at a separation distance of rm = 3.822 Ångstroms [3]. 

In the further course of this book it will be shown that colloidal particles exhibit 
similar interaction energy curves like atoms and molecules as long as both attrac-
tive and repulsive forces are in place. 

1.4 Hydrogen bonds
A further physical interaction type that, however, may only occur between certain 
molecules, is the hydrogen bond. Hydrogen bonds are characterized by one mol-
ecule acting as a proton donor and another as a proton acceptor. Within the proton 
donor molecule, a hydrogen atom must form a chemical bond with an atom that 
has a high electronegativity. The proton acceptor, on the other hand, should have 

Figure 1.6: Lennard-Jones potential between two atoms
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Physical interactions of atoms and molecules30

lone electron pairs. As an exam-
ple, Figure 1.7 shows how two 
water molecules are polarized 
while forming a hydrogen bond. 
The molecules arrange in a way 
that the overlap between the pro-
tons of the proton donor and the 
free electron pair of the proton 
acceptor maximizes. In liquid 
water, clusters of approximately 
nine individual molecules exist. 

The high conductivity of water is, for example, attributed to the switching of 
hydrogen bonds to chemical bonds, whereby positive charges are transferred 
without mass transport being involved.

Strong hydrogen bonds of the type X-H----Y occur mainly when the atom X is 
either an oxygen, a nitrogen or a halogen atom (fluorine, chlorine, bromine or 
iodine) whereas the atom Y may be oxygen, nitrogen, sulfur or a halogen atom. 
Hydrogen bonds play an important role in many processes taking place in the ani-
mated and non-animated nature. In colloidal chemistry, hydrogen bonds are often 
determining factors as well because of their strength and their special alignment. 

There is as yet no coherent method for calculating interaction energies from 
hydrogen bonds between molecules. They usually lie in the order of about 10 to 
50 KJ/mole. The F-H------F bond is the most powerful hydrogen bond. A bonding 
energy of 160 to 170 KJ/mole is attributed to it. 

1.5 Range of physical interaction energies
Polarizabilities, dipole moments and values of h · v0 for a number of molecules 
as well as the contributions of attraction energies coming from the different 
mechanisms are presented in Table 1.4. It shows that dispersive forces always 
play a major role in intermolecular interactions. In contrast, appreciable dipole-
dipole interactions only come into being when dipole moments exceed 1.3 Debye 
(= 4.3 · 10-30 C · m). Induced dipole interactions are very weak in all cases.

The noble gases naturally have only dispersive interactions, whereas, on the other 
hand, water has a high contribution of dipolar interactions. Next to this, water 
molecules are attracted to each other by hydrogen bonds. 

An indication for the interaction between molecules or atoms is their boiling 
points. Table 1.5 lists polarizabilities, dipole moments and boiling points of a 
few selected chemical compounds. Neither of the noble gases (He, Ne, Ar, Kr, 
Xe) have a permanent dipole moment. However, their polarizabilities increase 

Figure 1.7: Polarization of electrons in a hydrogen 
bond

Winkler_Dispersing_GB.indb   30 26.04.2012   12:56:12



Range of physical interaction energies 31

with their molar mass. Their boiling points rise extremely as a function of their 
weight. Methane, which also has no permanent dipole moment, is, with respect 
to its polarizability of 25.9 · 10-31 m3, comparable to the noble gas krypton with a 
polarizability of 24.6 · 10-31 m3. Consequently, their boiling points of 111.7 K and 
119.9 K are also very similar. In the row isobutane, isobutylene to trimethylamine, 
the dipole moments increase from 0.44 ·10-30 Cm to 2.23 ·10-30 Cm at a comparable 
polarizability level. The boiling points, however, lie between 263 K and 278 K and 
seem to be almost independent of the dipole moments. This leads to the conclu-
sion that dipolar interactions have only little influence on the overall interaction 
between molecules. More so, the influence of dipolar interactions becomes less, 
the larger the molecules are. 

Deviations in the boiling behaviour of molecules are, however, evident with 
molecules capable of forming hydrogen bonds. In Table 1.5, these compounds 
are ammonia, water and methanol. Ammonia and krypton have about the same 
polarizabilities. In light of the afore mentioned relations, the dipole moment 
of ammonia does not suffice to explain the differences in the boiling points of 
ammonia (240 K) and krypton (119.9 K). The same is true for the comparison 
between water (373 K) and argon (87.3 K). The influence of hydrogen bonds also 
becomes evident when comparing the boiling points of methyl fluoride (195 K) 
and methanol (338 K). In this case, the ability to form hydrogen bonds leads to 
a boiling temperature increase of 143 K at comparable polarizabilites and dipole 
moments.

Compound Dipole
 moment

μ (10-30 Cm)

Polarisability

α (10-30 m3)

Energy
 

hv0 (eV)

Orientation

2/3 μ4/kT

Induction
 

2µ2 α

Dispersion
 

3/4 α2 hv0

CO 0.4 1.99 14.3 0.0034 0.057 67.5

HJ 1.27 5.40 12.0 0.35 1.68 382

HBr 2.61 3.58 13.3 6.2 4.05 176

HCI 3.45 2.63 13.7 18.6 5.4 105

NH3 5.02 2.21 16.0 84 10 93

H2O 6.16 1.48 18.0 190 10 47

He 0 0.20 24.5 0 0 1.2

Ar 0 1.63 15.4 0 0 52

Xe 0 4.00 11.5 0 0 217

Table 1.4: Contributions of dipole-dipole, induced dipole and dispersive interactions to 
the attractive energies of some small molecules [4]

Winkler_Dispersing_GB.indb   31 26.04.2012   12:56:12



Physical interactions of atoms and molecules32

Compound Chemical 
formula

Molecular
weight 
[g/mol]

Polarisability 
α [m³] · 1031

Dipole 
moment 

μ [Cm] · 1030

Boiling pt. 
K

Helium He 2 2.03 0.00 4.2

Neon Ne 10 3.92 0.00 27.3

Argon Ar 18 16,30 0.00 87.3

Krypton Kr 36 24.60 0.00 119.9

Xenon Xe 54 40.10 0.00 165.1

Methane CH4 16 25.90 0.00 111.7

Ammonia NH3 15 23.40 4.90 240.0

Water H2O 18 15.30 6.20 373.0

Methylfluoride CH3F 34 38.40 6.04 195.0

Methanole CH3OH 32 29.70 5.67 338.0

Isobutane (CH3)3CH 58 83.60 0.44 263.0

Isobutylene (CH3)2 = CH2 56 83.60 1.63 267.0

Triethylamine (CH3)3N 59 80.90 2.23 278.0

Chlorbenzene C6H5Cl 112 53.50 5.42 248.9

n-Hexane C6H14 86 119.00 0.00 341.7

Table 1.5: Polarizabilities, dipole moments and boiling points of some atoms and 
molecules

Figure 1.8: Comparison of typical energy contents of one mole (6.0231 x 1023) of physical 
and chemical bonds , respectively
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Interactions at interfaces 33

Figure 1.8 shows typical ranges of energies associated with the different types 
of chemical and physical bonds. As a rule of thumb, chemical bonds are about 
ten times stronger than physi-
cal bonds. In case of physical 
bonds, the binding energies 
decline from dispersive over 
dipole-dipole to induced dipole 
interactions. Hydrogen bond-
ing energies normally lie at 
the level of dispersive interac-
tions, although with a potential 
towards markedly higher values. 

1.6  Interactions 
at interfaces

At the interface between solid 
and liquid phases, the inter-
actions described above also 
come into action. Schroeder [4] 
estimated dipole moments and 
polarizabilities of inorganic and 
organic pigment surface mol-
ecules in the liquids n-hexane, 
chlorobenzene and methanol 
and calculated the contributions 
of the different interactions from 
these values (see Figure 1.9). 
The pigments employed were 
titanium dioxide, γ-iron oxide 
red, γ-quinacridone, β-copper 
phthalocyanine (isometric), 
polychloro copper phthalo-
cyanine (Cl16CuPc) and a rod 
shaped β-copper phthalocya-
nine. The dipole moments and 
polarizabilities of n-hexane and 
chloro-benzene are also listed at 
the end of Table 1.5. 

Schroeder found (viz. Figure 
1.9) that all pigments he exam-

Figure 1.9: Contributions of dispersive (rectan-
gles) and polar (rhombuses) interactions to the 
wetting of the pigments 1: TiO2, 2: γ-Fe2O3,  
3: γ-quinacridone, 4: β-copper phthalocyanine, 
(isometric), 5: chlorinated copper phthalocya-
naine (Cl16CuPc), 6: β-copper phthalocyanine 
(rod shaped) with 
a) n-hexane 
b) chlorobenzene  
c) methanol 
re-drawn from [5]
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ined only underwent dispersive interactions in the energy range between 125 
and 250 mJ/m² when immersed into n-hexane. The dispersive interactions with 
inorganic pigments were more pronounced than in the case of organic pigments. 
With chlorobenzene, the dispersive interactions of all the pigments were more 
or less identical to those in n-hexane. Yet, only the two inorganic pigments 
exhibited additional polar interactions of approximately 100 mJ/m². The organic 
pigments underwent only slight polar interactions with chlorobenzene. In metha-
nol, the dispersive interactions reduced to values between 90 (organic pigments) 
and140 mJ/m² (inorganic pigments). Whereas inorganic pigments possessed 
additional polar interactions of about 250 mJ/², the equivalent values for organic 
pigments merely laid between 20 and 30 mJ/m². This exemplifies that dispersive 
interactions contribute largely to interactions at the pigment-liquid interface. 
Furthermore, it shows that dipole-dipole interactions are limited to polar pig-
ment surfaces, naturally, only provided that the liquids themselves (viz. Equation 
1.20) have a high dipole moment or, as in the case of methanol, are able to form 
hydrogen bonds. Hydrogen bonds can only come into place if the pigments pos-
sess hydroxyl groups or other groups, such as –S-H or =N-H, that are capable of 
forming hydrogen bonds. These can come from the pigments themselves or from 
inorganic surface treatments.

1.7 Literature

[1] G. Wedler, Lehrbuch der Physikalischen Chemie, Wiley-VCH, 5. Auflage, Wein-
heim 2004

[2] J. Lennard-Jones, Proc. Royal Soc. 106, (1924) 463
[3] A. Michels, H. Wijker, H. K. Wijker, Physica 15 (1949) 627
[4] J. Schröder, Colloid Interface Sci. 72, No. 2 (1979) 279
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2 Properties of pigments and fillers

When dispersing, pigments and fillers, agglomerates are broken down and turned 
into primary particles. For that to happen, the attractive forces between the par-
ticles have to be overcome. Pigment agglomerates are held together by London-
van der Waals interactions. Inorganic and organic surface treatments modify 
the attractive forces so that the assembly of agglomerates is affected by them. 
The relationship between the Hamaker constant of an organic surface treatment, 
agglomerate structure and the dispersibility of pigment agglomerates is explained 
in this chapter. The following important propositions prevail:

1. Within this book, no difference is made between pigments and fillers (also 
called extenders in Europe). According to DIN EN ISO 4618, pigments and 
fillers are distinguished only in that pigments are used for “optical, protective 
or decorative” properties, whereas fillers have “a refractive index usually less 
than 1.7” and are utilized because of their “physical or chemical properties”. 
Otherwise, both materials consist of particles which are insoluble in the media 
they are used in. Solely that matters from a colloid chemistry point of view. 

2. A strict disparity must be made between dispersion processes, in which merely 
physical interactions between the particles must be overcome and milling 
processes. In the latter case, chemical bonds are broken, thus making much 
higher power inputs necessary when compared to dispersions. At least a tenfold 
amount of energy is needed to disrupt chemical rather than physical bonds.

2.1 Dispersing and milling
In the production of polymeric composite materials such as paints, plastics, rub-
bers and synthetic fibres, pigments and fillers are nearly always employed so that 
dispersing becomes essential. Pigments and fillers normally consist of (sub-) 
microscopic particles with mean particle diameters (“particle sizes”) between a 
few nanometres up to some micrometres. During production they normally evolve 
as dry powders. In a colloid chemical sense, they are actually not different from 
one another. Whereas pigments are used to add colour to polymeric materials or 
to achieve specific properties such as corrosion protection, fillers are incorporated 
with the aim to enhance applicational or mechanical composite material proper-
ties, or, otherwise, simply to reduce their price. Given that the pricing is volume 
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Properties of pigments and fillers36

based, the latter is of course only possible if the volume based price of the filler 
is lower than the cost for the equivalent volume of solid polymer. 

According to the standard DIN 53 206, primary particles, agglomerates and 
aggregates should be distinguished from one another (Figure 2.1). 

Primary particles are the smallest constituents in pigment or filler powders. 
They may consist of a number of crystallites, for example in case the pigments 
are made by calcining a precipitated precursor. An example for this procedure 
is titanium dioxide pigments. In the so called “sulfate route”, titanium dioxide 
(TiO2) pigments are produced by calcining a precipitated hydrous oxide of tita-
nium (TiO(OH)2) at temperatures of around 850 °C. If the onset of crystallization 
occurs simultaneously at different parts of the hydrous oxide, then the primary 
particles obtained have sections in which the crystal lattices are orientated in 
different directions. These domains are called crystallites. During calcination, 
primary particles that are formed may also sinter (bake) together to form larger 
particles. These are called aggregates. On the contrary, particles that are not 
connected by chemical bonds but merely by physical bonds instead are called 
agglomerates. Agglomerates have a surface area which is as large as the sum of 
the areas of the particles of which they are put together. Aggregates, on the other 
hand, have a lower surface area because the primary particles are conjoined in a 

Figure 2.1: Pigment model according to DIN 53 206
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platy way. Apart from calcination steps, which are often important in the produc-
tion of inorganic pigments, aggregates can also derive from crystallization steps, 
which are predominantly typical for the production of organic pigments. 

When dispersing, agglomerates are broken down into primary particles as well as 
smaller agglomerates. In doing so, only physical bonds are ruptured. It was shown 
in Chapter 1.5 that these are in the energy range between 40 and 50 KJ/mole. This 
means that one mole (= 6.02 · 1023) of physical bonds has an energy content of 
40,000 to 50,000 joules or, respectively, that this amount of energy is necessary 
to break this number of physical bonds. If aggregates are milled, i.e. if chemical 
bonds are broken, then an energy input of approximately 500 to 1000 KJ/mole is 
required, which is approximately tenfold. This case is termed milling or grinding.

2.2 Particle size determination
As Figure 2.1 suggests, pigment particles tend not to be of spherical shape, but 
rather possess a “form factor”. This means that they are mostly irregularly shaped 
or may be rod shaped or platy. Nevertheless, it is customary to assign “mean par-
ticle sizes” to the different pigments. Often, the expression “equivalent particle 
diameter” is used, meaning the diameter of a spherical particle having the same 
volume or identical properties (such as sedimentation velocity) as the typical 
pigment particle. Of course, the primary particles of pigment powders are not of 
uniform size but rather exhibit a range of sizes. Pigment particle size distributions 
may be accessed in a number of different ways. The formerly common method of 
sedimentation rate analysis in a liquid, either under the influence of gravity or 
in a centrifugal field has been largely replaced by laser light scattering and laser 
light diffraction techniques. Laser light scattering principles are especially use-
ful for very small particles with mean particle sizes of less than 200 nm, whereas 
laser diffraction techniques give more meaningful results in the case of larger par-
ticles. The advantage of both methods lay in the swiftness of the measurements. 
The disadvantage is, however, that the measurements are less accurate, especially 
for widely spread particle diameter distributions or when the mean particle sizes 
lay outside of the optimum range of the measuring principle employed. Alterna-
tive methods are based upon the determination of the inertia of the particles 
(electro-acoustic methods), the displacement of electrolyte solutions in electric 
fields (“electronic zone sensing” with the “Coulter Counter”), or the calculation 
of mean particle sizes from specific surface areas of the powders. Specific surface 
areas of pigments and fillers may be accessed by nitrogen gas adsorption using 
the one-point method according to Haul and Duembgen [1] (sometimes called the 
“BET-surface area” after Brunauer, Emmet and Teller). Assuming the particles 
to be spherical and non-porous, the mean particle diameter d may easily be esti-
mated from the specific surface area Aspec of the particles and from their density ρ.  
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Equation 2.1 d = 6
  Aspec · ρ

In the case of nano-sized pig-
ments that, due to their fineness, 
consist of only one single crys-
tallite, the measurement of crys-
tallite sizes with the aid of X-ray 
diffraction is convenient. The 
mean crystallite size τ may be 
acquired by the Scherrer equa-
tion (Equation 2.2) from the 
X-ray wave length λ, the scatter-
ing angle Θ and the “half width” 
β of the X-ray peak.  

Equation 2.2  τ = 0,89 · λ
	 	 β	·	cosθ

Figure 2.2 shows the X-ray diffraction spectrum of a titanium dioxide pigment in 
the rutile modification. The Scherrer analysis is normally performed automati-
cally by the software of X-ray diffractors. For this, a preferably distinguished peak 
at low scattering angles is commonly utilized. When determining the particle size 
either from the specific surface area or with the help of the Scherrer equation, only 
a mean value for the particle size is obtained instead of the particle size distribu-
tion. On the other hand, the mean values found do not depend upon the dispersion 
of the pigments in a test medium since the measurements are performed on the 
pigment powders themselves.

Similar pigments or different batches of one and the same pigment can differ in mean 
particle size as well as in their particle size distributions. When pigments are “aniso-
tropic”1, that is not spherical, but, for example rod-shaped or platy instead, it would 
be necessary to characterize them by measuring the characteristic distributions of 
their lengths, their widths and their heights, etc. This, however, is only possible from 
tedious evaluations of electron microscopic or light microscopic photographs.

In the case of “isotropic” pigments or fillers, particle sizes are best described as 
logarithmic normal distributions. Logarithmic normal distributions are typical 
for properties that are limited by a value of zero to the lower end and in which 
the random variables that lead to the selected property concur in a multiplicate 
manner. That is to say that the change of a parameter is proportional to its value 
at any time. Apparently, this is true in the case of many [2] if not most pigments.

Figure 2.2: X-ray diffraction spectrum of a 
titanium dioxide pigment in the rutile modification

1 Anisotropy relates to properties that are direction dependent.
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The cumulative sum curve of the logarithmic normal distribution has the general 
form: 

Equation 2.3 

H(d) is the cumulative occurrence of the feature d, µ the median value and σ the 
standard deviation of the distribution. The median is based on weight and, in this 
case, denotes the particle size that separates the weight distribution curve in half. 
The sum of all particles of a distribution with a particle size smaller than the 
median and the sum of all particles that are larger than the median have the same 
mass. Since larger particles are heavier than smaller particles, the median is larger 
than the arithmetic mean which is gained by dividing the total mass of all par-
ticles by their number. Since the signals of common particle size measurements 
are related to particle mass, the median is normally generated automatically. (If 
the measurement were to depend upon the number of particles, the arithmetic 
mean would be gained instead). 

The distribution Equation 2.3 is called the “cumulative sum curve” since the sum 
of the incidences H(d) is plotted for increasing values of d. It has the general form

Equation 2.4 

and yields the mass fraction of all the particles that are smaller than d. 

A different presentation of the log-normal distribution comes into being by dif-
ferentiation of Equation 2.3 , whereby the so called “probability density function” 
is formed. 

Equation 2.5 

When plotting h(d), the frequency of a diameter d, against ln d, a bell shaped curve 
is formed with a peak at ln µ and inflection points at µ/σ (= ln µ - ln σ) and µ · σ 
(= ln µ + ln σ), respectively. 

It is easy to check if the particle size distribution follows a log-normal law (Equa-
tion 2.3) by simply fitting H(d)-values against the respective d-values in a log-
normal probability chart. In this chart, the x-axis is divided in a logarithmic scale 
whereas the y-axis represents the “Gauss integral”. In case the particle size dis-
tribution does fit a log-normal law, the graphical representation yields a straight 
line. The intersection with the 50 % line represents the median (geometric mean), 
whereas the intercept with the 84.13 % and 15.87 % line, respectively, indicate the 
inflection points of the bell shaped probability function (Equation 2.5). Given that 
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the particle size distribution fol-
lows a log-normal mode, 68 % 
of all diameters lie in between 
these two inflection points. 

Figure 2.3 illustrates the con-
nection between the cumulative 
distribution function in the log-
normal probability chart and 
the probability density function 
itself. Furthermore, Figure 2.3 
shows the shape of the probabil-
ity density distribution function 
if the frequency of the diameters 
is plotted against the particle 
size instead of the logarithm of 
the particle size. Then the prob-
ability density function is no 
longer bell shaped but skewed to 
the left instead. 

When a log-normal distribu-
tion exists and when the median 
and the standard deviation are 
known, then the mean particle 
size 	̅χ and the most frequent par-
ticle size D in the linear plot can 
be calculated using Equations 
2.6 and 2.7. 

Equation 2.6 χ̅	 = anti lg (μ + 1.1513 · σ2)

Equation 2.7 D = anti lg (μ – 2.3026 · σ2)

For increasing standard deviations, yet at a given median, the difference between 
the most frequent particle size and the median increases twice as fast as the differ-
ence between the mean value and the median. The distribution therefore becomes 
increasingly broader and more skewed. 

In theory, a preferably narrow particle size distribution of pigments is desirable. 
Furthermore, pigments with a narrow particle size distribution are usually easier to 
disperse since they have the tendency to form agglomerates that are more loosely 
packed. On the other hand, wide particle size distributions are often caused by coarse 
particle fractions that are often hardly dispersible at all. (These impurities are some-
times called “grit”.) For these reasons, it makes sense to describe particle size distribu-

Figure 2.3: Log-normal distribution  
a) linearization of the cumulative distribution 
function (Equation 2.3) in a log-normal probability 
chart, b) probability density function (Equation 2.5) 
of a log-normal distribution in a semi-logarithmic 
plot, c) probability density function (Equation 2.5) 
of a log-normal distribution in a linear plot
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tions with the help of figures that 
reflect the medians of the par-
ticle sizes as well as the spread 
of particle diameters. The skew-
ness [3] is such a measure.  

Equation 2.8 S = 3 (χ̅ – μ)
  σ

For a given standard deviation 
of a log-normal distribution, 
the skewness is larger, the far-
ther the arithmetic mean and 
the median are separated from 
one another. In many cases the 
skewness of the pigment diam-
eter distribution can be put in 
relation to paint properties [4]. 
Table 2.1 lists five titanium 
dioxide pigments in the rutile 
modification that are dispersed 
in four different binder systems. 
The particle diameter distribu-
tions in the cured paint films 
were measured from scanning 
electron microscopic (SEM) 
pictures with an automatic 
image analysis instrument. 
Agglomerates were detected 
as larger particles. The median 
values as well as the Standard 

Table 2.1: Properties of the pigments investigated (compare Table 2.2 and Figure 2.4) 

Pigment Production Surface 
treatment

TiO2- 
content 
in [%]

Relative  
scattering power 

in [%]

BET  
surface area 

in [m²/g]

1 Sulfate Al2O3/SiO2 92 105 9.4

2 Sulfate Al2O3/SiO2 95 112 12.9 

3 Sulfate Al2O3/org. 94 108 13.4 

4 Sulfate Al2O3/ZnO/org. 95 109 13.8 

5 Chloride Al2O3/SiO2/org. 95 110 9.4 

Table 2.2: Comparison of the skewnesses of titanium 
dioxide pigment particle size distributions in coatings 
and respective hiding power values (see Figure 2.4)

Resin Pigment 
number

Skewness Film thickness 
for ΔL = 2 in µm

A 1 0.1 50.6

A 2 0.0656 51.6

A 3 0.0653 45.6

A 4 0.0531 42

A 5 0.0698 44

B 1 0.077 55.3

B 2 0.0684 47.6

B 3 0.0811 47.6

B 4 0.0557 46

B 5 0.0609 46

C 1 0.112 65.6

C 2 0.1112 62

C 3 0.0812 51

C 4 n.b. n.b

C 5 0.0807 55.3

D 1 0.1658 91

D 2 0.126 77.6

D 3 0.1357 71.3

D 4 n.b. n.b

D 5 0.1776 83.3
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deviations of the particle 
diameter distributions were 
determined with the help of 
probability charts (Figure 
2.3a). From the data of these 
plots, the skewness values of 
the particle size distributions 
were calculated (Equation. 
2.8). Parallel to that, the hid-
ing powers of the paint films 
were determined following 
DIN 55 987 by applying the 
paints onto black and white 
contrast boards and measur-
ing the dry film thickness at 
which a difference in light-

ness ∆L* of 2 was reached. The hiding power of a coating is lower the higher 
the film thickness at this point is. Results are listed in Table 2.2. It can be seen 
that pigment #1 has comparatively low hiding power not only because of a low 
titanium dioxide content (i.e. much inorganic surface treatment), but also due to 
a comparatively poor distribution within the coating. 

Figure 2.4 shows a plot of the film thicknesses for ∆L* = 2 versus the skewnesses 
of the respective pigment particle diameter distributions. It is clearly seen that 
the particle distributions have a large influence on the hiding powers achieved. 
Not only does the pigment itself have a grave influence, but also the resin system. 
This can be attributed to differences in the wetting behaviour of the resins as well 
as to their different abilities for stabilizing the pigments against flocculation. A 
further conclusion that can be made from these experiments is that, even when 
the particle size distributions of pigments become worse due to poor dispersion of 
by flocculation, their diameter distributions may still be described as log-normal 
functions. 

2.3 Interactions between pigment particles
In principle, small particles of any nature undergo the same types of physical 
interactions that play a role between atoms and/or molecules. These interactions 
are 

• dipole-dipole interaction
• induced dipole interaction
• London-van der Waals interaction (dispersive interaction)
• hydrogen bonds

Figure 2.4: Hiding powers of coatings pigmented with 
five different titanium dioxide pigments in four different 
resins (A to D) as a function of the skewnesses of the 
pigment particle distributions in the coatings
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