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Abstract
During the past decade submicron and nanoparticles have aroused a wide interest and gained new
applications due to their high surface area and strength. Grinding with a wet stirred media mill is
usually the last process step before the submicron or nanoparticles are added to an application, and
the step where the final particle size distribution is achieved. Since stirred media milling is an
energy-intensive process, energy efficiency should be optimized. This can be done by determining
the optimum operational parameters for the mill and using the highest possible solids
concentration. The solids concentration can be increased by controlling particle-particle
interactions with stabilization chemicals, e.g. polymers.
This thesis concerns parameters and grinding aids affecting the particle size distribution and
suspension stability of the aqueous submicron grinding of calcium carbonate (CaCO3) and
titanium dioxide (TiO2) in stirred media mills. TiO2 particles are aggregates produced via a
bottom-up method, while CaCO3 are primary mineral particles produced by a top-down method.
The most energy efficient grinding of TiO2 to a 300 nm particle size with the narrowest
possible particle size distribution was obtained with the lowest stress energy, implying the
smallest grinding medium size. It was observed that electrosteric stabilization with sodium
polyacrylates was effective for TiO2, and sodium polyacrylate with a molecular weight of 12500
g/mol was found to be the most effective for reducing the viscosity of the suspension.
As with TiO2, electrosteric stabilization with sodium polyacrylates was also found to be
effective for CaCO3, but in this case sodium polyacrylate with a lower polydispersity index was
more effective, showing a better stabilization potential in micron and submicron grinding and
reducing the viscosity and particle size to a greater extent. Nanogrinding experiments were
performed for a CaCO3 suspension with low PDI sodium polyacrylate and it was found to be
possible to obtain a particle size of 26 nm, smaller than any size previously reported when grinding
CaCO3.

Keywords: dispersing agent, grinding, grinding limit, industrial mineral, milling,
nanoparticle, polymer, stabilization

Ohenoja, Katja, Partikkelikokojakauma ja lietteen stabiilisuus CaCO3:n ja TiO2:n
vesipohjaisessa submikronijauhatuksessa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 501, 2014
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Viimeisen kymmenen vuoden aikana alle yhden mikrometrin partikkelit ovat herättäneet kiinnostusta ja niille on kehitetty uusia sovelluksia niiden suuren pinta-alan ja lujuuden ansiosta.
Ultrahienojauhatus märkähelmimyllyllä on useimmiten viimeinen prosessivaihe ennen partikkelien lisäämistä sovelluskohteeseen ja siinä saavutetaan partikkelien lopullinen partikkelikokojakauma. Helmimyllyjauhatuksen energiankulutus minimoidaan etsimällä optimioperointiparametrit kullekin jauhatusprosessille ja käyttämällä korkeinta mahdollista suspension kuiva-ainepitoisuutta. Suspension kuiva-ainepitoisuutta voidaan nostaa hallitsemalla partikkelien välisiä vuorovaikutuksia stabilointiaineilla, kuten polymeereillä.
Tässä väitöskirjassa tutkittiin operointiparametrien ja jauhatusapuaineiden vaikutusta titaanidioksidin (TiO2) ja kalsiumkarbonaatin (CaCO3) partikkelikokojakaumaan ja lietteen stabiilisuuteen submikronijauhatuksessa. Tutkitut TiO2-partikkelit olivat aggregaatteja, jotka oli valmistettu sulfaattiprosessilla saostamalla, ja tutkitut CaCO3-partikkelit olivat primäärisiä mineraalipartikkeleita.
TiO2-partikkeleille saavutettiin energiatehokkain jauhatus ja samalla toivottu partikkelikokojakauma, eli mediaani 300 nm ja mahdollisimman kapea jakauma, pienillä helmillä, jotka aiheuttavat partikkeleihin pienimmän puristusenergian. Elektrosteerinen stabilointi käyttämällä natriumpolyakrylaatteja stabilointiaineena havaittiin tehokkaaksi menetelmäksi hallita TiO2-partikkelien välisiä vuorovaikutuksia. Natriumpolyakrylaatti, jonka molekyylimassa oli 12500 g/mol, oli
tehokkain TiO2-partikkeleille alentaen suspension viskositeettiä eniten. Myös CaCO3-partikkeleille elektrosteerinen stabilointi natriumpolyakrylaatteja käyttäen oli tehokkain stabilointimenetelmä. Myös natriumpolyakrylaattien polydispersiteetti-indeksin vaikutusta tutkittiin CaCO3suspensioille. Tulokset osoittivat matalan polydispersiteetti-indeksin olevan tehokkaampi alentaen viskositteettia ja pienentäen partikkelikokoa tehokkaammin kuin natriumpolyakrylaatti, jolla
oli korkeampi polydispersitetti-indeksi. Tämän vuoksi natriumpolyakrylaatti, jolla oli matala
polydispersiteetti-indeksi, valittiin nanojauhatuskokeisiin. Kokeissa CaCO3-partikkelit saatiin
jauhettua 26 nm kokoon, joka on pienin koskaan aiemmin jauhamalla saavutettu koko CaCO3partikkeleille.

Asiasanat: dispergointiaine, hienonnus, jauhatus, jauhatusraja, nanopartikkeli,
polymeeri, stabilointi, teollisuusmineraali

“A scientist in his laboratory is not a mere technician:
he is also a child confronting natural phenomena
that impress him as though they were fairy tales.”
(Marie Curie)

Dedicated to my dear, sweet son Oskari
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1

Introduction

1.1

Background

Most everyday products nowadays contain inorganic mineral particles with a
certain, product-specific particle size distribution. Around 30 percent of all
standard copy paper, for example, consists of inorganic filler, and some coated
paper grades may contain over 50 percent inorganic matter. Inorganic mineral
particles also appear in concretes, composites, plastics, paints, printing inks,
medicines and cosmetics such as sun lotions, for instance, and even chewing gum
contains mineral particles. The desired particle size depends on the application,
but is typically in the micron range. During the past decade submicron and
nanoparticles have also aroused a wide interest and have gained new applications
due to their high surface area and strength. In addition to product particle size, the
width of the particle size distribution also affects the final properties of the
product, such as transparency, as shown by Breitung-Faes & Kwade (2011), and
the particle size distribution should be taken into account when considering the
decisive particle properties.
Particle size reduction from the micrometre range to a nano-scale results in
totally different properties for the same material (Krumpfer et al. 2013). A good
example is titanium dioxide (TiO2), which is a good but expensive pigment at
particle sizes around 200 nm, with a high refractive index, substantial scattering
properties and a good hiding power, whereas when its particle size is reduced to
the nano-range, particularly around 10 nm (Auvinen et al. 2011), it is transparent
at the wavelengths of visible light, absorbs UV light and has significant
photocatalytic properties, so that it can be used as a self-cleaning material (Wang
et al. 2013).
Grinding or dispersing is usually the last process step before the mineral is
added to an application, and the step in which the final particle size distribution
for the mineral is achieved. Considering only wet processes, stirred media mills
are the most frequently used grinders for micro, submicron and nanoparticle
production. In addition to this “true grinding”, in which coarser solid particles are
comminuted, particles can also be produced by “bottom-up” processes in which
the material is synthesized via chemical reactions, allowing the particles to grow
to the desired size. These particles produced by bottom-up process are usually
aggregated or agglomerated so they need to be deagglomerated or dispersed.
17

Stirred media mills have been found to be effective for this purpose as well
(Schilde et al. 2011).
Submicron grinding by means of stirred media mills is nevertheless an
energy-intensive process, and it is thus necessary to optimize energy usage by
determining the optimum operational parameters for the mill, e.g. using the stress
energy model presented by Kwade (2003). Energy efficiency can also be
improved by using the highest possible solids concentration, which depends on
the target product particle size, i.e. where solids concentrations of up to 75 weight
percent are used in micron grinding (He et al. 2006a) while concentrations of only
around 5 to 20 wt% are typically used in nanogrinding, since a decrease in
particle size will lead to an enormous increase in the number of particles. Kwade
& Schwedes (2007) expressed that the grinding of a single spherical particle of
size 1 mm down to 100 nm will generate one trillion (1·1012) spherical fragments.
It is obvious, therefore, that particle-particle interactions play an important role in
submicron range grinding and that controlling these interactions is an important
issue when reducing the particle size to the submicron scale. These particleparticle interactions can be controlled by adding stabilization chemicals, e.g.
various salts, polymers or polyelectrolytes.
This thesis will consider the parameters affecting particle size distribution
and suspension stability in the submicron grinding of calcium carbonate (CaCO3)
and titanium dioxide (TiO2). TiO2 particles are aggregates produced via the
bottom-up method, while CaCO3 are primary mineral particles produced by the
top-down method, and therefore a comparison of the behaviour of these materials
will be of interest on account of their differences in nature and strength. Some of
these differences can be appreciated from the electron microscope images
presented in Fig. 1.
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Fig. 1. Electron microscope images of a) TiO2, and b) CaCO3.

1.2

Outline of the thesis

This thesis is organized into six chapters. Chapter 1 briefly traces the background
to the work, while Chapter 2 sets out present understanding of stirred media
milling, the stabilization of mineral particles and stirred media milling of TiO2
and CaCO3. The aim of this thesis and the questions to be solved are detailed in
Chapter 3, and the materials, experimental setups and analytical devices used in
the research are presented in Chapter 4. The results obtained concerning the
stirred media milling of TiO2 and CaCO3 particles are presented in Chapter 5, and
the conclusions reached on the basis of these are contained in Chapter 6.
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2

State of the art

After setting out the fundamentals of wet grinding with stirred media mills and
the stabilization of suspensions, this chapter will describe the present
understanding of the material properties, stirred media milling and stabilization of
the minerals to be considered here, i.e. calcium carbonate and titanium dioxide.
2.1

Wet grinding with stirred media mills

2.1.1 Introduction to stirred media mills
The first industrial stirred mills were introduced in the 1950´s in response to the
increasing need for fine particle grinders (Jankovic 2003, Kwade & Schwedes
2007). These mills have become the preferred devices for fine and even
nanogrinding (Kwade & Schwedes 2007). Stirred media mills are best suited
relative to other mills for the production of the smallest particle sizes (Wang &
Forssberg 2007). A stirred media mill is a vertical or horizontal cylinder which is
loaded with grinding beads and a suspension containing the particles to be
ground. The grinding chamber is filled to around 60–85 vol.% with grinding
beads, which can be made from steel, glass, ceramics or plastics. These are
typically in a size range between 0.05 mm and 3 mm. A rotating stirrer sets the
beads and the suspension in motion whereupon the particles are stressed by
compression, impact and shearing brought about by collision of the beads,
causing a reduction in their size. Either a pin or disc stirrer can be used, for
instance, the disc stirrer being the more commonly used type.
Stirred media mills are typically operated in wet mode, but dry mode mills
have also been introduced by Altun et al. (2013) and Mucsi et al. (2013). The
challenge in industrial dry grinding is the milling limit, which is currently in the
region of one micrometre due to agglomeration. Although submicron grinding has
proved to be possible in laboratory-scale dry mode milling with Pulvis from
Hosokawa Alpine (Droop & Stein 2011), only wet mode milling will be
considered in this thesis since the focus of interest in on the grinding of particles
to a submicron range and measurement of the stabilization of suspensions.
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2.1.2 Evaluating the grinding process: particle size and width of the
particle size distribution
The grinding process is usually evaluated by measuring the median size d50 of the
particles in the suspension. Other measures derived from the cumulative
distribution, such as d75, d80 and d90, can be used where these are of principal
importance, e.g. in the mining industry. Particle size measuring devices can be
based on a variety of methods, including light scattering and diffraction,
sedimentation, electrophoresis and ultrasound attenuation.
In addition to the median particle size, the width of the particle size
distribution is usually calculated in order to obtain information on the size
homogeneity of the particles. Various evaluation methods have been used for this.
The ratios between cumulative weight passing particle sizes d20 and d80 (d80/d20)
or d16 and d84 (d84/d16) are used to evaluate the spread of the particle size
distribution (Jankovic & Sinclair 2006, Karbstein et al. 1995, Karbstein et al.
1996, Nesset et al. 2006), while the ratio between the particle sizes d10 and d90
(d10/d90 or (d10–d90)/d50) can be more useful for representing the particle size
distribution width because it extends the comparison over a wider range (Kotake
et al. 2011). The geometric standard deviation (d84/d16)0.5 has also been used
(Johnson et al. 1997). In all these cases, a decrease in the ratio represents a
narrower particle size distribution. In this research the width WPSD will be
described in terms of the span value ((d10–d90)/d50)), since this is the commonly
used measure for products ground in a stirred media mill.
2.1.3 Operational parameters of the mill
Only a small part of the energy released into the grinding chamber of a stirred
media mill is actually used for the comminution of particles, as much of it is
dissipated into the product suspension and the grinding chamber wall as heat
through friction, for instance, as observed by Kwade (2003). The energy used for
particle breakage can be optimized by choosing the optimal operational
parameters for the mill. There are a large number of these parameters which may
affect the grinding process; in fact, up to 44 parameters have been identified by
Mölls & Hörnle (1972), although many of them can be classified as being of less
importance by Jankovic (2003). There are around ten parameters that have been
found to be significant: namely the mill geometry, operational mode of the mill,
grinding medium size, grinding medium material, grinding medium filling ratio,
22

stirrer tip speed, throughput, grinding time and aspects of the formulation of the
suspension such as its solids concentration, stabilization chemicals and solvent.
Investigations into the optimal operational parameters for the stirred media
milling of different materials have been carried out by Becker et al. (2001), Bel
Fadhel et al. (1999), Bel Fadhel & Frances (2001), Bunge et al. (1992), Choi et
al. (2007), Gao & Forssberg (1993), Hennart et al. (2012), Jankovic (2003), Joost
& Schwedes (1996a), Knieke et al. (2010), Knieke et al. (2011), Kwade et al.
(1996), Liimatainen et al. (2011), Mankosa et al. (1989), Mucsi (2013), Patel et
al. (2012), Pradeep & Pitchumani (2011), Samanli et al. (2010), Stenger et al.
(2005), Tuunila (1997), Wang & Forssberg (2000) and Zheng et al. (1996).
Generally it is the grinding bead size and rotational speed of the stirrer that have
been found to be the most important operational parameters affecting the resulting
particle size.
When considering the width of the particle size distribution, the most
important factors are the transport behaviour and the operational mode of the mill.
The transport behaviour of the suspensions can vary between plug flow and an
ideally stirred vessel. In plug flow all the particles are stressed for the same time
period, whereas the mixing action in the grinding chamber causes them to be
stressed for different lengths of time (Kwade & Schwedes 2007). The residence
time distribution represents the time for which the particles are stressed, and thus
a narrower residence time distribution means a narrower particle size distribution.
The residence time distribution is narrower for a mill operated in multiple passage
mode than in circuit mode (Stadler et al. 1990), so that the former ensures more
equal treatment for all the particles (Hond 1990), allowing a narrower particle
size distribution (PSD) to be obtained (Karbstein et al. 1996). In addition to the
operational mode, the bead size and stirrer tip speed, for instance, have also been
reported to have an effect on the width of the particle size distribution (Jankovic
& Sinclair 2006, Kotake et al. 2011, Müller & Polke 1999, Nesset et al. 2006,
Wang & Forssberg 2000).
2.1.4 Stress energy model
The first description of the stress energy of grinding media, SEGM, was presented
by Kwade et al. (1996), who took account of the effect of three important
operational parameters of a stirred media mill at the same time instead of
analysing each parameter individually. In this equation (Equation 1), the stress
energy SEGM as a measure of the maximum kinetic energy of two colliding
23

grinding beads is presented as being dependent on the size of the grinding beads
dGM, the grinding media density ρGM and the stirrer tip speed vt
3
SE GM  d GM
 GM v t2 .

(1)

It has been noted for many materials that an optimum value for the stress energy
exists at a certain particle size; i.e. the stress energy is optimum and energy
utilization at its maximum when the stress energy is just sufficient to break the
particle (Jankovic 2001, Kwade et al. 1996, Mende et al. 2004, Stender et al.
2004). This optimal value can be found by illustrating a product property that
changes during grinding, usually the median particle size, as a function of stress
energy at different specific energies.
However, Equation 1 does not take into account the deformation behaviour of
the grinding media and the product particles, so that Becker et al. (2001) added
Young´s moduli to Equation 1 to remedy this omission. Young´s modulus needs
to be taken into account especially in the case of highly valuable materials (for
e.g. fused corundum). The following expression (Equation 2) for the stress energy
of the product particles SEp is the extended version of Equation 1 that includes the
ratio of Young´s modulus for the grinding media, EGM, to that of the product
particles EFeed:

SEp  d

3
GM

 E 
 v 1  Feed 
 EGM 
2
GM t

1

.

(2)

In addition to these simple calculations, more exact descriptions of the processes
that take place inside a mill can be obtained by calculating its stress energy
distributions, as done by Stender et al. (2004) and later transferred and extended
to other mill types such as pin mills, annular gap mills and accelerator mills by
Breitung-Faes (Breitung-Faes & Kwade 2013b). From the stress energy
distribution it is also possible to determine the median stress energy, which
interprets the grinding process better than does the maximum stress energy.
Breitung-Faes used this median stress energy to create an enhanced stress energy
model based on the work of Kwade (2004), Becker et al. (2001) and Stender et al.
(2004) for the optimization of process parameters. The model allows the optimum
stress energies to be predicted if certain selected material and mill parameters are
known. With a knowledge of the optimum stress energy for the desired product
fineness, the most important process parameters, i.e. grinding medium size and
density and stirrer tip speed, can be chosen and the specific energy minimized. In
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addition, Breitung-Faes & Kwade (2013a and 2013b) found grinding medium
wear, which is an economic problem and a source of product contamination
(Becker & Schwedes 1999, Breitung-Faes & Kwade 2008, Breitung-Faes &
Kwade 2011, Joost & Schwedes 1996b, Weller et al. 1997), to be lowest when the
predicted optimum process parameters were used. Grinding medium wear is
significant, especially for the grinding of very hard materials such as fused
alumina (Joost & Schwedes 1996b). Nowadays, the stress energy distributions are
also modelled using a four way CFD-discrete element method and the
distributions are different than the theoretical modelled ones (Beinert et al. 2014).
Alongside his description of the stress energy of grinding media, Kwade
(2003) presented two stressing models where the stress energies where considered
from different perspectives: a mill-related and a product-related stressing model.
The first characterizes the mill independently of the particles to be ground (SEGM),
and the second characterizes the product when the intensity of the stress applied
to the particles has to be considered. Stress intensity, SI, is the ratio of stress
energy to the particle mass d503, see Equation 3:

SI 

SE GM
.
d 503

(3)

2.1.5 Material properties and required stress intensity
The stress intensity required for particle breakage depends on the particle
properties. Particles produced via bottom-up processes, e.g. TiO2 particles, are
usually aggregated or agglomerated (Schilde et al. 2010) by means of chemical
bonds (aggregates) or weak physical interactions (agglomerates). The breakage of
these aggregates or agglomerates is called dispersing, and thus the stirred media
milling of TiO2 particles can be referred to as dispersing or deagglomeration
instead of grinding. As shown in Fig. 2, the stress intensity required for the
fragmentation of aggregates or agglomerates is lower than that for primary
particles breakage (Müller et al. 2004). Primary particles linked by solid bonding
include crushed and preground stones or rocks, for instance, and the breaking of
these primary particles is called true grinding.
The stress energy required depends on the particle size: the smaller the
particle size, the stronger the particle is (Schilde et al. 2007), due to the lower
number of weak points in the particle, and the higher the stress intensity required
for breakage. On the other hand, required stress energy of the grinding media
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decreases in the case of smaller product particle sizes, as shown for limestone
(Kwade et al. 1996) and zinc oxide (Breitung-Faes & Kwade 2013b), for
example.
In addition to particle structure and particle size, the compression strength of
a material, σCS, affects particle breakage (Breitung-Faes & Kwade 2013b), as it
represents the material´s resistance to compression stresses. The stress mechanism
in a stirred media mill is dominated by compression stresses, and therefore, if the
compression stress caused by the grinding beads is higher than the compression
strength of the material, fracturing will occur (Breitung-Faes & Kwade 2013b).

Primary particles

Aggregates

Agglomerates

Stress intensity
required for fragmentation

Fig. 2. Typical presentation for particle structures and stress intensities required for
fragmentation.

2.1.6 Grinding limits
The grinding limit is determined by the smallest particle size that it is possible to
obtain with a certain grinding device (Jimbo 1992). The grinding limit can be the
result of a limitation inherent in the device or its operational parameters, or of
poor stabilization of the suspensions. A smallest possible fineness exists for each
grinding device, so that it is not possible to obtain a high fineness by ball milling,
for example, that is comparable to that achievable in stirred media milling (Wang
& Forssberg 2007). The operational parameters of a stirred media mill and
suspension properties such as solids concentration, stability level and viscosity
can limit the achievable fineness. These limits are called, respectively, the
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apparent grinding limit (dependent on the stability of the suspension) and the
process-related grinding limit (depended on the operational parameters) and
dampening-related grinding limit (dependent on its viscosity) (Knieke 2012,
Knieke et al. 2009, Knieke et al. 2010).
However, after excluding the above-mentioned limitations and when using a
device which measures primary particle sizes, it is still possible to study the true
grinding limit for materials by a stirred media milling. The true grinding limit is
reached when the particles become perfectly mono-crystalline and are no longer
able to retain defects after an energy input (Gryaznov et al. 1991, Knieke et al.
2009, Knieke et al. 2010). This limit has been found to be 50 nm for silica and
carbonate (Wang & Forssberg 2006), 30 nm for quartz (Cho et al. 1996), 10 nm
for tin dioxide (Knieke 2012) and 5 nm for zirconia (Knieke et al. 2009).
Grinding limits can be estimated theoretically by calculation, and even
though such calculations provide rough estimates, the true grinding limits for
various materials as calculated from the equilibrium distance between two edge
dislocations (Nieh & Wadsworth 1991) have shown good agreement with
experimental data (Breitung-Faes & Kwade 2013b, Knieke 2012). The formula
for calculating the minimum separation distance L is given by Equation 4:

L

3G b
,
  (1  v )  H

(4)

where G is the shear modulus, b is the Burger vector length, v is Poisson´s ratio
and H is hardness. As stated by Nieh and Wadsworth (1991), when the particle
size is smaller than L there will be no further dislocation pileups and the HallPetch (HP) relation, which predicts that the strength or hardness of a particle will
increase with decreasing particle size until a certain critical size, will no longer
apply. Below this critical particle size the strength of the particle will decreases
and each individual particle will no longer be able to support more than one
dislocation. This point, the particle size at which the HP relation no longer holds,
should be the theoretical grinding limit.
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2.2

Stabilization of mineral suspensions

2.2.1 Effect of particle-particle interactions on grinding success
In addition to the operational parameters of the mill (stirrer tip speed, grinding
media, etc.) described earlier (section 2.1.3), grinding success is influenced by
particle-particle interactions, which increase with decreasing particle size due to
Brownian motion (Peukert et al. 2005), increasing specific surface area, and
decreasing distance between particles. These interactions are especially
significant for particle sizes below 1 µm. These interactions have an effect on the
stability and rheology of suspensions, so that poor stability of a suspension will
increase its viscosity and detract from grinding success due to poor suspension
fluidity. High viscosity of the suspension causes damping of the grinding beads
and, thus, reduction to the stress energy of grinding media. It is also possible that
a state of equilibrium between agglomeration, deagglomeration and comminution
(Mende et al. 2003) can be reached in which no further comminution occurs even
with an increased energy input. This limitation on particle size can be called the
apparent grinding limit (see section 2.1.6) and was postulated in the past to exist
at particle sizes of around 0.5 µm, as described the history by Sommer & Peukert
(2007). Later on the effect of particle-particle interactions came to be reduced
through various stabilization mechanisms, eventually enabling nanogrinding
(Mende et al. 2003). In order to weaken the particle-particle interactions, three
stabilization mechanisms have been introduced: electrostatic, steric and
electrosteric stabilization (see Fig. 3). A short description of these stabilization
mechanisms will be given below.
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Fig. 3. Simplified presentations for three mechanisms for stabilizing suspensions: a)
electrostatic, b) steric and c) electrosteric.
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2.2.2 Electrostatic stabilization
The first mechanism, and probably the easiest one to implement for mineral
oxides, is electrostatic stabilization. In aqueous systems of mineral oxides, the
surface potential of inorganic particles is heavily dependent on the pH, and
therefore particles can be stabilized by adjusting the pH of the suspensions so that
the particles have equal charges. Interactions between particles with equal charges
are repulsive and can be measured by means of the zeta potential, ζPOT, which is
the surface potential at an electrostatic double layer consisting of an inner charge
layer and an outer diffuse charge layer. The higher the absolute value of the zeta
potential is, the higher is the electrostatic repulsion between the particles. A zeta
potential of at least ±30 mV is required to achieve stable dispersion (Sentein et al.
2009, Vallar et al. 1999). At a zero zeta potential, i.e. at the isoelectric point IEP,
the particles tend to flocculate. It has been found in many studies that viscosity is
highest at the isoelectric point and is lower for values far away from this point
(Bernhardt et al. 1999, He et al. 2004, Liddell & Boger 1994, Morris et al. 1999).
Another way of predicting the stability of electrostatically stabilized
suspensions is by means of the DLVO theory of Derjaguin, Landau, Verwey and
Overbeek (Derjaguin & Landau 1941, Verwey & Oberbeek 1948), according to
which particle interactions are determined by calculating the total interaction
potential as a sum of single interactions, which can be attractive van der Waals
forces, repulsive electrostatic forces and additional Born repulsion.
2.2.3 Steric stabilization
Steric stabilization is another possible mechanism, especially when electrostatic
stabilization is not sufficient, i.e. at a high salt concentration or in non-polar
organic solvents (Eisermann et al. 2012). Dispersions with a high a solids
concentration cannot be dispersed efficiently with electrostatic stabilization
(Sommer & Peukert 2007). The steric stabilization mechanism has several
advantages and is based on the adsorption or chemisorption of polymer chains on
the particle surfaces (Napper 1977) thus preventing agglomeration. The thickness
of this polymer shell compared to particle size plays an important role: the thicker
it is, the more stable is the suspension, and thus when the polymer shell is too thin
agglomeration will occur.
Unlike the simplified situation presented in Fig. 3, polymer chains are usually
present in solution as random coils which are adsorbed to particle surfaces, where
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in some cases they remain unchanged and in others they spread out, producing
tails, loops and trains at the particle surface (Farrokhpay 2009, Heusch & Reizlein
2005). The concentration of polymer also plays an important role, in that it must
be high enough to achieve a sufficient coverage of the particle surface, otherwise
bridging flocculation may occur (Fleer & Lyklema 1974).
The required amount of polymer depends on the actual surface area of the
mineral to be stabilized. The smaller the particle size, the higher the actual surface
area, hence the larger the area the polymer has to cover. Some examples of
stabilization chemicals with steric properties are poly(ethylene oxide) and
poly(vinyl alcohol) (Moudgil et al. 2002). One further example of a steric
stabilizer is the polymer DAPRAL, the influence of which on stabilization is
described in several studies published by Prof. Peukert´s group at the University
of Erlangen-Nürnberg in Germany (see, for example, Eisermann et al. 2012).
2.2.4 Electrosteric stabilization
Electrosteric stabilization is a combination of the electrostatic and steric
mechanisms, in which charged polymers, i.e. polyelectrolytes, are adsorbed onto
the particle surfaces. The charge of ionic groups existing along the polymer
chains depends on the nature and pH of the polyelectrolyte. Polyacrylic acid,
polymethacrylic acid and polyphosphoric acid, for example, are anionic
polyelectrolytes, while polyvinalamine is an example of a cationic polyelectrolyte
and long-chain amino acids are zwitterionic polyelectrolytes (Sommer & Peukert
2007). One widely used anionic polyelectrolyte is sodium polyacrylate, a sodium
salt of polyacrylic acid with negatively charged carboxylic groups in the main
chain (Eriksson et al. 2008). Its chemical formula is [-CH2-CH(COONa)-]n (AlNasra 2013) and its chemical structure is as presented in Fig. 4. Low molecular
weight polymers are used for dispersing purposes, whereas polymers with high
molecular weights (Mw over 106) are used as flocculants (Farrokhpay 2009). In
the present work the electrosteric stabilization of mineral particles was ensured
using sodium polyacrylates of molecular weights ranging between 4000 and
12500 g/mol and with two polydispersity indices (PDI=Mw/Mn).
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Fig. 4. Chemical structure of sodium polyacrylate.

2.2.5 Measuring stability
The stability of a suspension, and therefore the optimal amount of stabilization
chemicals, is usually measured rheologically - particularly viscosity - in order to
obtain information on the flocculated or deflocculated state of the suspension.
Shear-thinning suspensions, for instance, which may be related to a breaking of
the links between particles gathered in flocculates, are characterized by a decrease
in viscosity with increasing shear rate (Bernard et al. 2008). Shear-thinning
behaviour is classified as non-Newtonian (see Fig. 5), while for suspensions
having Newtonian behaviour the viscosity does not change with shear rate. Other
non-Newtonian rheological phenomena include shear-thickening and Bingham
yield.
Bingham

Shear‐thinning
Shear stress

Shear stress

Viscosity

Shear rate

Viscosity

Shear rate

Fig. 5. Common non-Newtonian behaviour according to Sommer (2007).

Rheological measurements can be used to determine a yield value for a
suspension (Klimpel 1999). Suspension yield refers to an excessively high
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viscosity due to poor stability of the suspension, and can be eliminated or reduced
by means of stabilization chemicals (He et al. 2006a). The Bingham plastic model
is one of the empirical rheological models which describe the dependence of nonNewtonian mineral slurries on the shear stress τ and shear rate γ (He et al. 2004).
The extrapolated Bingham yield stress τB has been obtained by many authors by
fitting experimentally obtained data over a range of high shear rates (> 360 s–1) to
the Bingham model (He et al. 2006b, Morris et al. 1999, Muster & Prestidge
1995, Prestidge 1997, Tangsathitkulchai 2003, Tseng & Lin 2003). The Bingham
yield stress τB can be calculated with Equation 5:

   B   PL  

.

(5)

When considering suspension yield in the context of stirred media milling, the
optimal throughput possible with a stirred media mill occurs when the suspension
is as thick as possible but still does not exhibit yield (Klimpel 1999).
An indirect characterization of the suspension rheology of an electrostatic or
electrosteric stabilization mechanism is also feasible by measuring its zeta
potential, as the relationship between the zeta potential and viscosity has been
found to be valid for many solid/additive systems (Bernhardt et al. 1999). In
addition, particle size measurements also give information about the stability
level of a suspension, in the form of an increase in particle size as a function of
grinding time, which points to agglomeration and thus poor stability.
2.2.6 Polymers in a stirred media mill
When mineral particles are stabilized with polymers during stirred media milling
it is possible for the polymer chains to be broken between colliding grinding
beads. Breakage of the polymer chains, and a consequent change in molecular
weight, is a risk, because polymers may lose their stabilization efficiency and
desorption from the particle surface may occur (Chartier et al. 1996). The
degradation of polymers has been studied in ball milling by (Chartier et al. 1996)
and in stirred media milling by Karis et al. (1993) and Sommer (2007). Sommer,
whose PhD thesis reported on the grinding of poly(ethylene oxide) (PEO) in
stirred media mills, concluded that the molecular weight of the polymer chains (as
measured by gel permeation chromatography) must be over 500 000 g/mol for
them to be broken by the stirred media milling (Sommer 2007). It is therefore safe
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to use polymers of low molecular weight, as their degradation can be assumed to
be negligible.
2.3

Stirred media milling and stabilization of TiO2

2.3.1 Introduction to TiO2
Titanium dioxide, TiO2, is one of the main white pigments used in the world, with
a total annual production capacity of about 6 million tons in 2008 (Farrokhpay et
al. 2010). TiO2 particles are produced to the desired crystal size via a bottom-up
process. TiO2 particles with a crystal size of around 200 nm are widely used in
paints, printing inks, plastics, cosmetics and pharmaceuticals (Farrokhpay et al.
2006, Jalava 2006, Schulte 2002), the paint industry being the largest consumer,
accounting for nearly 60% of global TiO2 pigment consumption (Adam 1999).
Different applications for TiO2 nevertheless become possible when the crystal
size is reduced below 50 nm, as these nanoparticles can be used in applications
where visible light transparency and UV shielding is required, e.g. in sunscreens,
wood lacquers, plastics and cosmetics (Auvinen et al. 2013). The photocatalytic
properties of nano-sized TiO2 have also been widely studied, e.g. by Kandiel et al.
(2010), Yoshioka et al. (2013) and Zhang et al. (2014).
2.3.2 Production and properties of TiO2 pigment
Pigment titanium dioxide (crystal size around 200 nm) the form considered in this
thesis, has many excellent qualities due to its high refractive index and significant
scattering properties. It exists in two crystalline forms, anatase and rutile, of
which the latter has a higher scattering efficiency (Wang et al. 2010) because of
its higher refractive index, 2.74 vs. 2.54 (Johnson et al. 1997). Many of the
pigment’s optical properties depend on its particle size distribution (Losoi 1997),
and the stringent specifications for these pigment properties have made narrow
size distributions more and more important (Bel Fadhel et al. 1999). Optimum
scattering is obtained with TiO2 particle sizes of approximately half the
wavelength of light (Balfour 1992, Holmnäs 2000, Loebbert & Sharangpani 2000,
Saari et al. 2006). Hence it is important to obtain a particle size distribution
between 200 nm and 400 nm in order to achieve optimum scattering in the visible
range of light, i.e. 400–700 nm.
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TiO2 pigment particles are produced via a bottom-up method in a sulphate
process in which gel-like meta-titanic acid, H2TiO3 (Wang et al. 2010) is calcined
in a rotary kiln to TiO2 crystals approximately 200 nm in size (Heine & et al,
1992). After leaving the kiln the crystals aggregate (Gesenhues 2001) to a few
millimetres in size. This calciner discharge (Gesenhues 1999) is pre-ground with
a hammer or steam jet mill, after which the particles are comminuted to the
desired product particle size distribution in a wet stirred media mill.
2.3.3 Stabilization of a TiO2 suspension
TiO2 suspensions can be stabilized with a wide range of chemicals and by all
three stabilization mechanisms as described in section 2.2. The electrostatic
mechanism can be carried out with various acids and bases (Hanaor et al. 2011,
Johnson et al. 2007, Mandzy et al. 2005, Mikulášek et al. 1997, Safaei-Naeini et
al. 2012, Widegren & Bergström 2000, Widegren & Bergström 2002, Yang et al.
2001) or with monoisopropanolamine (Barnard & Laverick 1980) and steric
stabilization with polymers (Deiss et al. 1996, Safaei-Naeini et al. 2012). The
electrosteric mechanism can be produced by various polyacrylic acids
(Farrokhpay et al. 2004, Farrokhpay et al. 2006, Farrokhpay et al. 2010,
Farrokhpay 2012, Greenwood & Kendall 1999, Heijman & Stein 1995, Ran et al.
2007, Strauss et al. 1993), including poly(methacrylic acid) (Singh et al. 2012),
sodium polyacrylates (Boisvert et al. 2001, Deng et al. 2011, Karakas & Çelik
2013, Sato et al. 2008) and sodium hexaphosphate (Greenwood & Kendall 1999),
and modified amines with long aliphatic chains (Liu et al. 2006), silane coupling
agents in an organic solvent (Joni et al. 2009) and fluorinated compounds
(trimethoxytrifluor(propyl) silane) in an organic solvent (Joni et al. 2012) have
also been used.
The isoelectric point for TiO2 has been observed naturally to be around 6, but
this can vary depending on the surface coating of the TiO2 particles, for instance.
The isoelectric point can be shifted to lower pH regions by adding sodium
polyacrylates to the suspension, as observed by Singh et al. (2012), Strauss et al.
(1993) and Tang et al. (2006).

34

2.3.4 Factors affecting the particle size distribution of TiO2 in stirred
media milling
As mentioned above, the desired product particle size for TiO2 pigments is
between 200–400 nm, in order to obtain optimal scattering properties. The final
particle size, however, will depend on the operational parameters of the stirred
media mill, chiefly the stirrer tip speed, bead size, filling ratio of the grinding
media, solids concentration and the flow rate of the suspension (Bel Fadhel et al.
1999, Inkyo et al. 2006, Joni et al. 2009, Liu et al. 2006, Way 2004). In addition
to particle size, a narrow particle size distribution is essential as well. Few reports
are available on factors affecting the width of the particle size distribution of TiO2
in stirred media milling, although it is known that the scattering properties are
proportional to the width of the PSD (Bel Fadhel et al. 1999). Only dispersant
dosage is reported to have an effect on the width of the particle size distribution,
in that a narrower particle size distribution was obtained with the highest
dispersant dosage when the particles were dispersed in butyl acetate with a
dispersant, as reported by Liu et al. (2006). The effect of the molecular weight of
sodium polyacrylates on the particle size distribution of a TiO2 suspension has
been studied after TiO2 particles had been dispersed by ultrasonication (Deng et
al. 2011), but no reports involving stirred media milling exist. The factors
affecting the particle size and particle size distribution of a TiO2 pigment were
therefore studied in original papers I and II belonging to this thesis.
2.4

Stirred media milling and stabilization of CaCO3

2.4.1 Introduction to CaCO3
Limestone, which is composed mostly of calcite and aragonite minerals, i.e.
different crystalline forms of calcium carbonate CaCO3, has an abundant
occurrence, comprising around 4% of the earth’s crust (Liu et al. 2008). It is also
one of the cheapest commercially available inorganic materials (Kumar et al.
2014), and therefore has innumerable industrial applications: it is used in paints,
inks, coatings, paper products, plastics and films (Garcia et al. 2002, Tsuzuki et
al. 2000). Micron-sized CaCO3 is usually made by grinding limestone, a topdown process, yielding a product known as ground calcium carbonate GCC, with
an edgy particle shape (see Fig. 6a). On the other hand, nano-sized CaCO3 is
usually produced by a wet chemical precipitation technique, a bottom-up process
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(Tsuzuki et al. 2000), yielding precipitated calcium carbonate PCC with a needlelike crystalline shape (see Fig. 6b), for instance. Since precipitation techniques
need numerous process steps, and as ultrafine wet grinding in stirred media mills
has been shown to be a suitable method for nanoparticle production (BreitungFaes & Kwade 2008), the direct production of ultrafine, nano-sized CaCO3 by
stirred media milling is a new, interesting option.

Fig. 6. a) Ground, and b) precipitated calcium carbonate.

The use of CaCO3 as a filler in papermaking permits the production of a brighter
paper with a greater resistance to yellowing and ageing. In addition, when it is
used as a part of the coating of the paper, it provides better opacity, printability,
ink receptivity and smoothness, while its use as a filler for plastics improves heat
resistance and hardness (Garcia et al. 2002). In addition to the paper and plastics
industries, nano-sized CaCO3 has shown to improve the properties of sealants
(Bates & Harrison 1985), nanocomposites (Kovacevic et al. 2002), lubricating
oils (Qiu et al. 2000) and concretes (Bentz et al. 2012, Camiletti et al. 2013,
Kadri & Duval 2002, Sato & Beaudoin 2011), for example.
2.4.2 Grinding and stabilization of CaCO3
The fine grinding of CaCO3 to a particle size range of 1–100 µm has studied
intensively by Kwade et al. (see, for example Kwade et al. 1996), yielding
optimal operation parameters for its stirred media milling based on a stress energy
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model (see section 2.1.4). Operational parameters affecting the fine grinding of
CaCO3 have also been studied by Zheng et al. (1996), who derived operational
recommendations from their findings and used these later to study the
performance of grinding aids for limestone (Zheng et al. 1997).
Ultrafine or submicron CaCO3 grinding tests have been performed since the
turn of the century in response to the increasing need for suspensions with smaller
particle sizes. Choi et al. (2007) studied the ultrafine grinding of CaCO3,
obtaining a minimum particle size of 350 nm independent of the grinding medium
with sodium hexametaphosphate as a grinding aid. They also observed improved
grinding energy efficiency (m2/kJ) or an enhanced grinding rate (Em–1) when
grinding aids were added and finer grinding media were used. Later they studied
CaCO3 suspensions with different solids concentrations (10–60 wt%) and they
concluded that the lower the solids concentration, the better is the grinding rate
(Choi et al. 2011). Meanwhile, Cho et al. (2009) ground CaCO3 with poly(acrylic
acid, sodium salt) and found optimal operational parameters in the submicron
range. The minimum primary particle size they achieved was around 40 nm. Later
they dispersed these ground but agglomerated nanoparticles with primary particle
sizes of 40 nm by means of small grinding media (30 µm) and synthesized the
particles using a spray drying method (Cho et al. 2010).
It has been shown by many authors that CaCO3 particles – like other mineral
particles – require a stabilization chemical if submicron particles are to be
achieved. It is usually electrosteric stabilization that is used to reduce the
viscosity of the suspension, or conversely to increase its solids concentration in
grinding, thereby increasing throughput. There are a wide variety of stabilization
chemicals or grinding aids available for use with CaCO3, e.g. ammonium
polyacrylate (Greenwood et al. 2002), sodium hydroxide, sodium carbonate,
sodium oleate, oleic acid, poly(acrylic) acid (Zheng et al. 1997), comb-grafted
copolymer (Tobori & Amari 2003), sodium polystyrene sulphonate (Garcia et al.
2004), sodium hexametaphosphate (Choi et al. 2007), polyethylene oxides
(Mosquet et al. 1997) and tetrasodium pyrophosphate (Reinisch et al. 2001,
Reinsch et al. 2001). Poly (acrylic) acid was found to be the best grinding aid due
to the improved energy efficiency, while sodium hydroxide, for instance, reduced
the energy efficiency (Zheng et al. 1997). Greenwood et al. (2002) similarly
found polyacrylates to be good dispersants for limestone. When dispersants are
used as grinding aids, multipoint addition of the grinding aid is recommended by
(He et al. 2006a) in order to avoid the formation of cushion layers on the milling
beads, which would lower the stress intensities of the collisions between the
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beads. Sodium polyacrylate as a dispersant for CaCO3 will be discussed in more
detail in the next section.
When stabilizing CaCO3 particles it should be borne in mind that this
material is sensitive to pH changes: calcite begins to dissolve below pH=7,
leading to a decrease in the concentration of the solid phase, whereas it is
positively charged in the pH range 7–10 and its surface becomes negatively
charged when the pH is above 10 (Vdovic & Bišcan 1998). The isoelectric point
of CaCO3 is at pH=8.3 (Roberts 1996). Thus the pH should be adjusted above 10
in order to obtain a stable suspension and minimize the dissolving of calcite.
Another characteristic of CaCO3 is the possibility of phase transformation
from calcite to aragonite during grinding, as observed in wet stirred media milling
when ethanol is used as a milling liquid (Knieke 2012), although not when water
was used.
2.4.3 Sodium polyacrylate as a grinding aid for CaCO3
Sodium polyacrylate as a dispersant for CaCO3 has been studied by numerous
authors: Bernhardt et al. (1999), Deng et al. (2010), Foissy et al. (1982), Garcia et
al. (2003), Garcia et al. (2004), He et al. (2006a), He et al. (2006b), He &
Forssberg (2007), Lamarche et al. (1983), Lynch et al. (2012), Reinisch et al.
(2001), Reinsch et al. (2001) and Tobori & Amari (2003). Garcia et al. (2003)
used sodium polyacrylate as a grinding aid and observed a well-dispersed
suspension with Newtonian rheological behaviour. Sodium polyacrylate with a
low molecular weight (Mw ~ 5500) was studied by (He et al. 2006b, He &
Forssberg 2007) and was found to be effective grinding aid for limestone, while
Garcia et al. (2004) also found sodium polyacrylate with a molecular weight
around 5000 to be effective. Lamarche et al. (1983), examining sodium
polyacrylates with molecular weights in the range 700–20000 g/mol, found
molecular weights of 2000 and 4000 to be the most effective for CaCO3. This can
be explained by the selective adsorption of polymer chains having a certain
molecular weight to the CaCO3 particle surfaces. This selective adsorption has
been observed in the range Mw=2000–5000 by many authors (Deng et al. 2010,
Geffroy et al. 2000, Loiseau et al. 2005).
In addition to molecular weight, the molecular weight distribution has also
been seen to have a significant influence on the rheological properties of CaCO3
suspensions (Lamarche et al. 1983). The molecular weight distribution of
polymers is quantified in terms of the polydispersity index PDI, the ratio of the
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number-average molecular weight Mn to the weight-average molecular weight Mw
(PDI = Mw/Mn), a narrower molecular weight distribution having a lower PDI and
vice versa. Standard polymers have a PDI over 2, which can be reduced to around
2 by fractionating these polymers. A polymer dispersant with a lower PDI has
been produced by a method called controlled radical polymerization CRP (Qiu et
al. 2001), one example of which is the reverse addition fragmentation transfer
RAFT method (Barner-Kowollik 2008). RAFT polymerization is performed under
standard radical polymerization conditions but in the presence of chain transfer
agents producing polymer chains that have nearly the same number of monomer
units and therefore a low PDI (Lynch et al. 2012). By producing dispersants
having a low PDI it is possible to obtain polymer chains which have mostly the
same optimum length for adsorption onto the particle surface, giving better
stability. Lower viscosity values have been obtained for limestone suspensions
containing low PDI sodium polyacrylates than with those having a higher PDI
value (Loiseau et al. 2003, Lynch et al. 2012), but it is not known how the PDI
affects the stability of CaCO3 suspension, its particle size distribution or its
grinding limits (apparent or true) in the stirred media milling. These questions
were therefore addressed in original papers III and IV in this thesis.
2.4.4 The grinding limit for CaCO3
The experimental grinding limit for calcium carbonate in stirred media mills has
been studied by two groups (Knieke 2012, Knieke et al. 2009, Wang & Forssberg
2006). Knieke (2009) found a grinding limit of 55 nm for limestone when milled
in water, and Wang & Forssberg (2006) obtained almost the same limit, around 50
nm. When CaCO3 was milled in ethanol, however, the grinding limit proved to be
around 30 nm (Knieke 2012). Even so, it should be noted that these grinding
limits can vary depending on the operational parameters and analytical device
used.
A rough estimate for the theoretical grinding limit of CaCO3 can be
calculated using the equation for the minimum separation distance (see Equation
4) after Nieh and Wadsworth (1991) with factors found from the literature for
calcite (see Table 1). The minimum separation distance calculated for CaCO3 is
around 17 nm, which can be estimated to be theoretical grinding limit for CaCO3.
This theoretical limit has not yet been reached in grinding experiments, so efforts
to achieve it using the most effective sodium polyacrylate identified in the present
original papers III and IV are reported in paper V.
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Table 1. Factors used to estimate the theoretical grinding limit for CaCO3.
Factor

Unit

Value

Ref. for value

Shear modulus, G

[GPa]

30.6

(Assefa et al. 2003)

Burger vector length, b

[nm]

0.77

(Barber et al. 2010)

Poisson´s Ratio, v

[-]

0.254

(Kuiper et al. 1959)

Hardness, H

[GPa]

1.73

(Grübl et al. 2001)
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3

Aim and questions to be resolved

As seen in the above literature survey (Chapter 2), there exists a lack of
knowledge as to how various parameters affect the particle size distribution of
TiO2 pigment particles and how the polydispersity index of sodium polyacrylates
affects the particle size distribution and grinding limits of CaCO3 in aqueous
stirred media milling. The aim of this research was therefore to obtain a new
understanding of the factors affecting the stability and resulting particle size
distribution of TiO2 and CaCO3 suspensions in submicron grinding. The following
questions were identified for resolution in the course of this work:
1.

2.
3.

4.
5.

How do the operational parameters of a stirred media mill and the molecular
weights of sodium polyacrylates affect the particle size distribution of a TiO2
pigment?
How do the molecular weights of sodium polyacrylates affect the stability of
ground TiO2 pigment suspensions?
How does the polydispersity index of a sodium polyacrylate affect the
particle size distribution and stability of a CaCO3 suspension during stirred
media milling?
How does the polydispersity index of a sodium polyacrylate affect the
grinding limits of CaCO3 in a highly concentrated aqueous suspension?
Is it possible to grind CaCO3 particles to the calculated grinding limit in an
aqueous suspension with a sodium polyacrylate that has a low polydispersity
index?

Answers to these questions are sought and discussed in the original papers as
shown in Table 2.
Table 2. Answers to the questions posed as guides to the research.
Question

Paper I

Paper II

Q1

X

X

Q2
Q3
Q4
Q5

Paper III

Paper IV

X

X

Paper V

X
X
X
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4

Materials and methods

The experiments reported on here were performed at two research laboratories:
the titanium dioxide experiments at the Fibre and Particle Engineering Laboratory
of the University of Oulu, Finland, and the calcium carbonate experiments at the
Institute for Particle Technology, TU Braunschweig, Germany. Both laboratories
have a stirred media mill with a disc stirrer and grinding chamber volume of
around 1 L, but their analytical devices differ. The purpose was not to compare
exact values for two different materials, however, and it was simply necessary to
bear possible differences between the measuring devices in mind when evaluating
the work as a whole.
4.1

Materials

4.1.1 Milling materials
The milling materials were surface-unmodified rutile titanium dioxide, TiO2, and
limestone with a CaCO3 content of 99.1% (Eskal60 and Eskal500 from KSL
Staubtechnik GmbH, Lauingen, Germany). The median particle sizes d50 of these
materials were: TiO2 1 µm, Eskal60 57µm and Eskal500 4 µm.
4.1.2 Solvent
De-ionized water was used as a solvent in the grinding experiments.
4.1.3 Grinding media
Glass (SiO2), zirconium oxide (ZrO2) and yttria-stabilized zirconium oxide
((Y3O2)ZrO2) beads in size ranges from 90 µm to 1200 µm (from Sigmund
Lindner) were used as grinding media. The densities of these materials were: SiO2
2.5 g/cm3, ZrO2 3.9 g/cm3 and (Y3O2)ZrO2 6.1 g/cm3.
4.1.4 Grinding aids
The pH of the suspensions was adjusted using hydrochloric acid, sodium
hydroxide and potassium hydroxide to ensure electrostatic stabilization. Anionic
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sodium polyacrylates from Kemira Oyj were used as polymer dispersants in the
electrosteric stabilization experiments. The doses of sodium polyacrylates D are
expressed in terms of the weight of the dry sodium polyacrylate as a percentage of
that of the dry mineral in the suspension (wtNaPa/CaCO3% or wtNaPa/TiO2%). Sodium
polyacrylates of different molecular weights Mw were tested for use with TiO2, see
Table 3, and two sodium polyacrylates with different polydispersity indices
(PDI=Mw/Mn) were used for CaCO3 (see Table 4). NaPaPDI>2 was made by
fractionation and thus had a higher polydispersity index, and NaPaPDI=1.2,
produced by controlled radical polymerization, had a lower PDI (Lynch 2011).
Table 3. Sodium polyacrylates used with TiO2.
Sodium polyacrylate, Abb.

Mw [g/mol]

NaPa4000

4000

NaPa6000

6000

NaPa7300

7300

NaPa12500

12500

Table 4. Sodium polyacrylates used with CaCO3.
Abb.

Mw [g/mol]

PDI [-]

NaPaPDI>2

7300

>2

NaPaPDI=1.2

7800

1.2

4.2

Experimental setups for grinding

4.2.1 Multiple passage mode for TiO2
A laboratory-scale stirred media mill with a disc stirrer (Hosokawa Alpine 90
AHM hydro mill) was used in the multiple passage mode (see Fig. 7) for the TiO2
grinding experiments. The multiple passage mode is ideal for short grinding times
when aiming at a narrow residence time distribution. The mill has an effective
chamber volume of 1.12 l. A 0.1 mm screen was used for separating the product
from the grinding media. To avoid wear, the grinding chamber wall had been
coated with polyurethane PU and a PU stirrer was used. The flow rate of this
suspension was kept constant and was controlled by a feeding pump. The TiO2
suspension was circulated through the mill for a total of eight passes, and a
suspension sample of 200 ml was taken after every second pass. The power was
recorded during grinding, and the mean power was calculated for each grinding
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pass. The specific energy Em for each grinding pass was calculated using Equation
6:

Em 

Pn  P0
,
M p cm

(6)

where Pn is the mean active power on the nth pass, P0 is the no-load power
without grinding media or suspension, Mp is the mass flow rate of the suspension,
and cm is the solids concentration by weight. The cumulative Em is the sum of the
specific energies of the individual passes.

2, 4, 6, 8 pass
1, 3, 5, 7 pass
1, 3, 5, 7 pass

2, 4, 6, 8 pass

Fig. 7. Stirred media milling in multiple passage mode according to Kwade &
Schwedes (2007).

4.2.2 Micron and submicron grinding experiments for CaCO3
The CaCO3 grinding experiments were performed in circuit mode (see Fig. 8) in a
laboratory-scale stirred media mill (Bühler PML2) with a disc stirrer and a
grinding chamber of volume 0.9 l. The circuit mode is easy to implement and is
used for long grinding times. The grinding chamber wall had been coated with
ZrO2 and a PU stirrer was used. A 0.2 mm ceramic sieve cartridge was used to
separate the grinding media. The operational parameters of the mill were kept
constant: suspension flow rate 700 g/min, stirrer tip speed 10 m/s, filling ratio of
the grinding medium 80 vol.%, grinding medium Y3O2(ZrO2) and grinding
medium size 1.0–1.2 mm. The solids concentration of the suspension was also
kept constant: 20 wt% for the reference sample (electrostatic stabilization) and 40
wt% for the samples containing sodium polyacrylates (electrosteric stabilization).
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The power was recorded during grinding and the specific energy Em was
calculated as the power input integrated over the grinding time tG and divided by
the mass of dry limestone mFeed, see Equation 7:

Em 

 (P

 P0 ) dt G

n

m feed

Sampling

Cooling water

.

(7)

M
Stab.
chemi‐
cals

M

pH

M

Fig. 8. Stirred media milling in circuit mode (Paper IV, published by permission of
John Wiley and Sons).

4.2.3 Nanogrinding experiments for CaCO3
The nanogrinding experiments for CaCO3 were performed in circuit mode (Fig. 8)
in a laboratory mill equipped with a pin stirrer (LabStar, Netzsch, Germany). This
mill has different separating systems for the grinding media and product
suspension, enabling the use of a smaller grinding media size than in the Bühler
PML2 mill. Different grinding media sizes (100–800 µm) and densities (6.06
g/cm3 for (Y3O2)ZrO2 and 2.56 g/cm3 for SiO2), stirrer tip speeds and grinding
times were used in order to obtain different stress energies, but the filling ratio of
the grinding media was kept constant (80 vol.%), as also was the solids
concentration of the suspension, 10 wt%. The specific energy was determined
according to Equation 7.
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4.3

Analysis

4.3.1 Particle size distribution
Static light scattering. The particle size distributions of the finely ground
samples (> 1 µm) were analysed by static light scattering using a Malvern
Mastersizer 2000, Beckman Coulter LS 13 320 and LRS Helos by Sympatec. The
Mie optical model was used and the samples were kept in an ultrasonic bath
before analysis.
Dynamic light scattering. The particle size distributions of the submicron
samples (< 1 µm) were measured by photon correlation spectroscopy (Nanophox
NX0019 from Sympatec GmbH).
Ultrasonic spectrometer. An ultrasonic spectrometer (Dispersion Technology,
DT 1200) was also used to measure the particle size distributions. Ultrasonic
spectrometry is generally accepted for measuring primary particle sizes rather
than agglomerate sizes.
4.3.2 Viscosity
Brookfield Viscometer. The viscosity of the TiO2 suspensions was determined
using a Brookfield Viscometer DV-11+ Pro Extra, with a cup-and-bob
measurement configuration (ULA-DIN-86). The measurements were performed
at 20°C in a ramp up/ramp down mode over a shear rate range from 0.1 to 258 s–1.
Bohlin rheometer. The rheological behaviour of the CaCO3 suspensions was
determined using a Bohlin rheometer (Gemini 2, Rotometric drive 2) with a cupand-bob measurement geometry (C25 DIN 53019). The measurements were
performed at 25°C in ramp up/ramp down mode over a shear rate range from 1 to
1000 s–1.
4.3.3 Zeta potential measurements
Delsa Nano C. The zeta potentials of the TiO2 samples were measured with a
Delsa Nano C device (Beckman Coulter). The samples were diluted by adding an
NaCl electrolyte solution (10 mmol/g) having a conductivity of 1.19 mS/cm.
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Ultrasonic spectrometer. The zeta potentials of the CaCO3 suspensions were
measured without dilution with an ultrasonic spectrometer (Dispersion
Technology, DT 1200), using about 200 mL of the original sample. For more
details, see (Dukhin & Goetz 2010, Dukhin et al. 1999). The same device was
also used to find the optimal dispersant dose and isoelectric point, IEP, for
CaCO3.
4.3.4 X-ray diffraction measurement
The X-ray diffraction XRD data were collected using a Siemens D5000 powder
diffractometer with a graphite secondary monochromator using Cu Kα radiation
(λ=0.1542 nm). The XRD patterns were recorded in a 2Θ range from 20° ≤ 2Θ ≤
80° using continuous scanning with a step size of 0.02° and a counting time of 1
s/step. A divergence silt and anti-scatter slit, both of 0.5°, and a detector slit of 0.2
mm were used. The crystallite size and lattice microstrain were evaluated
simultaneously using TOPAS 3R commercial software (BRUKER AXS GmbH,
Karlsruhe, Germany) and adopting the fundamental parameter approach with
whole pattern fitting.
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5

Results and discussion

The results summarized here were published in the original papers I–V, in which
the questions identified in Chapter 3 were also discussed and resolved. Those
findings will similarly be summarized in this chapter.
5.1

Stirred media milling of TiO2 pigment

The aim of the TiO2 pigment grinding was to achieve an understanding of the
parameters affecting particle size and the width of the particle size distribution.
The desired properties for a TiO2 pigment are a particle size of around 300 nm, a
narrow particle size distribution and a stable suspension.
5.1.1 Factors affecting the particle size distribution
The parameters affecting the particle size distribution of a TiO2 pigment, as
studied in paper I, were the solids concentration of the suspensions, grinding
media size, grinding media density and stirrer tip speed. It was seen that grinding
media size had the strongest effect on the particle size distribution, so that
equation for stress energy in which the grinding media size has the greatest effect
(third power, see Equation 1) describes well the operational parameters of the mill
and how they influence the particle size distribution. Only the results concerning
the grinding media size and stress energies are presented here, except that the
effect of the molecular weight of the sodium polyacrylates on the particle size
distribution is also summarized (studied in greater depth in Paper II).
The effects of different grinding media sizes dGM on the particle sizes are
presented as a function of cumulative Em in Fig. 9a. The grinding medium was
ZrO2 with bead diameters varying from 255 µm to 897 µm. As seen in the figure,
the smaller the grinding media size was, the smaller the particle size at a given
Em. An exception to this, however, was the increase in the particle size at the
eighth pass when the smallest grinding beads were used. The effects of different
grinding medium sizes on the widths of the particle size distribution are presented
as a function of the median particle size in Fig. 9b. As can be seen, the narrowest
particle size distribution is obtained when using the smallest grinding beads: 255
or 345 µm. The width of the particle size distribution is around 1.5 when the
target particle size is around 300 nm. In addition to grinding medium size, the
number of grinding beads inside the mill may affect to the particle size
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distribution: The higher the number of grinding beads, the more homogeneous is
the product is leading to narrower particle size distribution.
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Fig. 9. a) Particle sizes and b) widths of the particle size distributions at different
grinding media sizes (modified from Paper I, published by permission of Elsevier).

The median particle sizes of the TiO2 pigment are presented as a function of stress
energy at different average specific energies in Fig. 10a. The different values for
stress energy were obtained by changing the operational parameters in the manner
represented in Equation 1. As can be seen from the figure, the lower the stress
energy is, the lower the particle size obtained. Taking the specific energy into
account as well, the optimal stress energy is seen to be around 5 µJ, due to the
low specific energy (360 kJ/kg) and the achievement of the target particle size
(300 nm).
The width of the particle size distribution is presented as a function of stress
energy in Fig. 10b. With a stress energy of 5 µJ and a specific energy of 360
kJ/kg, a slightly narrower particle size distribution was obtained. When
comparing Figs. 10a and 10b, it is obvious that the stress energy greatly affects
the resulting median particle size but its effect on the width of the particle size
distribution is negligible. This requirement for low stress energy is due to the
nature of TiO2 particles: as indicated in section 2.1.5, aggregates need only a low
intensity for breakage.
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Fig. 10. a) Median particle sizes and b) widths of the particle size distributions as a
function of stress energies at different specific energies (modified from Paper I,
published by permission of Elsevier).

The effects of sodium polyacrylates of different molecular weights on the particle
size distribution of TiO2 pigment were studied by carrying out multiple passage
grinding experiments. The dose of sodium polyacrylates considered here is 0.5
wtNaPa/TiO2%, and the median particle sizes are presented as a function of the
specific energy in Fig. 11a. First, a great difference in specific energy was found
between the reference grinding and that performed with sodium polyacrylates, the
figure being around 65% higher in the former case. The target particle size was
still achieved in the reference grinding, however, and no plateau in particle size
reduction occurred. As can be seen from Fig. 11a, the molecular weight of the
sodium polyacrylates did not affect the particle size at a dose of 0.5 wtNaPa/TiO2%,
and the target particle size was achieved with almost the same specific energy
with all the sodium polyacrylates.
The width of the particle size distribution as a function of the median particle
size is presented in Fig. 11b. As indicated, the distribution for the reference
sample was broad, which was probably also due to poor stabilization efficiency,
while the sodium polyacrylate with the lowest molecular weight again differed
from the other samples containing sodium polyacrylates in having a broader
particle size distribution. As far as the width of the particle size distribution is
concerned, NaPa12500 had a slightly narrower distribution that included the target
size (300 nm).
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Fig. 11. a) Median particle size and b) width of the particle size distribution of TiO2
suspensions at sodium polyacrylate doses of 0.5 wtNaPa/TiO2% (modified from Paper II,
published by permission of Elsevier).

5.1.2 Factors affecting TiO2 suspension stability
Zeta potential and pH
Since the zeta potential and pH exert a strong influence on the stability of a
suspension, zeta potential measurements were carried out on TiO2 suspensions at
different pH levels. Measurements were performed on a sample without sodium
polyacrylate (reference grinding with electrostatic stabilization) and the final
ground TiO2 samples (after 8 passes) containing 0.5 wtNaPa/TiO2% of sodium
polyacrylates. Zeta potential as a function of pH is presented in Fig. 12, where it
can be seen that the pH of the TiO2 suspension without sodium polyacrylates
should be lower than 2 or higher than 7 in order to obtain an absolute zeta
potential of at least 30 mV and thus a reasonably stable suspension (Sentein et al.
2009). As indicated in Fig. 12, the isoelectric point for TiO2 without sodium
polyacrylate was around 4.5, and this can be shifted to lower values, down to pH
3, by adding sodium polyacrylates to the suspension before grinding. Thus a value
of under –30 mV for the zeta potential can be obtained at pH 4.5 by adding
sodium polyacrylates.
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Fig. 12. Zeta potential of the TiO2 suspensions as a function of pH (Paper II, published
by permission of Elsevier).

It is not only the zeta potential that affects the stability of the TiO2 suspension in
the case of an electrosteric stabilization mechanism, but the pH also has a
significant effect on the adsorption of polymer chains to the particle surfaces, as
the conformation state of the adsorbed polymer on the TiO2 particle surfaces
varies as a function of pH (Singh et al. 2012). Effective stabilization requires the
right conformation and a thick, dense layer of polymer on the TiO2 surface as well
as high coverage (Farrokhpay 2009). The stability of the suspension, and thus the
optimum pH, can be studied by measuring viscosity as a function of pH (Strauss
et al. 1993, Tang et al. 2006). The optimum pH for suspensions containing
sodium polyacrylates was found in paper II to be between 5 and 6, as the lowest
viscosity occurred in this range. Thus, in order to obtain the lowest viscosity and
the best adsorption of the polyelectrolyte chains to the TiO2 particle surfaces, the
pH of the suspensions was adjusted to around 5.5 before and during grinding.
Molecular weight of sodium polyacrylates
Since the stability of a suspension can be estimated by means of viscosity
measurements, viscosity curves were measured for the final TiO2 samples after 8
passes. These are presented together with measurements for the samples
containing different sodium polyacrylates at a dose of 0.5 wtNaPa/TiO2% in Fig. 13.
As can be seen, slight shear thinning behaviour can be observed in every sample.
The suspensions containing sodium polyacrylates had lower viscosities than the
reference suspension even though the solids concentration in the former was 50%
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higher (52 wt% vs. 26 wt%). This indicates that the solids concentration can be
more than doubled by adding sodium polyacrylates. Fig. 13 also indicates that a
slightly lower viscosity could be achieved by using NaPa12500 as a grinding aid,
probably because this represents the right polymer chain length and the right
conformation of polymer chains and thus a higher stability of the suspension and
lower viscosity. Even though the differences in molecular weight between the
sodium polyacrylates were quite high, as can be seen from the viscosity curves, it
is obvious that other variables affecting the polymers may have had an effect,
even though no information on these other variables was provided by the supplier.
One such additional variable is the polydispersity index, the effect of which will
be considered later in this thesis in connection with CaCO3.
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Fig. 13. Variations in viscosity as a function of shear rate for the final samples at a
sodium polyacrylate dose of 0.5 wtNaPa/TiO2% (Paper II, published by permission of
Elsevier).

5.2

Stirred media milling of CaCO3 particles

The aim of CaCO3 grinding was to achieve more information on how the
polydispersity index of sodium polyacrylates affects the stability, particle size
distribution and grinding limits of CaCO3 suspensions in stirred media milling.
First the optimal sodium polyacrylate dose was identified by means of zeta
potential measurements and then this optimal dose was verified in grinding
experiments by measuring particle size distributions and viscosities after grinding.
After that the milling experiments were continued in order to determine the
apparent grinding limits with both sodium polyacrylates having different
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polydispersity indices when the solids concentration of CaCO3 was high (40
wt%). The better sodium polyacrylate was then chosen for nanogrinding
experiments in which the aim was to see whether CaCO3 particles can be ground
down to the calculated grinding limit in an aqueous suspension.
5.2.1 Micron grinding of CaCO3
Optimal dose of sodium polyacrylate
The CaCO3 particles were first pre-ground without any stabilization chemicals at
a solids concentration of 20 wt% until the fluidity of the suspensions was good,
with a specific energy of 3500 kJ/kg. The primary particle size of the resulting
suspension was 337 nm and the zeta potential was + 20 mV as measured by
ultrasonic spectrometry. After that the effects of two sodium polyacrylates that
differed their polydispersity indices PDI, one having a wide range (PDI>2) and
the other a narrow one (PDI=1.2), were studied. The zeta potentials and pH as a
function of the dose of sodium polyacrylates (see Fig. 14) were measured by
continuous titration in order to obtain information on the optimal dose of
additives.
As shown in Fig. 14, the addition of sodium polyacrylates reduced the initial
zeta potential, as the anionic polymers neutralized the positive charges on the
particles. After adding more sodium polyacrylates, the zeta potentials fell to zero
at a dose of 0.25 wtNaPa/CaCO3% and any further addition of sodium polyacrylates
caused the particles to become negatively charged and the zeta potentials to
decrease until the curve started to plateau off at around –37 mV. This meant that
no more polymer could be adsorbed onto the particles. Thus, 1.5 wtNaPa/CaCO3% is
the optimum dose for limestone with a primary particle size of 337 nm. The
absolute values for the zeta potential have been observed to be generally higher
when a polymer is added by the single point method than with the titration
method (Eriksson et al. 2007). This phenomenon was explained by the rate at
which calcite dissolves. It should be noted, however, that the zeta potential was
measured here by continuous titration, so that he absolute values could be even
lower if a single point method were used. As can also be seen in Fig. 14, the zeta
potential and pH values are related, and a stable suspension can be obtained by
adjusting the pH to a certain value. The pH values in question are: NaPaPDI>2 ≥
10.2 and NaPaPDI=1.2 ≥ 10.5. The isoelectric point IEP (ζPOT=0) for CaCO3 can be
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seen from Fig. 14 to be around 8.3 which corresponds to values quoted in the
literature (Roberts 1996, Somasundaran & Agar 1967).
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Fig. 14. Zeta potential and pH of the CaCO3 suspension as a function of the polymer
dose (Paper IV, published by permission of John Wiley and Sons).

Effect of the polydispersity index on micron grinding
Given the optimal polymer dose for CaCO3 particles (x50=337 nm) when aiming
at a totally stable suspension, as described above, fine grinding experiments were
performed for CaCO3 at a solids concentration of 40 wt% and different sodium
polyacrylates doses (0.5, 1.0 and 1.5 wtNaPa/CaCO3%), together with a reference
grinding (electrostatic stabilization at a solids concentration of 20 wt%) without
any polymer. The median particle sizes during grinding as a function of the
specific energy at a sodium polyacrylate dose of 1.5 wtNaPa/CaCO3%, as presented in
Fig. 15a, indicate smaller particle sizes in the cases where polymers were used,
and it also seems that the difference in particle size increased relative to the
increased specific energy. This suggests that without sodium polyacrylates a state
of equilibrium between agglomeration and comminution could be reached even
before a median particle size of 1 μm was obtained. The median particle size of
the reference sample after 30 min of grinding was 1.64 μm. No significant
difference was seen between the dispersants in terms of particle sizes.
When sodium polyacrylates were used no significant agglomeration
appeared, as can also be seen in Fig. 15b, where the width of the particle size
distribution is plotted as a function of median particle size. The same figure points
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to pronounced agglomeration in the reference sample. In addition, the widths of
the particle size distributions for the suspensions ground with sodium
polyacrylates decrease as the median particle size decreases. A slightly narrower
particle size distribution can be observed for sodium polyacrylate having a lower
polydispersity index which may suggest that low PDI sodium polyacrylate
prevents agglomeration better.
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Fig. 15. Median particle sizes of the CaCO3 suspensions as a function of specific
energy, and b) width of the particle size distribution as a function median particle size
(modified from Paper III, published by permission of David Publishing).

The variations in the viscosity of the CaCO3 suspensions as a function of shear
rate after 30 min of grinding are presented in Figs. 16a–c, together with a
reference grinding having a solids concentration of 20 wt% without sodium
polyacrylates. The apparent viscosity of the reference sample after 30 min of
grinding at 100 s–1 was 190 mPas and shear thinning (pseudoplastic) behaviour
may be observed in that the viscosity decreases with increasing shear rate. The
suspension fluidity of the reference sample was poor. With a 0.5 wtNaPa/CaCO3%
dose of dispersants (Fig. 16a), the same shear thinning behaviour appeared in both
samples. The same figure also indicates that the use of dispersants (0.5
wtNaPa/CaCO3%) could increase the solids concentration of the suspension, which
could be doubled to 40 wt% without any notable change in viscosity or
rheological behaviour relative to the sample ground without dispersants at 20
wt%. It can likewise be seen from Fig. 16a that the NaPaPDI=1.2 reduced the
viscosity most. When the sodium polyacrylate dose was 1.0 wtNaPa/CaCO3% (see
Fig. 16b), the NaPaPDI=1.2 already showed Newtonian behaviour, so that the
viscosity did not change with shear rate. At the same time, the NaPaPDI>2 had a
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slight shear-thinning effect and higher viscosity. At sodium polyacrylate doses of
1.5 wtNaPa/CaCO3% (see Fig. 16c), no difference in viscosities between the sodium
polyacrylates could be observed any longer, viscosities were very low and
Newtonian behaviour appeared with both sodium polyacrylates.
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Fig. 16. Viscosity curves for CaCO3 suspensions ground for 30 min with sodium
polyacrylate doses of a) 0.25, b) 1.0 and c) 1.5 wtNaPa/CaCO3% (modified from Paper III,
published by permission of David Publishing).

5.2.2 Submicron grinding of CaCO3
Effects of the polydispersity index and dose of sodium polyacrylates on
the agglomerate particle size distributions
Since sodium polyacrylate having a lower PDI had been found to maintain a
lower viscosity for longer, the grinding experiments were continued to a
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submicron range in order to find the apparent and process-related grinding limits
for a CaCO3 suspension containing sodium polyacrylates of different PDI (Paper
IV). The same sodium polyacrylates (NaPaPDI>2 and NaPaPDI=1.2) were used as in
section 5.2.1. The sodium polyacrylate doses tested were 1.5, 3.0 and 4.5
wtNaPa/CaCO3%, and the grinding experiments were continued until the pressure
inside the mill rose over 0.5 bar, upon which the mill was stopped and the final
sample was taken out. This pressure value was selected after micron grinding
tests, as it was seen that the fluidity of the suspensions became poor when the
pressure rose to 0.5 bar or higher.
The agglomerate particle size distributions were measured by photon
correlation spectroscopy PCS without the use of either ultrasound or dispersing
agents. No forces that would break agglomerates exist in a PCS device, so that it
measures agglomerate size rather than primary size, especially when no
ultrasound or dispersing agents are used. This agglomerate particle size describes
the stability of the suspension, and therefore the efficiency of the dispersant at
preventing particles from agglomerating. If the agglomerate particle size is small,
the dispersant can be assumed to prevent agglomeration.
The agglomerate particle sizes are presented in Fig. 17a as a function of
specific energy for both sodium polyacrylates and at different doses. As can be
seen, when a high PDI sodium polyacrylate (NaPaPDI>2) was used at the lowest
dose (1.5 wtNaPa/CaCO3%) the smallest agglomerate particle obtained was around
470 nm, after which a significant growth in agglomerate size could be seen. By
comparison, when a low PDI sodium polyacrylate was used, at the same dose the
smallest agglomerate size obtained was around 420 nm and only a slight growth
in agglomerate size could be seen. By increasing the dose of sodium polyacrylates
(from 1.5 to 3 and 4.5 wtNaPa/CaCO3%), smaller agglomerate particle sizes could be
obtained for both sodium polyacrylates studied here, although the same NaPa
dose consistently led to a smaller agglomerate size when NaPaPDI=1.2 was used
than with NaPaPDI>2. Furthermore, when considering the experiments with 4.5
wtNaPa/CaCO3% of NaPaPDI>2 and 3 wtNaPa/CaCO3% of NaPaPDI=1.2, it can be seen that
NaPaPDI=1.2 reduced the agglomerate size better even when the dose was 33%
lower. The quite low agglomerate growth obtained with NaPaPDI=1.2 is related to
the fact that low PDI NaPa prevents agglomeration more efficiently. Under our
experimental conditions the smallest agglomerate sizes obtained at NaPa doses of
4.5 wtNaPa/CaCO3% were 352 nm with NaPaPDI>2 and 284 nm with NaPaPDI=1.2.
These limits for agglomerate particle size reduction, as seen in Fig. 17a, may be
referred to as “apparent grinding limits”.
59

The widths of the agglomerate particle size distributions are presented in Fig.
17b as a function of the median particle size. As can be seen, the widths of the
agglomerate particle size distributions remain constant at around 0.40, so that this
width must be independent of the median particle size for both sodium
polyacrylates and for all the doses tested.
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Fig. 17. a) Agglomerate particle sizes in the CaCO3 suspensions as a function of
specific energy, and b) widths of the agglomerate particle size distribution as a
function median particle size (modified from Paper IV, published by permission of
John Wiley and Sons).

Effects of the polydispersity index and dose of sodium polyacrylates on
the primary particle size distribution
Unlike the agglomerate particle size, the primary particle size is influenced only
by breakage of the particles, and the stability of the suspension does not have
such a strong influence. The primary particle sizes of the ground CaCO3
suspensions as measured by ultrasonic spectrometry are presented in Fig. 18a as a
function of specific energy. As can be seen, no difference between the doses of
sodium polyacrylates or their PDI values appeared at first, so that the primary
particle sizes decreased linearly as a function of specific energy in all the
experiments. Differences appeared between the sodium polyacrylate doses and
their PDI values only towards the end of grinding, where the higher the specific
energy was, the smaller were the primary particle sizes. A higher specific energy
is obviously obtained when the grinding time is longer. In these experiments
grinding was continued as long as the viscosity of the suspension remained low,
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i.e. the pressure inside the mill did not rise to 0.5 bar. Thus the primary particle
sizes are related both to grinding time and to the viscosity of the suspensions.
The final primary particle sizes obtained at doses of 1.5 wtNaPa/CaCO3% were
still over 200 nm, but at doses of 3.0 wtNaPa/CaCO3% they were already under 100
nm with both sodium polyacrylates. At a dose of 4.5 wtNaPa/CaCO3% of NaPaPDI>2
the resulting primary particle size was 80 nm, and a still lower primary particle
size (75 nm) could be obtained only with a dose of 3 wtNaPa/CaCO3% of NaPaPDI=1.2.
On the other hand, at a dose of 4.5 wtNaPa/CaCO3% of NaPaPDI=1.2 the resulting
primary particle size was still no less than 74 nm even though the specific energy
was over 3600 kJ/kg higher. Thus a grinding limit applicable to the conditions
used in this investigation had been reached, and the primary particle size could
not be reduced any further relative to NaPaPDI=1.2 at doses of 3.0 and 4.5
wtNaPa/CaCO3%. This process-related grinding limit may equally well be called a
dampening-related grinding limit and is caused by high viscosity in the
suspension, leading to a deceleration in the movement of the grinding medium.
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Fig. 18. a) Primary particle sizes of the CaCO3 suspensions as a function of specific
energy, and b) width of the primary particle size distribution as a function of median
particle size (modified from Paper IV, published by permission of John Wiley and
Sons).

The widths of the primary particle size distribution, presented as a function of
median particle size in Fig. 18b, are between 2 and 3 for all the suspensions,
becoming slightly narrower as the median particle size decreases. The narrowest
particle size distributions are obtained with sodium polyacrylate doses of 3
wtNaPa/CaCO3%.
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Effects of the polydispersity index and dose of sodium polyacrylates on
viscosity
The variation in viscosity as a function of the shear rate is shown for the final
ground ultrafine CaCO3 samples at sodium polyacrylate doses of 3.0 and 4.5
wtNaPa/CaCO3% in Fig. 19. The primary particle sizes of these samples were
different, but all of them were under 100 nm. As can be seen in the figure, all the
suspensions show a similar rheological behaviour, with shear thinning
(pseudoplastic) behaviour. Furthermore, a slight thixotropy can be observed in the
curves, as indicated by a hysteresis loop between the upper and lower curves, a
feature suggestive of agglomerated suspensions. These agglomerated suspensions
must have occurred due to partial coverage of the CaCO3 particle surfaces with
the sodium polyacrylates, resulting from the surface area of the CaCO3 particles
in final samples being too large relative to the quantity of sodium polyacrylate
chains available.
It is widely accepted that viscosity is a function of particle size, so that
normally the smaller the particle size is, the higher the viscosity. As can be seen
from Fig. 19, however, the viscosity curves the samples containing NaPaPDI=1.2 are
still lower than those for NaPaPDI>2 even though the primary particle size is
smaller. Thus NaPaPDI=1.2 could reduce viscosity more efficiently. This
corresponds well to earlier results that show NaPaPDI=1.2 to be a more effective
grinding aid for CaCO3 than NaPaPDI>2. Therefore, in industrial processes the
amount additive could be decrease in order to obtain the same viscosity and
stability level to the suspension. Naturally, the price of a certain additive
(NaPaPDI>2 vs. NaPaPDI=1.2) should be taken into an account.
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Fig. 19. Final viscosities for the CaCO3 suspensions (Paper IV, published by
permission of John Wiley and Sons).

5.2.3 Nanogrinding of CaCO3
Grinding limit and particle size distribution for CaCO3
In the light of the promising results obtained using NaPaPDI=1.2 as a grinding aid
for CaCO3 (see section 5.2), this polyacrylate was used with CaCO3 (Eskal 500)
in the subsequent aqueous nanogrinding experiments (Paper V). Certain process
parameters were varied in these grinding experiments, namely stirrer tip speed (6–
12 m/s), grinding medium size (100–800 µm) and grinding medium material
(Y3O2(ZrO2) and SiO2). The main goal was to determine whether CaCO3 particles
can be ground down to their calculated grinding limit in an aqueous suspension
and to find the optimal operational parameters.
The nanogrinding results are shown in Fig. 20a, where the specific energy is
plotted as a function of particle size as measured by ultrasonic spectrometry. The
smallest particle size obtained was 26 nm, which is lower than the grinding limit
found earlier for CaCO3 in aqueous suspensions (55 nm) or in ethanol (30 nm)
(Knieke 2012, Knieke et al. 2009). The smallest particle size was obtained using
the smallest (Y3O2)ZrO2 grinding medium, having a size of 90 µm, and a stirrer
tip speed of 9 m/s. Concerning energy efficiency, it can be seen from Fig. 20a that
lower stirrer tip speeds (9 m/s vs. 12 m/s) generally yield a smaller product size
with a lower specific energy.
63

GM/Size

vt

(Y2O3)ZrO2/475 µm 12 m/s

100
70
40

(Y2O3)ZrO2/180 µm

9 m/s

(Y2O3)ZrO2/90 µm

9 m/s

SiO2/514 µm

12 m/s

SiO2/355 µm

10 m/s

SiO2/133 µm

9 m/s

CaCO3 in H2O
cm = 0.10
pH = 10
[NaPaPDI=1.2] = 4 wt%

10
1000

a)

10000

100000

Specific energy Em [kJ/kg]

1000000

3
Width of particle size distribution [-]

Median particle size x50 [nm]

3000
2500
2000
400

CaCO3 in H2O
cm = 0.1
pH = 10
[NaPaPDI=1.2] = 4 wt%

2
GM/Size

vt

(Y2O3)ZrO2/475 µm 12 m/s

1

0

10

b)

(Y2O3)ZrO2/180 µm

9 m/s

(Y2O3)ZrO2/90 µm

9 m/s

SiO2/514 µm

12 m/s

SiO2/355 µm

10 m/s

SiO2/133 µm

9 m/s

100

1000

Median particle size x50 [nm]

Fig. 20. Median particle sizes and b) widths of the particle size distributions in the
nanogrinding experiments (Paper V, published by permission of John Wiley and
Sons).

As can be seen from Fig. 20b the widths of particle size distributions become
significantly narrower as the median particle size decreases: i.e. the distribution
decreases in width from around 2.5 to 0.5 as the median particle size decreases
from 200 nm to 25 nm. This powerful effect was not seen in the fine and
submicron grinding experiments (Figs. 15 and 17) which suggests that x10 does
not decrease any further once the grinding limit for CaCO3 particles has been
reached. Therefore only d90 is left to decrease, which is seen as a narrower
particle size distribution.
Optimal stress energy
The optimal stress energy was searched for by adjusting the operational
parameters of the mill. The median particle size as a function of stress energy (see
Equation 2) at different specific energies is shown in Fig. 21, where it is evident
that the optimum stress energy is around 2.5 µJ only for the lowest specific
energy (10000 kJ/kg). For a finer product no minimum was detectable: i.e. it
seems that the smaller the stress energy, the finer the product that can be obtained
at a certain specific energy.
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Fig. 21. Median particle sizes as a function of stress energy at different specific
energies (modified from Paper V, published by permission of John Wiley and Sons).

Diffraction analysis and crystallite size
X-ray diffraction analyses were performed on the feed material (Eskal 500) and
the suspension having the smallest particle size (x50=26 nm) in order to obtain
information about possible phase transformation during grinding and about
crystallite sizes xcrys. The diffraction patterns and crystallite sizes of the samples
are presented in Fig. 22, where it can be seen that the peaks are at the same
location, so that no phase transformation occurs: i.e. both samples are 100%
calcite. At the same time a broadening of the peaks can be observed, which refers
to decreasing crystallite sizes. This was confirmed by means of a simultaneous
evaluation of the crystallite sizes with TOPAS, the results being 108 nm for Eskal
500 and 17.6 nm for ground CaCO3. The latter figure is almost the same as the
estimated grinding limit for CaCO3 (see section 2.4.4) and it can therefore be
assumed that the theoretical grinding limit for CaCO3 was achieved in this
experiment.
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Fig. 22. X-ray diffraction patterns of CaCO3 (modified from Paper V, published by
permission of John Wiley and Sons).
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6

Conclusions

In the first part of this work titanium dioxide (TiO2) agglomerates having a crystal
size of around 200 nm were ground in a stirred media mill in multiple passage
mode with the aim of achieving an understanding of the parameters affecting
particle size and the width of the particle size distribution of TiO2.The optimal
properties for a TiO2 pigment are generally obtained when the particle size is
around 300 nm, the particle size distribution is narrow and the suspension is
stable. The most energy-efficient TiO2 grinding with a 300 nm particle size and
the narrowest particle size distribution was obtained with the lowest stress energy
(around 5 µJ), referring to the smallest grinding medium size. Electrostatic
stabilization was not effective for TiO2 when a high solids concentration (over 50
wt%) was to be used in grinding, but electrosteric stabilization with sodium
polyacrylates was more effective, and sodium polyacrylate with a molecular
weight of 12500 g/mol was found to be the most effective for reducing the
viscosity of the suspension.
In the second part of the work grinding experiments were performed on
CaCO3 particles with a stirred media mill in circuit mode aiming at a variety of
target particle sizes in order to study the effects of two sodium polyacrylates with
different polydispersity indices and therefore different adsorption behaviour. As
with TiO2, electrostatic stabilization was not effective, so that not even a particle
size of 1 µm could be obtained with a solids concentration of 20 wt% due to the
pronounced agglomeration of particles. When sodium polyacrylates were used as
grinding aids, however, the solids concentration could be doubled with the same
rheological behaviour, and at the same time a smaller particle size was achieved.
Comparing the sodium polyacrylates with different polydispersity indices, the low
polydispersity index was more effective, showing a better stabilization potential
in micron and submicron grinding and reducing the viscosity and particle size
more. Using this sodium polyacrylate with a better stabilization efficiency it was
possible to continue the grinding experiments for longer and obtain smaller
primary particle sizes. This led to nanogrinding experiments on CaCO3
suspensions having a solids concentration of 10 wt% using the low PDI sodium
polyacrylate, in which it was possible to obtain CaCO3 particles with a particle
size of 26 nm and a crystallite size of 17.6 nm, which is the smallest ever obtained
for CaCO3 by grinding. The calculated theoretical grinding limit for CaCO3 is
around 17 nm. The fact that this size was achieved when the crystallite size was
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measured by XRD for the smallest CaCO3 suspension obtained (x50=26nm) was
an interesting finding.
When comparing the behaviour of TiO2 and CaCO3 it can be noted that these
materials differed in their stabilization behaviour, i.e. the possible solids
concentrations for a suspension, the pH required for the suspension, the dose of
sodium polyacrylate required and the optimum molecular weight for the sodium
polyacrylate. They also differed in their grinding behaviour, as TiO2 agglomerates
can be reduced from 1 µm to 300 nm with a specific energy of around 400 kJ/kg
whereas CaCO3 particles need ten times more energy in order to achieve a
fineness in the same range. This is due to the different nature of these particles:
TiO2 particles are crystals aggregated with chemical bonds, whereas CaCO3
particles are much stronger primary particles.
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