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Abstract
Flotation is a well-known and widely used technique for the separation of particles smaller than
250 µm, but efficient performance requires the use of various synthetic chemicals which can
potentially damage the health of humans and animals and pollute the environment. Consequently,
their replacement through a more environment-friendly and sustainable alternative has been
demanded. One promising candidate is cellulose, which is an abundant natural polymer that is
environment-friendly and can be treated chemically and physically to yield tailored properties and
thus a potential for use in processes such as flotation.
This work focuses on the use of cellulose-based reagents in flotation processes to replace the
often harmful conventional reagents derived from mineral oil, plant oils or animal fats. The
physico-chemical properties of cellulose differ from those of conventional reagents, leading to
differences in performance during flotation. In particular, the chemical and morphological
heterogeneity of cellulose affects its properties and thus its interaction with minerals and water.
Consequently, its use requires the study of the fundamentals of flotation and their application
including the physico-chemical heterogeneity of cellulose to determine the optimum conditions
and enable efficient performance. This work focuses on the determination of the thermodynamic
surface energetics of solid particles and changes in this after reagent adsorption, using the inverse
gas chromatography technique in a dry atmosphere. Furthermore, interactions between cellulose
and minerals immersed in water are investigated using the DLVO theory, the interaction forces
between cellulose and the minerals being derived and correlated with flotability. The importance
of free surface charges is then considered by investigating the electric surface potential of
cellulose-coated minerals in connection with particle-bubble attachment efficiency. At the same
time, conventional amphiphilic reagents are used and its performances are related to cellulosebased reagents.

Keywords: aminated cellulose nanocrystals, DLVO theory, electrostatic heterogeneity,
Free Energy of Interaction, selective flotation

Hartmann, Robert, Selluloosapohjaisten kemikaalien käyttö vaahdotuksessa.
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Tiivistelmä
Vaahdotus on kaivannaisteollisuudessa laajasti käytössä oleva prosessi, jonka avulla saadaan
erotettua tehokkaasti pieniä, alle 250 µm kokoisia partikkeleita. Vaahdotuksen apuaineena käytetään erilaisia synteettisiä kemikaaleja, jotka voivat aiheuttaa harmia ympäristölle. Siksi niiden
korvaaminen ympäristöystävällisemmillä vaihtoehdoilla on tärkeää. Yksi lupaava vaihtoehto
korvaavaksi materiaaliksi on selluloosa. Selluloosa on uusiutuva ja ympäristöystävällinen luonnonpolymeeri, josta voidaan valmistaa kemiallisesti ja fysikaalisesti käsittelemällä erilaisia biokemikaaleja. Näitä voidaan soveltaa erilaisissa prosesseissa, myös vaahdotuksessa.
Tässä työssä keskitytään selluloosapohjaisten kemikaalien käyttöön vaahdotuksessa tavanomaisten, usein haitallisten synteettisten kemikaalien korvaamiseksi. Selluloosan fysikaaliskemialliset ominaisuudet eroavat synteettisten vaahdotuskemikaalien ominaisuuksista, mikä vaikuttaa niiden vuorovaikutukseen mineraalien ja veden kanssa. Erityisesti selluloosan kemiallinen ja morfologinen heterogeenisuus on keskeinen tekijä. Selluloosan hyödyntäminen tulevaisuuden vaahdotuskemikaalina edellyttää selluloosan ja mineraalien vuorovaikutuksen syvällistä
ymmärtämistä.
Tässä työssä tutkitaan selluloosan ja mineraalien vuorovaikutusta sekä IGC-menetelmän
avulla, että DLVO-teorian että pintavarausmittausten avulla. Lisäksi tutkitaan selluloosan ja
mineraalien vuorovaikutusvoimien yhteyttä vaahdotusprosessin onnistumiseen ja saavutettuja
tuloksia verrataan kaupallisten reagenssien toimintaan.

Asiasanat: DLVO teoria, nanokiteinen
sähköstaattinen heterogenisuus, vapaa energia

selluloosa,

selektiivinen

flotaatio,
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1

Introduction

Flotation is an efficient process for mineral separation and beneficiation based on
the wetting properties of the particles to be separated. Its importance is derived
from the massive consumption of technological products worldwide and the related
demand for mineralogical resources. However, more and more of the chemicals
used in the flotation process are becoming subject to legislative restrictions due to
the harm they cause to humans, animals and plants. By comparison, cellulose-based
chemicals are a renewable and environment-friendly alternative with a potential for
replacing conventional reagents, leading to a more sustainable and less harmfull
process and the avoidance of subsequent elaborated water treatment processes.
Alongside these to environmental aspects, the use of cellulose-based chemicals
calls for a fundamental re-evaluation of the flotation process to guarantee its
efficient performance. Cellulose is the most abundant organic polymer and can be
synthesised via several routes, leading to tailored properties. Consequently, the
synthesis of cellulose possessing special properties for almost any process is
theoretically possible. In the work presented here, aminated cellulose is employed
for the flotation of quartz, given that many amine-bearing chemicals are banned
from industrial processes due to their potential for polluting the environment.
Analysis of the properties of cellulose enables the interaction between cellulose
and minerals to be studied. The surface wetting properties of minerals and changes
taking place in these play a crucial role in flotation processes, and the inverse gas
chromatography technique (iGC) is used to characterize the thermodynamic
surface energies of particulate quartz before and after reagent adsorption.
Simultaneously, conventional amine reagents are used and these are compared in
terms of performance with cellulose-based chemicals. Characterisation and
interpretation of the surface wetting properties of cellulose-coated quartz should
give new insights into the fundamental particle-bubble attachment that occurs
during flotation processes. Accordingly, the more complex structure of cellulosebased reagents requires a more detailed investigation into the effect of free surface
charges on interactions between cellulose and minerals and its consequences for
the particle-bubble attachment. Thus, these studies can be expected to highlight the
state of the surface energetics under both dry and wet conditions.
For the very first time, to our present knowledge, this work introduces
cellulose-based chemicals that can be employed efficiently as collectors in a
flotation process, which might be considered a first step towards employing
environment-friendly, sustainable cellulose-based chemicals in flotation processes.
17

The principles of the interactions between cellulose and minerals and between
cellulose-coated minerals and air bubbles will be discussed, since this information
can apply to a variety of other processes. Furthermore, the changes in the surface
wetting properties of minerals presented and discussed here support the paradigm
in flotation science that the main purpose of flotation reagents is the reduction of
high-energy sites on a small fraction of the mineral surface rather than
hydrophobization of the entire surface.
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2

Thesis motivation- towards a more
environment-friendly and sustainable
flotation process

2.1

The present role of mineral processing

Mining is one of the oldest industries of humankind and has done much to enable
the progress in technology that has given us our present modern goods. The
growing consumption of technological products consisting of a variety of minerals
in combination with the increasingly difficult and complex process of accessing
raw materials calls for more efficient separation processes and recycling. At the
same time, the demands on the processing of minerals in terms of sustainability and
environmental friendliness are complicating the economically viable production of
minerals as a finite resource.
Mining is inherently related to environmental pollution and fatal accidents.
Consequently disasters still happen, causing the death of approximately 12,000
people every year [1] and the destruction of natural habitats, as in the case of the
Samarco dam collapse in 2015 [2]. Furthermore, the high energy consumption
required and the consequences for the environment through mining necessitate
serious discussions on its effects on climate change, water supplies, biodiversity,
waste disposal and energy management, which are still dominated by social
psychologists and economists rather than by scientists and engineers [3].
Nonetheless, initiatives have been taken to reduce the impact of mining operations
on the environment, e.g. through the use of environment-friendly chemicals [4–7].
For instance, the use of amines in industrial processes is prohibited by law in many
countries, and aminated cellulose, as studied in this work, is a promising alternative
which may be employed in the reverse cationic flotation of oxidised iron ores [8].
2.2

The flotation process as an unconventional separation
technique

The ores present in deposits consist of a variety of minerals, which have to be
separated out before further processing. The complex composition of ores requires
the reduction of particle sizes to obtain a sufficiently high degree of liberation of
minerals [9,10], with the consequence that particles are processed which are too
small to be efficiently separated out by inertial methods such as sieving, cyclonic
19

separation, etc. For particles of an approximate size between 10 and 250 µm,
heterocoagulation flocculation, referred to in practice as the flotation process, is an
efficient separation technique. This is based on the different wetting properties of
the mineral surfaces or selective interaction between mineral surfaces and
chemicals, rendering the surface wetting properties different after adsorption [11–
13].
In the flotation process finely disseminated air bubbles are directed through a
flotation pulp containing one or more mineral phases. Due to differential surface
wetting properties, the liquid film on the surface of one mineral phase will rupture
when the bubble approaches that surface. The mineral is then carried, attached to
the air bubble, to the top of the flotation pulp, where a froth is formed, accumulating
the mineral phase. The froth phase, including the mineral phases, is then collected
and separation takes place between the mineral phases remaining in the aqueous
flotation pulp and the minerals present in the froth phase.
The separation is based on the individual surface wettabilities of the mineral
phases. The fundamental thermodynamic parameter for the description of solid
surface wetting properties is the specific surface free energy distribution [14,15],
which can be investigated under well-defined conditions by means of the inverse
gas chromatography (iGC) technique [16–20]. This was the method used for the
work presented in Papers II and III. One main advantage of the inverse gas
chromatography technique is that it examines particular samples possessing an
equal size fraction, as used for flotation processes, and thus provides an exact
evaluation of the heterogeneity of the particle’s surface energetics.
In the thermodynamic approach that is often adopted for the description of
surface wetting properties the parameter used to account for wetting phenomena is
the net free energy of interaction, relating the work involved in water adhesion to
the mineral surface, Wadh, to that required for water cohesion, Wcoh, as expressed by
[21]:
∆

(1)

In general, the interaction between minerals dispersed in an aqueous solution and
water molecules is strong, leading to a high work of adhesion and a positive net
free energy of interaction. Consequently, the mineral possesses a hydrated layer on
its surface, which prevents its attachment to air bubbles during the flotation process.
Only a few minerals (or particles in general) exist which have a weak interaction
with water molecules, leading to negative net free energies of interaction, and
consequently particle-bubble contact is preferred thermodynamically [22–24]. In
20

practice, chemicals are commonly used to adsorb on the mineral surface in order to
reduce the potential of the mineral surface to interact with water molecules. The
more the interactions with water molecules can be reduced, the more negative is
the net free energy of interaction and the more probable is the achievement of
efficient orthokinetic heterocoagulation flocculation, or flotation process [25–27].
Based on the specific surface free energy distributions, the Free Energy of
Interaction (ΔGpwb) between a mineral and an air bubble immersed in water is
derived as a thermodynamic parameter, which can be tested to predict the flotability
of quartz. It is for that reason that a detailed discussion of the preliminary
assumptions, the performance of the experiments and the results needs to be given.
The results highlight the fact that an exclusive determination of the specific
surface free energy of solids under dry conditions does not represent or explain the
nature of interactions under wet conditions in their entirety. Furthermore, the results
and their derivations lead to controversial arguments regarding the determination
of when a solid surface can be considered “hydrophobic” [28,29]. Investigations
have established that the term “hydrophobic” is a misnomer derived from the
experience of attractive apolar surfaces in water [30]. Consequently, the term
“hydrophobic” is a pure empirical quality and has not yet been determined
quantitatively through a physical property. Flotation experiments have since been
conducted using various flotation cells and either cellulose-based or conventional
reagents to investigate the efficiency of the former in terms of orthokinetic particlebubble attachment.
2.3

Cellulose as a green alternative

The importance of the chemicals used in the flotation process can be appreciated
quite simply through the combined mass of ores processed every year, about 2
billion tonnes [31]. Accordingly, the quantity of flotation reagents used must be in
the region of a million tonnes. These synthetic chemicals are derived from mineral
oil, vegetable oils or animal fats, all of which are detrimental to animals and the
environment during their synthesis or after their release into the environment.
Consequently, the use of these chemicals is increasingly being restricted by law and
being understood better by those people who demand more environment-friendly
and ethically acceptable alternatives. One promising alternative is cellulose-based
chemicals [32]. Cellulose is the most abundant polymer on earth, and it is
renewable and, due to the various routes by which it may be synthesised, capable
of being tailored to exhibit many different properties [33]. The physicochemical
21

treatment of cellulose enables, on one hand, the incorporation of organic
components and functional groups into the cellulose backbone, and on the other
hand, a reduction of its spatial extent down to a nanoscale. The location of cellulose
originating from the S2 cell wall of a biological source is shown in Fig. 1.

Fig. 1. Cellulose as a constituent of many plants, being present in the S2 layer of the
cell wall of trees, for instance.

Due to environmental pollution, many countries have introduced laws prohibiting
the use of molecular amines, which form the basis for many chemicals used as
cationic reagents (see “European Chemicals Agency” and “REACH”) [34].
Consequently, this work focuses on the use of aminated cellulose nanocrystals as a
replacement for ether amines and ether diamines in the reverse flotation of silicate
minerals in hematite bearing ores [31,35].
2.4

Aims and outline of the thesis

The main aim of this work is the efficient use of cellulose-based chemicals in the
flotation of quartz. To achieve this, the properties of aminated cellulose are
investigated and its differences relative to conventional reagents are described. Its
22

different properties lead to a difference in the behaviour of cellulose during the
flotation process. The performance of the process is described theoretically and
validated through experimental work focused on the change in the surface
energetics of solid particles under dry conditions and the fundamental interactions
between cellulose and minerals under wet conditions.
This thesis consists of eight chapters. The first presents an introduction and the
second explains the motivation for the work. The theoretical background is then
given in the third chapter, while the fourth explains the analytical methods and the
devices employed, as presented in Papers I-IV, and shows the granulometric
properties of minerals and cellulose. The whole of Chapter 5, which discusses
characterisation of the wetting properties of quartz by the inverse gas
chromatography technique, is based on the Papers II and III. In chapter 6, the
interactions between cellulose and minerals are analysed on the basis of Paper IV,
and the seventh chapter gives the results of the flotation experiments, as shown in
Papers III and IV together with results obtained by Sylvain Goenvic and Saku
Kimpimäki while working as an exchange student and summer worker,
respectively, in 2015. Finally, chapter 8 gives the conclusions reached and an
overview of the whole thesis.

23
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3

Fundamentals

The following sections will present the fundamentals of the work, and therefore
only the relevant equations, those required to evaluate the experimental results, will
be derived. For a more detailed presentation of these topics, the reader should
consult the books by Butt, Graf, and Kappl [36], Butt and Kappl [37], Klassen and
Mokrousov [38], Dörfler [39], Schubert [40], and Nguyen and Schulze [41] upon
which this chapter is based.
3.1

Forces acting between particles

Interactions between cellulose and minerals are complicated due to their chemical
heterogeneity, especially the distribution of free surface charges throughout the
surface of the cellulose, which is dependent on the conditions in the background
salt solution. This section describes the deduction of the dispersive and electrostatic
forces acting between cellulose and minerals under aqueous conditions and
presents the equations used for their evaluation in the experiments described in the
following chapters.
3.1.1 Van der Waals forces on a molecular scale
We will first consider interactions between neutral atoms and molecules forming a
solid body. These dipolar forces are based on electrostatic interactions between
atoms and molecules possessing a dipole moment, although the total electric charge
is zero. The uneven distribution of electrons nevertheless leads to fluctuations in
the electric potentials of atoms, which are described by means of dipole moments.
The simplest case of a dipole moment is the presence of two opposite charges
and
, located at a distance a from each other, leading to a dipole moment of:
∙

.

(2)

The dipole moment is a vector pointing from minus to plus. For molecules, which
bear charges different from point charges, the charge density ϱ has to be integrated
over the volume V of the molecule:
∙ d .

(3)

For more complex atoms and molecules consisting of several charges, the net
potential energy of a charge can be determined through the superposition principle,
25

by summing the contributions of all the other charges. In the case of a dipole and a
single charge Q separated by a distance D, assuming that the distance is much larger
than the radius of gyration of the dipole, the interaction is given by:
∙
∙

,

∙ ∙

(4)

where, εrel is the relative permittivity or (static) dielectric constant of the intervening
phase, ε0 is the permittivity of a vacuum,
is the Boltzmann constant and T the
absolute temperature.
For two dipoles, the maximum attractive interaction is given when they point in the
same direction along the axis connecting their centres, which leads to:
∙
∙

.

(5)

In addition, when two dipoles are able to rotate freely, the balance between their
preferential orientation and the thermal motion causing random fluctuations in the
orientations leads to an attraction [42]. The free energy of the thermally averaged
dipole-dipole is called the Keesom energy and is given by:
∙
∙

.

∙ ∙

(6)

Comparing Eq. (5) and Eq. (6) we can see a difference in the dependence of the
interactions on distance, in that fixed dipoles possess a distance dependence
proportional to D-3 while that for thermally averaged dipoles is proportional to D-6.
In the case of interaction between a molecule with static dipole moment and a
polarizable molecule it is customary to refer to the Debye interaction, given by:
∙

,

∙

(7)

where the polarizability has the units C2m2J-1.
All the energies discussed so far, however, consider dipoles and fail to describe
attractions between non-polar molecules. These latter can be described through the
London, or dispersion, forces in which the atoms are assumed to be an oscillator
consisting of electrons circulating around the nucleus at a high frequency.
According to this scheme, an atom is polar at any instant in time, but the polarity
changes direction with a frequency of 1015-1016 Hz. When two non-polar molecules
approach each other, the possibility of attractive orientations is higher than that of
repulsive ones, leading to a net attractive potential given by:
∙
∙
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∙

∙

∙

,

(8)

where the terms
and
represent the ionisation energies of the molecules.
The van der Waals force, applying to all dipole-dipole interactions, is the sum
of the Keesom, Debye, and London dispersion interactions of which the London
interaction is usually dominant [37]:
.

(9)

3.1.2 Van der Waals forces on a macroscopic scale
Based on the London dispersion interactions, the van der Waals forces for
macroscopic bodies can be derived through pairwise summation of the forces
between all the molecules present in the body. This pairwise summation of dipole
interactions was performed by Hamaker [43] on the assumption that the individual
dipole interactions between two molecules are constant and cannot be influenced
by a third molecule possessing a permanent or induced dipole moment. The van der
Waals interaction between a molecule A and a molecule B is then given by [37]:
,

(10)

where CAB is a material-specific constant equal to CvdW in Eq. (9). To estimate the
strength of the interaction between molecule A and a homogeneous macroscopic
body consisting of molecules B the density
is integrated over the total volume
of the solid by:
∙

d

∭

,

∙
∙

.

(11)

Accordingly, a very much smaller decrease in the attractive energy with increasing
distance is obtained for the interaction of molecule A with a macroscopic body
(proportional to D-3) than for the interaction between two molecules (proportional
to D-6). We may now replace molecule A with a macroscopic body and apply
Eq. (11) to integrate the result over all molecules A of the second body. Thus, the
resulting van der Waals energy between bodies A and B per unit area is given by:
∙

∙
∙

∙
∙

.

(12)

The parameter AH is known as the Hamaker constant, and it is this that allows the
van der Waals interaction between solid bodies of any kind to be calculated in a
manner dependent on their shape and the distance between them.
The following paragraphs considering the interaction between cellulose and
minerals dispersed in water require additional rules relating the different Hamaker
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constants of solid phases “1” and “2” when immersed in an intervening liquid “3”,
such as:
∙

.

(13)

Combining Eq. (12) and (13) for dissimilar spherical solid particles with different
radii R1 and R2, the following equation is obtained:
∙

∙

∙
∙ ∙

.

(14)

3.1.3 The electric double layer
The dispersion of solid materials in water leads to the dissociation or ionization of
surface groups, disturbed lattice structure and isomorphic substitution, or to the
adsorption of ions from the medium. As a result, the solid carries free surface
charges or highly polarized surface sites forming an electric field around its surface.
This electric field interacts with molecules and ions present in the aqueous solution
forming an electric double layer around the charged solid. The formation of this
electric double layer will be described in this section and the forces arising through
the overlapping of electric double layers will form the topic of the following section.
The free surface charges and polarized surface sites attract counterions and
repel ions with the same-signed charge, which leads to a higher concentration of
counterions by volume and a lower concentration of ions with the same charge
close to the solid surface as compared with the averaged volume concentration of
ions in the bulk solution. There are several models for estimating the distribution
of ions in the electric double layer, the easiest of which to use is the Helmholtz
model shown in Fig. 2.

Fig. 2. The electric double layer after the Helmholtz model with adsorbed anions
forming the inner Helmholtz plane (IHP) and hydrated cations forming the outer
Helmholtz plane (OHP). The electric surface potential of the net negatively charged
metal surface is ψs and is compensated through the cations to ψ0.
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In the Helmholtz model the counterions bind directly to the solid surface and
compensate for the surface charge. The structure of the electric double layer is
similar to a plate capacitator with a thickness of one molecular layer. The model
treats the electric double layer as two rigid planes of charge, one plane being the
solid surface with its free surface charges and the other the outer Helmholtz plane
consisting of solvated counterions. The electric potential decreases linearly
between the two hypothetical planes and, if present, can be used to determine the
rate of charge transfer. In a refinement of this model, ions that have discarded their
solvation ions and are in physical contact with the solid surface are closer to the
solid surface, whereupon the plane running through the centres of the ions is called
the inner Helmholtz plane. The phenomena which are ignored in the Helmholtz
model are thermal motion, ion diffusion, adsorption of molecules onto the surface,
and interactions between the solvent and the surface.
Based on the Helmholtz model, Gouy and Chapman continued their work on
the description of the electric double layer to include the thermal motion of ions,
so that their model led to the formation of an extended double layer due to the
motion of ions according to the Boltzmann statistical distribution. The solid surface
is considered to be planar, infinite and uniformly charged and the ions possess a
continuous charge distribution. The derived potential shows an exponential
decrease in accordance with the distribution of counterions and same-signed ions
in the electric double layer. According to the theory of the distribution of ions and
the electric potential around spherical surfaces developed by Debye and Hückel,
the solvent can be in both cases be treated as a continuous medium which possesses
a stable dielectric constant. The distribution of the electric double layer and the
electric potential according to the Gouy-Chapman model is shown in Fig. 3.
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Fig. 3. The distribution of hydrated ions in the diffuse layer and the electric potential
distribution with distance around a negatively charged metal surface immersed in water
according to the model of Gouy and Chapman.

The model proposed by Gouy and Chapman, like that of Debye and Hückel, is a
combination of the calculation of the electric potential ψ and the spatial distribution
of ions. The electric charge density of a solid surface and the electric potential in
the liquid that is in contact with that is given by the Poisson equation:
.
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(15)

Accordingly, when the charge distribution of the solid surface is known exactly,
the potential distribution can be determined. The local ion density in a solution can
be derived by means of the Boltzmann equation:
/

∙

,

(16)

where, is the local ion concentration,
the bulk concentration of the ion, and
the work required to move the ion from an infinite distance away to a position
closer to the solid surface. This equation describes the dependence of the local ion
concentration on the electric potential. For a simple case in which only a 1:1 salt is
dissolved in water and its concentration is much higher than that of ions dissociated
from the solid surface, the local charge density is given by:
∙

∙ ∙

, ,

∙

, ,

,

(17)

where, is the bulk ion concentration and e the elemental charge.
By combining Eqs. (15) and (17) the Poisson-Boltzmann equation can be
obtained:
∙

∙

∙
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∙
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.

(18)

This is a partial differential equation of the second order and can be solved
numerically, but it can be solved analytically only for certain simple geometries.
The Poisson-Boltzmann equation for planar and spherical surfaces will be derived
below.
In the case of an infinitely extending planar surface, the differential coefficients
for the directions y and z will be zero because of the symmetry and only the
coordinate normal to the plane will be left as a spatial variable in the equation:
∙

∙

∙

∙

.

(19)

In case of low potentials below 50-80 mV, the equation can be simplified to the
linearized Poisson-Boltzmann equation:
∙

∙
∙

∙

,

(20)

the general solution for which is:
∙

∙

,

(21)
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with
∙

∙
∙

,

(22)

can be defined by boundary conditions. The first
where, the constants and
boundary condition requires that the potential disappears for large distances from
the surface and becomes equal to the surface potential at the surface. The second
condition defines the potential as becoming zero at very large distances ( =0).
Consequently, the distribution of the potential is given by:
∙

.

(23)

This implies that the potential decreases exponentially, the decay length, or Debye
length, being given by:
∙
∙∑

,

(24)

where, Zi is the valency of the ions in the solution. With regard to practical
applications, it is spherical particles that are usually studied, whereupon the electric
double layer around the spheres is given by:
∙

∙

∙

∙

,

(25)

where, r is the radial coordinate.
Solving of the linearized Poisson Boltzmann equation with the same boundary
conditions as stated above leads to:
∙

∙

,

(26)

is the radius of the particle.
where,
Furthermore, Grahame deduced an equation which related the surface charge
σ0 to the surface potential
using the electroneutrality condition [37]:
8∙
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(27)

The equations presented so far in this paragraph are based on several assumptions
which have to be considered when evaluating the experimental data, namely:
–
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The ions are considered to be point charges without assigning them any finite
size.

–

–

–

–

–

The Poisson-Boltzmann theory is a mean field theory using averaged electric
potentials, whereas molecules are capable of orientating themselves to reduce
the free energy in the system.
The solid surface charge is assumed to be homogeneous neglecting
individually charged groups. Furthermore, the charge of the ions is taken as
being continuous and as a multiple of the unit charge. Deviations can occur,
especially for divalent or trivalent ions.
Non-Coulombic interactions are neglected, e.g. the formation of a hydration
shell around ions, which can drastically alter their interactions as they approach
each other. Also, ion-specific effects such as those represented by the
Hofmeister series are not taken into account [44].
The permittivity of the solvent is assumed to be constant, which is only a rough
approximation, especially when the volume concentration of ions is high (in
the vicinity of the solid surface, for instance)
The roughness and heterogeneities of the solid surface are neglected, which is
not a reasonable assumption in the case of biological particles and membranes.

Despite these stated, the Poisson-Boltzmann equation yields results that are in
accordance with experimental findings. One reason may be that the various defects
cancel each other out. A further improvement to the Poisson-Boltzmann equations
was proposed by Stern, in the form of a simple semi-empirical theory which
combines the Helmholtz model with a diffuse layer, as shown in Fig. 4.
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Fig. 4. The electric double layer according to the Stern model and the associated
electric potential distribution with distance. The electric potential decreases linearly
between the solid surface and the adsorbed cations forming the Stern layer, which is
divided by the shear plane from the diffuse layer, in which the electric potential drops
exponentially due to the presence of hydrated ions.

The inner layer, or Stern layer, consists of adsorbed, immobile counterions which
partly compensate for the surface potential. Given that this compensation is only
partial, a diffuse layer follows which consists of mobile ions obeying the PoissonBoltzmann equations. The boundary between the immobile phase and the diffuse
layer presents the hypothetical zeta potential.
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3.1.4 The electrostatic double layer force
The dispersion of solid particles in water leads to the formation of free surface
charges and the electric double layer. When dispersed particles approach each other,
their electric double layers overlap and an electrostatic double layer force arises.
This force is essential for determining the behaviour of the dispersed particles.
There are in practice two ways of obtaining the electrostatic force, calculation of
the change in the Gibbs’ free energy of the two double layers and calculation of the
disjoining pressure. Both ways lead to the same result. The calculations considered
in this work are based on the disjoining pressure approach, in which the force per
unit area between two dispersed particles is [37]:
d ′.

(28)

Applying the Poisson-Boltzmann equation (18) for a monovalent salt, the
disjoining pressure is given by:
∙

∙

∙

∙
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(29)

Integration of this equation leads to:
∙

∙

∙

∙

∙

,

(30)

where, P is only an integration constant, the first term on the right side represents
the osmotic pressure and the second term the electrostatic force between the two
surfaces. In order to calculate this force, the pressure inside the gap between the
particles has to be subtracted from the pressure of the surrounding reservoir to
obtain the effective pressure. It then follows that:
∙

∙

∙

∙
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∙
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(31)

Accordingly, the potential must be calculated in the first place by solving the
Poisson-Boltzmann equation, after which the computation of the force per unit area
can be determined. Since the topic of interest in the following is the interaction
between cellulose and minerals, the electrostatic double layer force between these
particles has to be calculated based on the constant electric surface potential or
charge as lower and upper limit, respectively. The interaction between these
surfaces may be described using Ohshima’s equation by assuming that both the
cellulose and the mineral particles are spherical in shape (see section 4.1.2 and
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4.1.4). In the present work electrostatic interactions are computed for two further
cases, with the constant electric surface potential and charge representing the lower
and the upper limits of the strength of the interaction, respectively. In the case of a
constant electric surface potential two surfaces possessing potentials with the
opposite sign are attracted to each other, while two surfaces possessing a potential
with same sign and of equal magnitude will repel each other at all distances. In
contrast, two surfaces possessing potentials of same sign but of unequal magnitude
will repel each other at long distances and attract each other at short distances. This
behaviour is altered when constant electric surface charges are applied to two
interacting surfaces. For charged surfaces with the same sign, the interaction is
repulsive at all distances, while surfaces with opposite signs of equal magnitude
will always be attracted to each other. Furthermore, surfaces with unlike charges
will attract each other at long distances and repel each other at short distances.
Finally, dissimilar surfaces will repel each other at short distances irrespective of
the signs of their surface charges.
The electrostatic interaction between two dissimilar spherical particles may be
obtained based on a constant electric surface potential by means of Eqs. (14) and
(31), as given by:
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where
and
are the radii of the spheres. An adequate equation for determining
the electrostatic interactions based on the constant surface charge of dissimilar
spherical particles is:
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∙
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The electric surface charge (σ) of the phases involved in this was obtained with the
help of Eq. (27) after Grahame.
3.1.5 The DLVO theory
The behaviour of particles immersed in a liquid and its characterisation is of interest
in many applications. The first attempt to describe the interactions of dispersed
solid particles in a liquid was that of Derjaguin and Landau together with Verwey
and Overbeek, after whom the resulting theory is called the DLVO theory. This
theory combines the van der Waals forces (
) and electrostatic forces
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(
.
. ) between two immersed particles to predict the total force between them,
and consequently the stability of the particles:
.

.

(34)

The van der Waals forces for identical particles are always attractive and the
electrostatic forces repulsive, irrespective of the intervening liquid. A graphical
representation of the total interaction energy is shown in Fig. 5.

Fig. 5. Gibbs’ free energy of interaction between two identical spherical particles of
radius 100 nm dispersed in water at different concentrations of a monovalent
background salt, with distance ([36] p.104). Reprinted with the permission of John Wiley
and Sons.

When the particles are a long distance apart, a weak attraction obtains between
them, known as a secondary minimum. This weak attraction may lead to reversible
coagulation of the particles without direct contact. At intermediate distances their
electric double layers overlap and the resulting electrostatic repulsion prevents any
further approach. The strength of the electrostatic repulsion depends on the volume
concentration and valency of the ions dissolved in the liquid phase. At low ion
concentrations the thermal energy of the particles is weaker than the electrostatic
repulsion of the electric double layer, leading to a stable particle dispersion,
whereas at high background salt concentrations the electric double layer of the
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particles is compromised, the distance between the particles is reduced, and the van
der Waals attraction becomes stronger than the electrostatic repulsion, leading to
the formation of agglomerates. Furthermore, high background salt concentrations
lead to a reduction in the effective solid surface potential due to the presence of
counterions in the inner and outer Helmholtz plane, which is not considered in Fig.
5. In general, the higher the concentration and valency of the ions in the liquid
phase, the lower is the energy barrier preventing attraction between the particles.
The agglomerates formed in this way are stable, and an impact from a third particle
or a gain in energy is necessary to separate the particles.
3.2

Thermodynamics of particle-bubble attachment in flotation
processes

3.2.1 The applicability of thermodynamics
A process takes place whenever the free energy of a system is reduced while the
temperature and pressure are kept constant, while a system is in equilibrium when
its free energy reaches its minimum. However, the thermodynamic properties of a
system only indicate the possibility of a certain process taking place. For the actual
occurrence of processes, the thermodynamic requirements and several kinetic
conditions have to be satisfied. Consequently, the thermodynamic conditions
represent the driving force of a process in its reduction of the free energy of the
system. This form of thermodynamic analysis, however, does not consider any
resistances, which could possibly come to bear on the process, and therefore
thermodynamics is not capable of giving information on the mechanism or velocity
of any process. These considerations are nevertheless important when it comes to
the predictability of the flotation process, including its many kinetic aspects such
as reagent adsorption, the approach and attachment of particles and bubbles and so
on. Thus, many arguments can be raised against the accuracy of the thermodynamic
analysis of the particle-bubble attachment under non-equilibrium conditions.
Moreover, there are certain limits that inherently underlie the process of particlebubble attachment and certain assumptions that have to be established. For
instance, spontaneous particle-bubble attachment requires the addition of external
energy, which for flotation processes is often realized through the action of
mechanical forces from external sources. The reduction of the free energy of the
flotation system through particle-bubble attachment is obvious and can be
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demonstrated by comparing the magnitudes of the free energy of the system before
and after the attachment. Nonetheless, comparison of the free energy prior to and
after attachment neglects the kinetic attachment conditions, which are nonequilibrium conditions and thus not correctly describable in terms of
thermodynamics.
3.2.2 Surface energetics
The thermodynamic analysis of particle-bubble attachment is frequently used as a
technique for ascribing flotation processes based on surface energetics, which play
a dominant role. Before considering the interfaces between phases, a simple model
for the idea of surface free energy can be described with the help of Fig. 6.

Fig. 6. Models of the net force acting on a unit, either an atom or a molecule, in twodimensional representation. In a) the net force acting on a unit placed within the bulk
phase of a material is zero as long as no defects are present in the bulk structure. At
the surface of the phase, as in b), the net force directed towards the bulk phase is active
due to the absence of one or more neighbouring units.

The atoms or molecules present at the phase boundary often possess energies which
are significantly higher than those of atoms or molecules present in the bulk phase.
The atoms and molecules in the bulk are homogeneously distributed and experience
a uniform force field, but when the phase is cleaved and in a vacuum, the atoms or
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molecules at its boundary are not exposed to the uniform force field any longer.
Instead, the absence of one or more adjacent units leads to a net force which is
directed towards the bulk phase. Thus, a new environment is established at the
phase boundary that is inherently connected with an increase in the free energy of
the units present at that point. Employing the thermodynamic approach, the
required free energy dW for a change in the surface area dA can be described
quantitatively by:
d

∙d ,

(35)

in which the surface free energy expresses the amount of reversible work d
which has to be done to form a new surface d . The term surface free energy is
used for solid surfaces and surface tension for liquids, but both they are
dimensionally equivalent. The surface free energy of a solid consists of two
interactions, a dispersive or apolar ( ) and a specific or polar ( ) component
[45]. The dispersive component can be described in terms of van der Waals
interactions and the polar component is induced by the specific molecular structure
that possesses polarization, as in the case of hydrogen bonding, for instance [29].
A more detailed explanation of the components of surface free energy and their
relation to surface energetics is given in section 4.2.
Interaction between two immiscible phases leads to the formation of an
interface as the result of all the surface free energies acting at that point. In the case
of flotation, the interaction between three phases (solid, liquid and gaseous) needs
to be investigated. When a liquid phase is placed on a planar solid surface, a contact
angle is formed as shown in Fig. 7.

Fig. 7. Interfacial tension vectors at the three-phase boundary when a liquid droplet is
placed on a planar solid surface.
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Here
is the interfacial energy between the solid and liquid phases,
between
the solid and gaseous phases and
between the liquid and gaseous phases,
although the role of the gaseous phase in terms of interfacial energies is negligible.
The unknown interfacial free energy between the solid and liquid phases can be
determined using Young’s equation [46]:
cos

,

(36)

where is the contact angle at the three-phase contact. The determination of the
contact angle is difficult, however, due to the roughness of the surface and
contaminations on it, which will inherently affect the accuracy of this technique
[47,48]. In thermodynamic evaluation, if either the solid-liquid contact or the solidgas contact is favorable it is possible to determine the change in the total surface
free energy in order to predict the flotability of the mineral surface. The free energy
of a flotation system before particle-bubble attachment occurs is given by:
∙

∙
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is the initial free energy before particle-bubble attachment,
and
where,
are the areas of the interfaces between the liquid (l) and gas (g), and between the
solid (s) and liquid. The free energy after particle-bubble attachment is given by:
∙

∙
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will suffice to present the interfacial area between the solid and gaseous
where
phases. Thus, the change in free energy related to the net area of attachment
is:
∆

.

(39)

By combining Eqs. (36) and (39) we obtain for the reduction in free energy:
∆

∙ 1

cos

.

(40)

This equation indicates that the net change in the free energy of the system is
proportional to the interfacial area between solid particles and air bubbles, the
surface tension of the liquid phase and the factor 1 cos
representing the
degree of lipophobicity of the particle surfaces.
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3.3

Principles of the flotation process

The flotation process has been studied for several decades, leading to the
publication of many books and scientific articles. The aim in this section is to
describe the main microprocesses involved. Flotation is a heterocoagulation
flocculation characterized by the separation of solid particles through their
attachment to fluid particles, either gas bubbles or oil droplets. Thus, the separation
achieved depends on the properties of the aggregates and their movement through
the flotation pulp. In practice, the selective attachment of particles to air bubbles
immersed in an aqueous phase is used. The natural state of the surface energetics
of a mineral is usually high leading to a strong attraction of water molecules.
Consequently, the surface wetting properties of the mineral particles have to be
rendered more hydrophobic before any attachment to bubbles can occur. In contrast
to most of the sorting processes employed in industry, heterocoagulation
flocculation is independent of the volume or mass of the particle. Instead, it is the
wettability of the solid surface, which can be adjusted selectively through the
adsorption of reagents that is the separation criterion, leading to many diverse
industrial applications. In particular, the method makes it possible to separate fine
and even ultrafine particles. The separation of particles via heterocoagulation
flocculation is mostly performed through froth flotation using a mechanical
flotation apparatus, as shown in Fig. 8.

Fig. 8. The froth flotation process for the separation of particles with different wetting
characteristics in a mechanical flotation cell with an agitator.
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The characteristic of froth flotation is the formation of particle-bubble aggregates
in the flotation pulp and the transfer of the aggregates to the froth, forming a
particle-laden froth, which can be collected as a concentrate. Efficient dispersion
of the particles and bubbles is ensured by means of a mechanical agitator, usually
a rotor-stator system, causing highly turbulent hydrodynamic conditions. The
appropriate introduction of mechanical energy into the flotation cell has the
important effect of providing a sufficient distribution of air bubbles in the flotation
pulp and a high rate of collision between particles and bubbles. Another type of
flotation cell that is attracting increased practical interest is a flotation column using
a counter-current flow of particles and air bubbles, which enables dispersion of the
particles and bubbles without any additional mechanical agitators. A graphical
presentation of a flotation column is shown in Fig. 9.

Fig. 9. The froth flotation process for the separation of particles of different wetting
characteristics in a flotation column.

The feed suspension is treated with flotation reagents prior to the transfer to the
flotation column. It is then fed in at a point approximately two thirds of the way up
the column and the particles descend through the pulp due to gravitational forces.
Air is injected below the feed suspension and the rising air bubbles collide with
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particles in the column. The selectivity of the separation performed in a flotation
column has been stated to be higher than that in a mechanical flotation cell [40].
Other devices also exist for froth flotation without a mechanical rotor-stator
system, e.g. a pneumatic apparatus injecting air through nozzles, or devices, which
form gas bubbles through a pressure drop in the flotation pulp or by water
electrolysis. In industrial processes several flotation cells or columns can be
connected in series to obtain a concentrate of sufficient purity.
The particles to be separated by heterocoagulation are typically below 250 µm
in size. They are transferred into the flotation cell in a suspension with a typical
volume concentration of the solid φs 30%. Since the surface wetting properties
of minerals are in general hydrophilic, leading to stable dispersion of their particles
in the pulp, flotation reagents, known as collectors, are added which adsorb
selectively on the mineral surface to render its wetting properties more
hydrophobic. The selective adsorption of the collector on a mineral surface requires
specific conditions in terms of the pH of the flotation pulp and the presence of ions
and other reagents. After collector adsorption and hydrophobization of the mineral
surface, the particles collide with and attach to air bubbles, forming an aggregate
with a lower specific gravity than the aqueous pulp, in order to rise into the froth
phase. To reduce the size of the air bubbles in the flotation pulp and form a stable
froth on top of the pulp, it is necessary to add another reagent, called a frother. The
amount of frother added to the system is crucial as it should, on one hand, prevent
the coalescence of air bubbles in the froth, while on the other hand, enable them to
collapse after the collection of the froth phase to release the concentrate. Another
kind of reagent is used in the froth flotation process to avoid adsorption of the
collector on all various mineral particles in the suspension. This reagent is called a
depressant. If necessary, a depressant is added to the feed suspension prior to the
collector in order to selectively adsorb on a mineral surface and thereby prevent the
adsorption of collectors. The depressant also has a hydrophilic wetting property,
preventing the particles from attaching to air bubbles. Finally, an activator can be
added to the flotation pulp to re-activate the mineral coated by depressants, either
in order to render the surface wetting properties more hydrophobic or to enable the
adsorption of collector molecules, leading to the attachment of particles to air
bubbles. If the valuable mineral is collected in the froth phase, the process is
referred to as direct flotation, whereas if gangue minerals are collected in the froth
and the valuable mineral remains in suspension, the process is called indirect, or
reverse flotation.
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In summary, two main complexes of the flotation process can be recognised
which are crucial for its efficiency. First, the constitution of the reagent regime
which guarantees the selective hydrophobization of mineral surfaces with the help
of collectors, the quality and control of the froth properties, and the appropriate
adjustment of the milieu in the flotation cell. The second main complex is
concerned with the hydrodynamic condition of the flotation cell. The
hydrodynamics realize the dispersion of particles and air bubbles in the flotation
pulp, influence the size of the air bubbles and the velocity with which they rise,
distribute the reagents homogeneously in the flotation pulp, guarantee the efficient
collision of hydrophobic particles and bubbles, and facilitate removal of the froth.
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4

Preparation and characterisation of cellulose
and minerals

A knowledge of the granulometric properties of particles is essential for any
interpretation of their interactions with other phases, e.g. during flotation
experiments. This paragraph will be concerned with the determination of the spatial
extents of cellulose and mineral particles and their morphology. It will also discuss
the analysis of surface energetics by means of inverse gas chromatography and the
investigation of free surface charges on particle surfaces and the forces acting
between particles immersed in water. Finally, the experimental setup for flotation
will be explained. An overview of the methods used is given in Table 1.
Table 1. Overview of the analytical and experimental methods used.
Method

Paper I

Paper II

Particle size distribution

X

X

Surface area by BET- method

X

X

Transmission-electron microscopy

Paper III

Paper IV
X

X

X

X

X

X

Elemental analysis

X

X

X

Polyelectrolyte titration

X

Contact angle of powder

X

Inverse gas chromatography

X

X

X

X

Electrophoretic mobility
Flotation

X
X

Bleached kraft pulp (Betula pendula) was used as the raw material for the synthesis
of cellulose nanocrystals. The quartz (96.1 % SiO2) was provided by Sibelco
Europe (Nilsiä, Finland) and the hematite (98.8 % Fe2O3) by Yara International
(Finland).
4.1

Synthesis, particle size and morphology

The preparation of the mineral fractions and the determination of the spatial
dimensions of their particles will be described in this section, together with a short
explanation of the synthesis of the aminated cellulose nanocrystals and the analysis
of their length and diameter distributions.
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4.1.1 Grinding and classification of minerals
The mineral samples were ground and classified in several steps to obtain particles
in certain size fractions for use in various analyses and the flotation experiments.
In general, three size fractions were prepared: a coarse fraction ( particle size 63125 µm) for inverse gas chromatography and the flotation experiments, a mediumsized fraction (20-45 µm) for polyelectrolyte titration studies, and a fine fraction
(<10 µm) for the electrophoretic mobility tests. First, the raw mineral samples were
sieved individually with the help of an air jet sieve (e200 LS, Hosokawa Alpine)
using a 125 µm upper and 63 µm lower mesh size. Then 10 g of each fraction was
dispersed in approximately 200 ml de-mineralized water and treated with
ultrasound at 37 kHz for 3 min before being placed on a 63 µm sieve and washed
with de-mineralized water to remove the fines. The same procedure was repeated
using 45 µm as the upper and 20 µm as the lower mesh size. Since the coarse
particles remaining on top of the 125 µm sieve had been ground in a Retsch ball
mill (PM 200), 50 g of mineral (15 vol-%) was put together with 7 stainless steel
balls (diameter 20 mm) in each jar and ground for 1 min at 300 rpm. The
classification and grinding procedure was repeated until the mass of the mineral
sample was sufficient for both size fractions. In the case of the fine fraction, the
grinding procedure was performed at 500 rpm for 5 min to prepare a fine powder
for the electrophoretic mobility measurements. The fine powder obtained was
washed in an HCl solution for removing abrasive material by magnetic separation.
4.1.2 Particle size and size distribution of minerals
The particle size distributions of the quartz and hematite samples were determined
by laser diffraction analysis (Beckman Coulter LS 320) applying Fraunhofer
diffraction as the optical model. The particle size distributions of the quartz and
hematite samples were measured six times and the averaged distributions are
depicted in Fig. 10.
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Fig. 10. Particle size distributions of the quartz and hematite fractions used for the
polyelectrolyte titration

(Titration),

inverse

gas chromatography and

flotation

experiments (iGC/flotation) and electrophoretic mobility tests (ele.-mob.).

The size fractions generally exhibit significant differences in their particle size
distributions, indicating a sufficient degree of classification. The fine fraction
possessed particles of which 75% were smaller than 10 µm, which is sufficiently
small for electrophoretic mobility tests, and the size fraction for the flotation studies
fell mainly between 60 and 120 µm, with only a small fines content. Interestingly,
the hematite fractions were finer than the quartz fractions for the corresponding
analytical method, which can be attributed to the more pronounced fineness of the
raw material in case of hematite or the lower Mohs hardness of hematite relative to
quartz [49,50]. Furthermore, the precision of the size distributions for particle sizes
small than 10 µm is questionable due to the optical model employed. For more
reliable size distributions, the samples need to be separated into two fractions and
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the Mie scattering model applied for particles smaller than approximately 10 µm
[51].
Based on the particle size distribution, the specific surface area (Sspec,calc) can
be calculated as:
,

∙∑

S

,

,

,

(41)

where μ , is the volumetric proportion of the size fraction,
, is its medium
particle size, is the specific gravity of the mineral and the number 6 is derived
from the assumed spherical shape. The values for the calculated specific surface
areas are given in Table 2. Since the specific area of the mineral fraction is a crucial
parameter for the estimation of the coverage of the mineral with cellulose or
conventional reagents in the experiments to be presented below, the specific surface
area (Sspec,BET) and the corresponding Sauter diameter (D3,2) of the mineral fractions
based on the Brunauer-Emmet-Teller (BET-) method (ASAP 2020 N2,
micromeritics) are also given in Table 2.
Table 2. Size quantiles, Sauter diameter (D3,2) and specific surface areas of quartz and
hematite based on particle size distributions (Sspec,calc) or the Brunauer-Emmet-Teller
method (Sspec,BET) for the mineral fractions used for inverse gas chromatography and
the flotation experiments (iGC/flotation), electrophoretic mobility tests (ele.-mob.) and
polyelectrolyte titration (titration) (Paper IV).
Quartz
iGC/flotation

Hematite

ele.-mob.

titration

iGC/flotation

ele.-mob.

D10/µm

76.2

1.3

17.7

53.2

0.3

D50/µm

118.0

6.1

45.3

105.6

3.7

D90/µm

179.1

21.2

73.8

155.3

17.4

D3,2/µm

9.7

1.3

-

0.8

0.9

Sspec,calc/m2g-1

0.057

0.772

0.161

0.233

1.354

Sspec,BET/m2g-1

0.2326

1.7009

-

1.481

2.9299

Comparison of the specific surface areas obtained by both methods shows that the
BET- method leads to higher results. Based on the reasoning stated above, the
specific surface areas obtained by the BET- method for the various size fractions of
quartz and hematite and the associated Sauter diameters are used as a parameter for
the calculations performed in this work.
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4.1.3 Synthesis of cellulose
The cellulose samples were obtained by a synthesis route that comprised two
chemical reactions, consequent periodate oxidation followed by reductive
amination, and a subsequent mechanical treatment [35]. The structural formulae for
the original cellulosic material and the cellulose after the chemical reactions are
illustrated in Fig. 11.

Fig. 11. Structural formulae of cellulose before and after the chemical reactions for the
synthesis of aminated cellulose, with the associated alkyl-chains.

For the periodate oxidation, 30 g of the dry bleached pulp was immersed in 3000 g
of de-mineralized water, agitated with a stirrer, heated up to 75 °C and maintained
at that temperature. After one hour of mixing, 54 g of lithium chloride (>98.0%,
Sigma-Aldrich) and 24.6 g of sodium periodate (>99.1%, Sigma Aldrich) was
added to start the periodate oxidation, which lasted for 3 hours. The resulting pulp
was vacuum-filtered and washed with 4000 ml de-mineralized water. The washed
pulp was then used in a second reaction to synthesize methyl-amine cellulose
(MAC), butyl-amine cellulose (BAC), or hexyl-amine cellulose (HAC)
nanocrystals using either 10.42 g methyl-amine hydrochloride (>98.0%; TCI),
16.92 g butyl-amine hydrochloride (>98.0%; TCI), or 21.25 g hexyl-amine
hydrochloride (>98.0%; TCI). The hydrochlorides were dispersed in 300 ml demineralized water and the pH adjusted to 4.5 using diluted hydrochloric acid
(Merck). Simultaneously, 3.3 g of 2-picoline borane (95.0%, Sigma Aldrich) was
dissolved in 100 ml de-mineralized water at 65 °C and 4 g of the dry matter pulp
was added to the hydrochloride solution followed by the 2-piccoline borane
solution. The amination reaction was conducted for 72 hours at ambient
temperature before the pulp was vacuum-filtered and washed with 200 ml demineralized water. For the removal of residual chemicals, the pulp was re-dispersed
in 300 ml ethanol (95.0%, VWR) and mixed for 5 min. The ethanol was then
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separated out from the pulp by vacuum-filtration and the pulp was washed with
600 ml of de-mineralized water.
In the following step the pulps were diluted to about 0.5 w-% dry matter
content and mechanically treated with high shear stress using a Microfluidics twochamber high shear homogenizer (M-110EH-30 Microfluidizer). This treatment
was repeated three times at pressures of 1300 bar and twice 2000 bar. The resulting
pulp, which was clear and non-viscous, was stored at 4 °C. The amine content
values for the cellulose nanocrystal samples, obtained by PerkinElmer 2400 Series
II CHNS/O Elemental Analysis are shown in Table 3.
Table 3. Nitrogen content and concentration of amine groups in the examined cellulose
nanocrystals (Paper IV). (Note that the variation in nitrogen content is the result of
analysing several samples rather than of inaccuracy in the analysis.)
Name

N-content in wt-%

Amine concentration in mmol/g

Methyl-amine cellulose

1.04-1.483

0.74-1.06

Butyl-amine cellulose

0.83-0.95

0.59-0.68

Hexyl-amine cellulose

1.07-1.28

0.76-0.91

The concentration of amines in the cellulose structure is sufficiently high that one
could expect the amines to be the functional group with the highest reactivity in the
cellulose structure. The variation in the nitrogen content of the cellulose
nevertheless shows that the reproducibility of the cellulose composition is not
perfect from one batch to another. Furthermore, the amine groups are expected to
be randomly distributed throughout the cellulose nanocrystal structure, giving
special features and behavioural traits to the cellulose, as described and discussed
in the following sections.
4.1.4 Size, morphology and size distribution of aminated cellulose
nanocrystals
By analogy with our knowledge of the particle size distribution and specific surface
area of minerals, a knowledge of these granulometric properties is crucial in the
case of cellulose nanocrystals in order to prove that the reduction in fibre size to a
nano scale is sufficient and to estimate the coverage of minerals with cellulose.
Consequently, transmission electron microscopy (Tecnai G2 Spirit transmission
electron microscope, FEI Europe) was used at 100 kV to visualize fibres of all three
pulps. The samples were prepared by dilution to a concentration of 10 ppm using
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Milli-Q water, whereupon a drop of the diluted pulp was placed on a carbon-coated,
glow-discharged hexagonal 200-mesh copper grid and negatively stained with
uranyl acetate (98.0%). The sample grids were dried at ambient temperature. In
order to analyse the 2-D spatial dimensions of the cellulose, a Quemesa CCD
camera was used to take several images of each sample and the individual lengths
and diameters of the nanocrystals were evaluated using iTEM image analysis
software (Olympus Soft Image Solutions GmbH). One image for each sample is
shown in Fig. 12.

Fig. 12. TEM images of a) methyl-, b) butyl-, and c) hexyl-amine cellulose nanocrystals
(Paper I). Reprinted with the permission of Elsevier.

The diameters and lengths of 50 individual aminated cellulose nanocrystals were
measured for each sample and no significant differences were detectable. The
diameters were in the range 3-9 nm and lengths 50-260 nm regardless of the length
of the hydrocarbon chain of the nanocrystal analysed. Furthermore, all the crystals
were rod-like in shape. The bright round areas appearing on the images are artefacts
originating from the uneven distribution of the staining material. The number
distributions of the nanocrystals by diameter and length are given in Fig. 13 at
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intervals of 0.5 nm for diameter and 15 nm for length. The Gaussian normal
distributions for diameter and length with their coefficients of determination are
also shown. The coefficients of determination point to quite a good convergence of
the diameter and length distributions with the Gaussian normal distributions. The
distributions can be expected to converge further with the Gaussian normal
distribution as the diameter and length measurements increase in number and
intervals decrease.

Fig. 13. Number distribution of diameters (left) and lengths (right) of cellulose
nanocrystals with the corresponding Gaussian normal distributions and their
coefficients of determination.

Determination of the specific surface areas of cellulose nanocrystals is complicated
due to their rod-like or cylindrical shape and the distributions of their diameters and
the lengths. Two approaches were therefore applied for this purpose. The first uses
discrete values of individual crystals to calculate absolute values for the surface
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areas (Adiscr) and volumes (Vdiscr) of 150 crystals in order to estimate the specific
surface area as given by:
A
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V
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where is the diameter and the length of the i-th cellulose nanocrystal and
the specific weight of the cellulose obtained by means of a gas pycnometer
(AccuPyc II 1340, Micromeritics).
In the second approach, the maximum peak values for diameter (
)
,
and length (
)
are
used
to
calculate
the
specific
surface
area
as:
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The results for both computations are given in Table 4.
Table 4. Specific surface area of cellulose nanocrystals based on discrete values and
the maximum values of the Gaussian normal distributions for their diameters and
lengths.
Model

Specific surface area in m2/g

Discrete values

444

maximum values of Gaussian distribution

553

The marked discrepancy between the figures highlights the difficulty of
determining the specific surface area precisely. For the purpose of this work, figures
obtained from discrete values will be employed, since the values given by the
Gaussian normal distributions may be considered less precise due to the limited
numbers of nanocrystals measured, as shown by the coefficients of determination,
and the general inaccuracy inherent occurring in representing a size distribution in
terms of one unifying or averaged mean value. Furthermore, only single
nanocrystals which were not in contact with other crystals were analysed, and
coarser or even agglomerated fibres were not considered. This also holds true for
the case of the discrete values, although the specific surface area based on these
values is regarded as coming closer to the “real” situation. Nonetheless, the
approach of using the Gaussian normal distribution is worth considering in future,
since the grinding energy may be correlated with one Gaussian normal distribution
of the size of cellulose nanocrystals, which would simplify the determination of the
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size distribution and the specific surface area and avoid the use of optical analysis
methods.
For the present work, a cellulose suspension with a concentration of 0.1 w-%
was stored at 4 °C and whether a change in the properties of the suspension nor a
formation of agglomerates identifiable over the duration of the experiments
presented here. It should be borne in mind, however, that the specific surface area
of the cellulose nanocrystals is only an estimation.
4.2

Inverse gas chromatography

Inverse gas chromatography is a versatile technique for analysing the surface
energetics of solids, as presented in Papers II and III. In contrast to the often used
contact angle method, the inverse gas chromatography enables the examination of
the complete surface area of a particulate sample, including surface heterogeneities.
Furthermore, the inverse gas chromatography is capable of analysing a particulate
sample possessing granulometric properties, which are also relevant for flotation
processes. Consequently, a mineral sample can be analysed by the inverse gas
chromatography, and subsequently used for flotation experiments leading to a
direct correlation of surface energy characteristics to flotation recoveries.
The measurements were performed using a Surface Energy Analyzer (Surface
Measurement Systems Ltd.). The carrier gas was helium at a constant flow rate of
10 cm3/min, the temperature was 303.15 K, humidity was 0%, and probe molecules
were injected to target a coverage of between 0.5% and 20% of the mineral surface,
on the assumption that a monolayer would be formed. To determine the dispersive
component of the specific surface free energy, hexane, heptane, octane, nonane and
decane were successively injected at different coverages, subsequently followed by
dichloromethane and ethyl acetate in order to adequately investigate the Lewis
acid/base components of the solid surface free energy. The energetics of the quartz
surface were evaluated by using the Schultz approach to determine the dispersive
surface free energy distribution and the van-Oss-Chaudhury-Good approach
(vOCG) employing the Della Volpe scale for determining the Lewis acid/base
components. The peak maximum value of the detected residence time distribution
and its associated actual surface coverage (n/nm) was used in the computations. A
simple exponential law for interpolation and extrapolation was used to fit the data
obtained and to allow computation of the propagated error of measurement and
fitting determination.
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The following reagents were used to investigate the change in the surface free
energy of quartz: methyl-, butyl-, or hexyl-amine cellulose nanocrystals as
cellulose-based reagents and ethyl-ether-amine (EDA, Clariant), alkoxypropaneamine (AP, LilaFlot 810, Akzo Nobel), and dodecyl-amine (DDA, OneMed) as
conventional reagents. The quartz samples were conditioned by dispersing 5 g of
quartz in 100 ml of a 5 mM KCl background solution and adjusting the reagent
concentration to 2.2 mg/l. The sample was subjected to ultrasound treated (37 kHz)
for 5 min and then agitated using a magnetic stirrer and its pH adjusted to either 5
or 9. The pH was kept constant for 10 min to achieve conditioning. The quartz
sample was separated from the background solution by vacuum filtration and dried
at 50 °C. The absolute surface area of quartz used for the inverse gas
chromatography measurements was 0.5 m2 and the sample was transferred into a
silanized glass column of length 30 cm and inner diameter 3 mm. The sample was
fixed using silanized glass wool and tapped for 10 min to distribute the particles
evenly and minimize voids between them. The sample was placed into the device
and conditioned for 5 h at 100 °C in a helium gas flow at 10 cm3/min to remove
impurities.
4.2.1 Analysis of the solid surface free energy distribution
The dispersive (disp), or Lifshitz-van der Waals (LW), component of the surface
free energy comprises dispersion (London), orientation (Keesom) and induction
(Debye) interactions. The method for determining the dispersive surface free
energy according to Schultz is based on the successive injection of n-alkanes into
the measuring column. The adsorption free energy of each alkane with the carbon
number n can then be calculated by [16]:
∆

∙ ln

,

,

(46)

where the parameter R is the ideal gas constant, T the absolute temperature in
degrees Kelvin, , is the detected net retention volume of each measurement and
C is a constant. The net retention time can be determined by evaluating the
residence time distribution of the injected probe molecules using:
,

,

.

,

(47)

where j is the James-Martin correction factor [52], m is the solid sample mass, F is
the flow rate of the carrier gas, , is the time associated to the maximum peak for
the residence time distribution for each alkane, and is the zero residence time for
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a non-retained, inert component. The adsorption free energy determined in this way
can then be related to the dispersive surface free energies of a solid and a liquid by
[15,53]:
∆

2

∙

∙

∙

,

(48)

where
is Avogadro´s constant, a is the cross sectional area of the injected
molecule,
is the dispersive surface free energy of the solid phase and
is the
dispersive component of the surface tension of the injected alkane. The Schultz
method combines Eq. (46) with Eq. (48) which leads to the schematic graph shown
in Fig. 14.

Fig. 14. Schematic graph of the Schultz method showing the plot of probe molecules in
the field RTln(Vn) versus a(γd)0.5 to determine the dispersive and Lewis acid/base
components of the specific surface free energy of the solid phase at a given surface
coverage. The line for the alkanes is a representation of the regression line; the lines
are to guide the eyes (Paper III). Reprinted with the permission of Elsevier.
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The dispersive surface free energy of the solid stationary phase
is obtained from
the slope of the fitted linear regression line for the homologous series of n-alkanes
[16].
In addition, the injection of monopolar probe molecules leads to retention times,
which are usually longer than with apolar probe molecules, and the resulting data
points are located above the fitted linear function, as shown in Fig. 14 for
dichloromethane and ethyl acetate. The Lewis acid/base surface free energy
components of the solid stationary phase can be determined from the vertical
distance between the linear regression and the data point of polar probe molecules,
using the approach of van-Oss-Chaudhury-Good [54]:
∆
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and
are the electron acceptor and donor parameters of
where the variables
the solid surface, respectively, and
and
the electron acceptor and donor
parameters of the injected probe molecules. Detecting the retention times for two
monopolar probe molecules with opposite potentials allows derivation of both
Lewis acid and base components.
4.2.2 Free Energy of Interaction
Following the determination of the dispersive and Lewis acid/base components of
the solid stationary phase it is possible to derive the Free Energy of Interaction
(ΔGpwb) from these components and to test its ability to predict the flotability of the
solid stationary phase. For this purpose Fowkes proposed that the interfacial energy
between two phases is given by [45,55]:
2

.

(50)

In terms of Lewis acid/base interactions, van Oss proposed the following relation
[29]:
2

.

(51)

Applying Eq. (50) and Eq. (51) to a three-phase system we obtain the net Free
Energy of Interaction at the interface between a solid surface and a gas bubble
immersed in water by means of [29,56]:
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The values for the surface free energy components of water and air based on the
van Oss scale are given in Table 5. The Free Energy of Interaction is a new
thermodynamic parameter based on inverse gas chromatography measurements
performed under dry atmosphere. The aim of the thesis is to test if the Free Energy
of Interaction is able to predict the flotability of quartz, and consequently if the Free
Energy of Interaction could give a quantitative value to distinguish between
hydrophilicity and hydrophobicity.
Table 5. Specific surface free energy components of water and air at 20 °C [57]
(Paper III).
Fluid

γLW in mJ/m2

γ- in mJ/m2

γ+ in mJ/m2

Water

21.8

25.5

25.5

0

0

0

Air

4.3

Forces between particles immersed in an aqueous solution

The aqueous phase plays an extremely important role in the flotation process. In
the case of cellulose, it leads to the occurrence of charges on the nanocrystal
surfaces, introducing electric potentials, it changes the orientation of nanocrystals
dispersed in the water and on the mineral surfaces, and has an effect on their wetting
properties. The following sections therefore describe the methods employed to
study the effect of water on the physicochemical properties of cellulose
nanocrystals, interactions between cellulose and minerals immersed in water, and
changes in the surface energetics of cellulose-coated minerals based on the
investigations reported in Papers I and IV.
4.3.1 The specific surface free charge of cellulose and minerals
The specific surface charge of three cellulose nanocrystals was investigated by
polyelectrolyte titration using a particle charge detector (PCD 03, Mütek GmbH).
De-mineralized water with an initial conductivity of 52.1 mS/cm was used in the
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measurements to avoid the effect of background salt ions on the results. The
principle of polyelectrolyte titration is based on charge compensation using poly(sodium-polyethylene-sulfonate) (PES-Na, BTG Mütek GmbH). In this case 6 ml
of a 0.1 wt-% suspension of cellulose nanocrystals was diluted with 54 ml of demineralized water and adjusted to pH 5, 6, 7, or 9. After keeping the pH constant
for 20 min, 10 ml of diluted cellulose suspension was added to the particle charge
detector and each sample measured six times at ambient temperature.
A second trial was then conducted to estimate the mass of cellulose adsorbed
on quartz relative to the pH value. Quartz was added to the cellulose suspension so
that, based on the specific surface area obtained by the BET-method, 25, 50, 75, or
100% of the total quartz surfaces would theoretically be covered by cellulose,
forming a monolayer (see Table 2). It was assumed that one third of the cellulose
surface would be in contact with the mineral surface. The cellulose-mineral mixture
was subjected to ultrasound (37 kHz) for one minute and the pH adjusted before
and after this treatment. The mixture was shaken for one minute and allowed to
stand for 30 min before 50 ml of the supernatant was collected. The concentration
of cellulose was measured 5 times using 10 ml samples.
The ratio of protonated amine groups to the total number of amine groups
present in the cellulose structure is an important parameter describing the
electrostatic conditions of cellulose. This parameter is called degree of protonation,
P, which is given by:
,

(53)

where cNH2-R is the concentration of deprotonated and cNH3+-R that of protonated
amine groups.
4.3.2 The electric surface potential of cellulose and minerals
The electric surface (zeta-) potential of cellulose nanocrystals, quartz, hematite and
cellulose-coated minerals was detected with a Delsa Nano C (Beckman Coulter)
device as a function of pH and the background salt solution. The solutions were
prepared in advance, based on a stock solution of de-mineralized water and the pH
was adjusted to 3, 5, 7 and 9 in four separate solutions. The pH was then kept
constant for at least 24 h and a salt was subsequently added to obtain background
salt solutions of either 10 mM NaCl or 1 mM MgSO4 [44]. To determine the electric
surface potential of pure phases, either 10 mg of the mineral or 50 µl of the 0.1 wt61

% suspension of cellulose nanocrystals, representing a solid concentration of
1.67 mg/l, was suspended in 30 ml of background salt solution and stirred for one
minute. For each cellulose-mineral mixture, 10 mg of mineral was conditioned with
15 µl CNC suspension in the case of quartz and 25 µl in the case of hematite with
the theoretical aim of coating 10% of the mineral surface with a monolayer of
cellulose, based on the specific surface areas given in Table 2 and Table 4 and on
the assumption that one third of the total cellulose surface would be in contact with
a mineral surface. After mixing the samples sufficiently, they were allowed to stand
for two minutes for the coarse particles to settle down and the cellulose particles to
be conditioned before approximately 3 ml of each sample was transferred to the
measurement device. The temperature during the measurements was kept constant
at 25 °C and the electrophoretic mobility of each sample was detected 6 times based
on two separate samples. The electric surface (zeta-) potential was determined,
using the Einstein Smoluchowski equation [58,59]:
ζ
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where η is the dynamic viscosity of water at 25°C, uel.-phor. is the detected
electrophoretic mobility, ε0 is the permittivity of a vacuum, and εrel is the relative
permittivity of water.
4.3.3 Forces between cellulose and minerals based on the DLVO
theory
The DLVO theory, which was applied here to study the strength and the direction
of interactions taking place between cellulose and minerals immersed in water [60],
combines the dispersive van der Waals interactions with electrostatic interactions
to estimate the forces between particles that are dependent on the distance between
them. In this case, the Hamaker approach to van der Waals interactions and the
constant electric surface potentials or charges of the pure cellulose and mineral
samples was used to calculate the forces acting between cellulose and minerals
investigating their dependence on pH and the background salt solution [61]. Values
for the non-retarded Hamaker coefficient (AH,i) in the cases of phases immersed in
water are given in Table 6.

62

Table 6. Hamaker coefficients of cellulose, quartz, and hematite with water as the
intervening phase and of water with a vacuum as the intervening phase (Paper IV).
Hamaker coefficient in 10-21 J

Phase

Reference

Cellulose

3.5

[62]

Quartz

4.6

[63]

13

[64]

36.6

[65]

Hematite
Water

The determination of van der Waals interactions requires that the sizes of the
interacting phases and the associated interaction areas should be taken into account.
In case of the minerals concerned here, the Sauter diameters for the two size
fractions given in Table 2 were used as characteristic dimensions. Two idealized
extremes were chosen for the size of cellulose particles, namely their spherical
dimension (Dspher), when the cellulose is perpendicular to the mineral surface, to
represent the minimum interaction area, and their cylindrical dimension (Dcyl), with
the cellulose lying in parallel to the mineral surface, as the maximum interaction
area. The van der Waals interactions between cellulose and minerals in water are
thus given by [37]:
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,

is the Sauter
where
, are the Hamaker coefficients given in Table 6,
, ,
diameter of the mineral size fractions, as given in Table 2, and h is the distance
between the cellulose and mineral particles.
When determining the electrostatic interactions between cellulose and minerals the
Debye length (1/κ) of the background salt solutions can be calculated by [59]:
∙

∙
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where e is the elementary charge, kB the Boltzmann-constant, T the absolute
temperature, ci the concentration of background salts in ions per m3, and zi the
valency of the ions. The constant electric surface potential and the constant electric
surface charge are both required in order to determine the electrostatic interaction,
as the electric surface potential is taken to represent the lower limit of the
electrostatic double-layer forces and the electric surface charge the upper limit. In
the following the electrostatic interaction between cellulose and the minerals will
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be calculated from the constant electric surface potential by inserting the
parameters into Eq. (32) [37]:
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of the pure phases are based on
where the electric surface (zeta-) potentials
electrophoretic mobility measurements. At the same time, the electric surface
charge (σ) is obtained using the measured electric surface (zeta-) potentials and the
Grahame equation (Eq. (27)). Thus the electrostatic interactions may be calculated
from the electric surface charges of cellulose and the minerals by inserting these
parameters into Eq. (33):
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The total interaction energy is the sum of the van der Waals interaction and the
electrostatic interactions:
,

,

.

(59)

The interaction energy over distance was fitted using the exponential laws that
gained the highest coefficient of determination, and this result was used to
determine the total adsorption energy (Eads) by integrating of the interaction energy
fit over intervals of distance. The interaction force between cellulose and the
mineral surfaces was thus obtained by multiplying the adsorption energy of a
number of intervals by the area of interaction (Aint) between cellulose and the
minerals:
/

.

(60)

4.3.4 Flotation tests using a labcell and Hallimond tube
The flotation response of quartz when using cellulose-based chemicals and
conventional reagents was studied by means of a microflotation labcell with a
volume of 400 ml. The pulp was circulated with a peristaltic pump at a speed of
1400 ml/min and air was injected through a needle with a flow rate of 25 cm3/min.
In each measurement 2 g of quartz was dispersed in 150 ml of de-mineralized water
with the help of a magnetic stirrer and the pH was adjusted to 5, 7 or 9 and kept
64

constant for 5 min. Cellulose and commercial reagents were then added together
with 20 µl of frother (Dowfroth 250C), the suspension was transferred to the
flotation cell and the water level adjusted as desired with a background salt solution
with the appropriate pH. The flotation time was 20 min and the overflow and
underflow were collected and separated from the aqueous phase by vacuum
filtration. The dried samples were then weighted with an analytical balance (Mettler
Toledo AE200, Switzerland) to calculate the flotation recoveries.
For the selective flotation studies of quartz with different background salt
solutions a single gas capillary Hallimond tube [66] with a column volume of
200 ml and a gas injection flow rate of 75 cm3/min was used. Identical background
salt solutions to those employed in the detection of electrophoretic mobility were
used as the aqueous solution (see section 4.3.2). In each experiment 1 g of quartz
or hematite was dispersed in 30 ml of solution and the concentration of hexyl-amine
CNCs was set at 0.5 mg/l for quartz and 3 mg/l for hematite in order to occupy
theoretically 10% of the total mineral surfaces according to the specific surface area
given in Table 2 and Table 4 and the assumption that one third of the cellulose
surface is in contact with a mineral surface. After 5 min of conditioning, the sample
was transferred to the Hallimond tube and the water level adjusted with the same
background salt solution. The flotation time was 10 min and the overflow and
underflow vacuum filtered and dried. The mass of both the overflow and underflow
was determined with an analytical balance.
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5

Characterisation of the wettability of solids
by the iGC technique

The specific surface free energy distribution of solids is a crucial parameter for the
flotation process, representing the propensity of the particles to either form a stable
water layer on their surface or attach to an air bubble. The advantage of inverse gas
chromatography is that it can be used to examine the same particulate samples as
are used in the flotation process and changes in the distribution of the specific
surface free energy can be correlated directly with changes in the flotability of
particles. The discussions and results presented in the following are based on
Papers II and III.
5.1

Preliminary remarks

Despite the ease of handling, the flexibility and accuracy of the results, once
adequate settings have been defined, inverse gas chromatography (iGC)
measurements and the investigation of the surface energetics of solid phases using
this technique requires certain assumptions to be made regarding interactions
between the injected probe molecules and solid surfaces. Furthermore, the
correlation of solid surface energetics analysed under dry conditions during inverse
gas chromatography measurements with particle-bubble attachment efficiencies
during the flotation process requires certain reservations and assumptions to be
made, which should be discussed briefly before presenting and evaluating the
results.
5.1.1 Interactions between injected probe molecules and solid
surfaces
The inverse gas chromatography technique is in general more precise in the lowcoverage region, using very small concentrations of injected probe molecules,
which is referred to as the Henry’s law region [52]. A single injection of probe
molecules at infinite dilution concentration of probe molecules cannot be used,
however, to derive the surface free energy distribution of a solid sample [67]. In
any case, the results overestimate the specific surface free energy due to the
preference of injected probe molecules for interacting with the surface sites
possessing the highest free energies [68]. Accordingly, the partial absence of
injected probe molecules at the detector indicates temporary stable adsorption of
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probe molecules at high-energy sites on the mineral surfaces. Furthermore, in a
sequence of successive injected probe molecules, the occupation of high-energy
sites will lead to an unknown change in the surface characteristics of the solid and
consequently cause misinterpretation. By contrast, the injection of a higher
concentration of probe molecules will lead to the probability of lateral interactions
among these and the occurrence of multiple adsorption and desorption phenomena
on the solid surfaces. At the same time, increasing the concentration of injected
probe molecules will lead to injection times of several seconds and a broad
distribution of the residence times of the injected probe molecules, which will
complicate the determination of the net retention volume [69,70]. All these
phenomena and their influence on the residence time of the probe molecules are
usually considered negligible and the maximum peak or integral value of the
residence time distribution is used to evaluate the solid surface energetics. The
above phenomena nevertheless do have a certain effect, which is exhibited through
the following practical observations made during the inverse gas chromatography
measurements. First, the actual fractional surface coverage of the injected probe
molecules on the mineral surface is often observed to be below the target, which is
attributable to the injection of an insufficient amount of probe molecules or
inadequate residence of probe molecules on the mineral surfaces during the
detection period. In addition, the results obtained using hexane showed residence
times similar to or even shorter than those with methane, leading theoretically to
zero or negative (repulsive) surface free energies, which can be excluded.
Consequently, the results obtained with hexane were not considered for further
evaluation of the free energy of the mineral surfaces, in order to achieve a high
coefficient of determination. By contrast, in some cases where ethyl acetate was
used no residence time at all was detectable for low surface coverages (<0.1 n/nm)
indicating that some of the solute molecules may stay adsorbed on the mineral
surface.
The residence time is obtained by subtracting of the residence time of an inert
gas (in this case methane) from that of the probe molecule on the assumption that
the inert gas does not interact with the solid surface at all and the residence time
distribution is entirely a product of the aerodynamic conditions. This assumption is
questionable, however, and if interactions between the gas molecules and the solid
surface do take place, they would lead to a systematic error in the characterisation
of the solid surface energetic, underestimating its actual value, which would have
serious consequences for the calculation of the Free Energy of Interaction.
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5.1.2 Surface energetics of solids under dry and wet conditions
If the aim is to test the ability of the Free Energy of Interaction as derived from
inverse gas chromatography measurements to predict the flotability of particles,
one problem that arises is that inverse gas chromatography measurements are
performed under dry conditions while flotation takes place in an aqueous solution.
It could even be argued that such a comparison is not possible at all, due to the
different energetics of solid surfaces under dry and wet conditions. A short
discussion should thus be entered into concerning the most urgently required
assumptions about the surface energetics of the solid phases involved in the
flotation process.
1.

2.

Mineral phases: The solid surface consists of both planar surface sites and
heterogeneities such as edges, corners, pores, etc. The heterogeneities are
expected to possess a higher surface free energy than the planar surface sites
and to interact more strongly with adjacent phases. If the mineral is immersed
in water, free surface charges are formed due to the dissociation or ionization
of surface groups, disturbed lattice structures and isomorphic substitution, or
the adsorption of ions from the aqueous phase. The presence of free surface
charges after immersion in water leads to an increase in the surface free energy,
which cannot be detected by inverse gas chromatography measurements under
dry conditions. High-energy sites and free surface charges are nevertheless
expected to serve as active centres for the adsorption of flotation reagents,
leading to their occupation and a reduction of the surface free energy of the
particle under both dry and wet conditions.
Amphiphilic collector molecules: Since a typical amphiphilic molecule will
possess a functional group which is minerophilic, and a hydrocarbon chain
which is hydrophobic (and minerophobic), amphiphilic molecules will interact
with their functional groups with a bare mineral surface and the hydrocarbon
chain will be oriented towards the aqueous phase, reducing the surface free
energy of the coated mineral surface. A stepwise reduction in the surface free
energy of a mineral with a stepwise increase in the concentration of an
amphiphilic collector has recently been demonstrated, as presented in Paper
II, and this has been shown to correlate with improved flotation efficiency.
Supposing a sufficient concentration of amphiphilic molecules could be
achieved to occupy the high-energy sites of a mineral so that the injected probe
molecules do interact with either the planar bare mineral surface or the
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hydrocarbon chain of the adsorbed collector molecules during the inverse gas
chromatography measurements. The surface free energy of the hydrocarbon
chain would be about 28 mJ/m2 [21], and thus lower than the free energy of the
planar mineral surface, reducing the surface free energy distribution of the
collector-coated mineral sufficiently and thereby correlating with a higher
flotability of the mineral. The consequence would be that high-energy sites
were occupied and the functional head group of the collector molecule would
be shielded from interactions with the probe molecules regrdless of the
orientation of the hydrocarbon chain. In the same way are the high-energy sites
of the mineral surface shielded from water molecules and air bubbles during
the flotation process, leading to the well-known hydrophobic effect. The spatial
separation of high-energy surface sites and probe molecules or water molecules
becomes increasingly efficient as the hydrocarbon chain length increases [71].
In the investigation presented here, the hydrocarbon chains of all the
conventional reagents are expected to be long enough to efficiently separate
the high-energy sites of the mineral from adjacent phases after adsorption.
Cellulose nanocrystals: In the case of cellulose nanocrystals, size is expected
to play a minor role due to their large size relative to amphiphilic collectors
(see Fig. 12 and Fig. 13), leading to a sufficient coverage of the mineral surface
at low concentrations. Large size also guarantees spatial separation of the highenergy sites of the mineral surface from adjacent phases after cellulose
adsorption. At the same time, cellulose is a hydrocarbon-based organic material
and expected to possess similar surface free energy characteristics to those of
the hydrocarbon chains of amphiphilic molecules [72,73]. The difference in the
behaviour of cellulose nanocrystals relative to conventional reagents originates
from the randomly distributed functional groups in the cellulose structure. The
amine groups, which are deprotonated under dry conditions, may form
conjugate acids under aqueous conditions, in which case they will possess a
positive surface charge (see section 6.1.1). Consequently, the random
distribution of free surface charges, which are absent under the dry conditions
that prevail during inverse gas chromatography measurements, will lead to
strong interactions between the cellulose and the mineral surfaces as well as
water molecules and have to be considered when interpreting flotation
recoveries.

5.2

The specific surface free energy distribution of quartz

The distributions of the surface free energy components of quartz prior to and after
flotation reagent adsorption are shown in Fig. 15 as a function of the actual surface
coverage.

Fig. 15. Plots of the dispersive (upper), basic (middle), and acidic (lower) surface free
energy distributions of quartz coated with cellulose (left) and conventional reagents
(right) (Paper III). Reprinted with the permission of Elsevier.
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A considerable reduction in all the components of the surface free energy of quartz
can be observed after reagent adsorption, especially at low surface coverages. This
represents the preferential occupation of high-energy surface sites of quartz by
reagents. Also, the dispersive surface free energy (γdisp) is the dominant component
of the total surface free energy of quartz, followed by the basic component (γ-)
while the acidic component (γ+) is the smallest. In addition, the graphs exhibit an
asymptotic course in which the high-energy sites represent high surface free
energies at low actual surface coverage and a minimum is reached with increasing
coverage, representing the planar, homogenous surface sites of the mineral.
In the case of γdisp- distributions, the greatest reduction took place after reagent
adsorption, with cellulose and conventional reagents leading to similar results. One
exception, however, was that methyl-amine cellulose possessed higher γdisp- values
at low surface coverage levels, indicating incomplete coverage of the high surface
free energy sites. Nonetheless, a constant value of about 37 to 41 mJ/m2 was
reached for all γdisp- distributions at coverages between 5 and 10%. Accordingly,
the high-energy surface sites were covered sufficiently well by the reagents
examined here, leading to homogeneous surface wetting properties being observed
for quartz under dry conditions.
The lower graphs show that the bare quartz surface sites have acidic and basic
functionalities of which the latter is dominant. Both components of the surface free
energy of quartz were reduced after reagent adsorption. The basic surface sites are
electron donating and serve as adsorption sites for amines leading to a strong
reduction of the γ-- distributions after conditioning with reagents. Electron donating
means that the volume concentration of electrons is higher relative to saturated
surface sites leading to a negative electric surface potential which attracts the amine
groups of cellulose which have a positive electric potential. Consequently, the
interaction between basic surface sites and amine groups is strong leading to the
adsorption of cellulose and the compensation of the negative electric potential of
basic surface sites. The minimum values of the γ-- distributions was reached at low
actual surface coverages indicating an adsorption of amine reagents on the quartz
surfaces reducing the basic surface free energy and leading to homogeneous surface
wetting properties. Interestingly, the γ-- distribution of methyl-amine cellulose is
the highest, which is in accordance with the results obtained from the γdispdistributions, supporting the assumption of incomplete coverage of the high-energy
sites of the quartz surfaces. In the case of the γ+- distributions of quartz, a
considerable stronger reduction was observed after cellulose adsorption, which
may be explained by the presence of electron-donating groups such as hydroxyl or
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aldehyde groups in the structure of cellulose. The attractive interactions lead to
occupation of the acidic surface sites of quartz and the detected reduction in the γ+distributions, whereas no such electron-donating moiety is present in the
conventional, amphiphilic reagents examined. Consequently, cellulose is more
efficient at lowering the γ+- distributions of quartz than are conventional reagents,
leading to constant γ+- values at low actual surface coverages and more
homogeneous surface wetting properties.
The distributions of the specific surface free energy of quartz exhibited in Fig.
15 corroborate the statement that the term “hydrophobic” is purely empirical and
qualitatively based. Thus even the planar surface sites of quartz possess a dispersive
surface free energy of about 40 mJ/m2, indicating a potential for attractive
interactions with water which render the expression “hydrophobic”, literally “fear
water”, quite incorrect [29,30]. For a quantitative falsification of the notion that a
solid surface will potentially attract an air bubble, it is necessary to look into the
Free Energy of Interaction distributions as a thermodynamic parameter for
predicting the efficacy of particle-bubble attachment. This will be done in the next
section.
5.3

The Free Energy of Interaction between a mineral and a bubble
immersed in water

The Free Energy of Interaction (ΔGpwb) derived from the distributions of the surface
free energy components of quartz may be challenged so far as its ability to predict
the flotability of quartz is concerned. In theory, ΔGpwb is indirectly proportional to
flotability, leading to higher flotation recoveries with decreasing ΔGpwbdistributions. Given the values of the specific surface free energy components
obtained by inverse gas chromatography measurements and those for the specific
surface free energies of air and water (see Table 2), equation (52) can be applied to
derive the ΔGpwb- distribution for a quartz particle interacting with an air bubble in
water. The results are shown in Fig. 16.
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Fig. 16. Plots of Free Energy of Interaction between quartz coated with cellulose (left)
or conventional reagents (right) and an air bubble immersed in water over the actual
coverage of the solid surface, based on iGC measurements using injected probe
molecules (Paper III). Reprinted with the permission of Elsevier.

The ΔGpwb- distribution between bare quartz and an air bubble exhibits slightly
positive values at low surface coverages while the coverage of high-energy sites
with cellulose leads to a slightly stronger reduction of the distribution than with
conventional reagents. Furthermore, the ΔGpwb- distributions of quartz coated with
cellulose reach their minimum at lower actual surface coverages than for quartz
coated with conventional reagents. Consequently, the wetting properties of quartz
coated with cellulose are expected to be more homogeneous under dry conditions.
The lowest reduction in the ΔGpwb- distributions of quartz was detected after
conditioning with methyl-amine cellulose, a fact which may be attributed to the
higher γdisp- and γ-- distributions. Nonetheless, a significant reduction in the ΔGpwbdistribution of quartz after reagent adsorption was obtained for all the species
examined.
5.4

Conclusions on changes in the wetting properties of quartz

The investigation into the specific surface free energy distribution of quartz by the
inverse gas chromatography technique was focused on the detection of high-energy
surface sites and their reduction through the adsorption of flotation reagents. The
assumption may therefore be made that the high-energy sites of the mineral
surfaces interact strongly with water molecules, leading to the hydration of these
surfaces and prevention of the rupture of the liquid film when the particle
approaches an air bubble. Consequently, occupation of the high-energy surface
sites renders the mineral surface more hydrophobic due to the less attractive
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interactions between water molecules and the hydrocarbon chains of flotation
reagents. Furthermore, the high-energy sites are expected to be identical under dry
and wet conditions making it feasible to compare the interactions of solute probe
molecules with the mineral surface under dry conditions with those of water
molecules with the mineral surface under aqueous conditions. It follows that the
difference in interactions between probe molecules and the mineral surface can be
interpreted as accounting equally for the reduction in the interactions between water
molecules and the mineral surface after the adsorption of flotation reagents. To
obtain a falsification, the results need to be correlated with the flotation recoveries
presented in chapter 7.
Based on residence time distributions of solute molecules in the column of the
inverse gas chromatography, when quartz is the stationary solids phase to be
examined, a schematic depiction of injected solute molecules interacting with the
mineral surface is presented in Fig. 17.

Fig. 17. Gas-solid interactions of a) a pure quartz surface, b) conventional reagentcoated quartz, and c) cellulose-coated quartz during iGC measurements leading to a
certain mean speed (

) of the injected gas molecules within the column. The red

marks represent high-energy sites on the solid surface; carrier gas molecules are not
depicted (Paper III). Reprinted with the permission of Elsevier.

The illustrations in Fig. 17 represent strong interactions between probe molecules
and the high-energy surface sites of the mineral, leading to adsorption phenomena.
When the high-energy sites are completely occupied by flotation reagents, their
interactions with probe molecules vanish. This means that probe molecules can
interact with either planar mineral surface sites or the hydrocarbon chains of
reagents, but the interactions are generally weaker, leading to shorter residence
times of the probe molecules in the chromatography column. One noteworthy fact
is that all the reagents examined here led to similar residence times irrespective of
the length of the hydrocarbon chain of their amine. Consequently, the coverage of
the mineral surface was sufficient and the spatial separation between the highenergy sites and solute molecules was similarly efficient for these reagents.
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6

Cellulose-mineral interactions in an aqueous
solution

The state of the specific surface charge or electric surface potential of cellulose and
minerals dispersed in water is an important parameter for predicting the interactions
between them and for describing the surface wetting properties of cellulose-coated
minerals. This chapter will elaborate on the effect of water on the interactions
between cellulose and minerals by alluding to the DLVO theory, which is
concerned with van der Waals and electrostatic interactions. First of all, the
determination of the specific surface charge and electric surface potential of solids
will be presented as studied here, after which the interaction energy will be
calculated using the DLVO theory. This will lead to the determination of the
adsorption density of cellulose on minerals that is theoretically required to lift a
cellulose-coated mineral into the froth phase. In addition, the net electric potential
of cellulose-coated minerals highlights the effect of the free surface charge on their
hydrophobicity that originates from the chemical and morphological heterogeneity
of cellulose.
6.1

Preliminary remarks

The distribution of free surface charges on cellulose surfaces, which is dependent
on the conditions in the aqueous solution, is important and relevant for the
determination of the interaction forces and the efficiency of the flotation process.
This chapter therefore provides an analysis of the specific free surface charge and
the electrostatic surface potential using polyelectrolyte titration and the
electrophoretic mobility test, as presented in Papers I and IV. It also includes a
discussion of relevant assumptions for the detection of free surface charges and the
electrophoretic mobility of cellulose and a comparison of these techniques.
6.1.1 Polyelectrolyte titration
Polyelectrolyte titration is a well-known technique for examining the specific
surface charge of particles under known conditions. The idea of it is to obtain a
complete reaction of the free surface charges of the particles to be examined with
an added polyelectrolyte possessing the opposite free charge with known
concentration. This means that the first assumption is an ideal reaction of the
polyelectrolyte with the particulate sample, excluding the existence of any
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unreacted or uncomplexed species. In practise, the sample to be examined is
expected to adsorb on the fluorocarbon surface of the surface charge detector so
that the streaming current can then be detected. Thus there is an implicit assumption
that colloidal particles will adsorb on the fluorocarbon surface and the resulting net
charge of that surface in the annular region will represent the sign and amount of
the colloidal charge in the system as a whole. An amount of polyelectrolyte solution
is then added to balance out the free surface charge of the sample until the net
streaming current is zero [74]. Thus polyelectrolyte titration is a viable technique
when the assumption of a valid one-to-one stoichiometry of the polyelectrolyte
charge with the surface-bound ionized groups is justified [75]. To account for this
assumption, the ionic strength of the solution should be low, the specific surface
charge of a sufficient mass of sample should be high, to allow strong affinity to the
oppositely charged polyelectrolytes, and the ability of the polyelectrolyte to
penetrate into the surface of particles to be examined should be good. Nevertheless,
criticism exists regarding the match of the plastic surface charge to that of the
colloidal system, the presence of residues of adsorbed polyelectrolytes from
previous experiments, and the non-ideal flow conditions within the annulus [76].
Should these assumptions for an adequate determination of the free surface
charge prove valid, the polyelectrolyte titration of cellulose still involves the
following complications. First, the specific surface charge of cellulose immersed in
an aqueous solution is located in three-dimensional regions rather than on a planar
two-dimensional surface [77]. This complex structure of cellulose and its effect on
the surface charges was shown by Fernandes Diniz et. al., proving the existence of
further titrable groups after compensation of surface groups [78]. Also, the presence
of background salts can influence the state of the surface with respect to its freetitrable charges, on account of changes in the electric double layer on the surface
and within the cell walls of fibres [79]. Although de-mineralized water was used
during the measurements to avoid the effect of electrolytes on the specific surface
charges, these effects have to be taken into account when interpreting the action of
cellulose during the flotation process. In terms of the polyelectrolyte titration of
cellulose, an overestimation of the cellulose surface charge is often obtained,
especially as titration progresses, due to the tendency for the adsorbed
polyelectrolyte to form loops and coils on the cellulose surface when the limit on
the maximum adsorbed amount is reached [75].
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6.1.2 Electrophoretic mobility
The specific surface charges of particles immersed in water, and the associated
electric surface potential give rise to the formation of an electric double layer,
whereupon the overlaps between the electric double layers of particles lead to
electrostatic forces that operate between those particles. In order to estimate the
magnitudes and dependences of such electrostatic forces, use is often made of the
zeta potential, the location of which is a hypothetical slip plane in between the
condensed and diffuse parts of the electric double layer (see Table 1. and Fig. 4).
In the case of cellulosic materials, micro-electrophoresis is the best-established
method for studying particles smaller than 100 µm [80]. The zeta potential of this
non-conductive material is derived from the relation of the speed of migration in
the applied field to the average electric potential in the hydrodynamic slip plane.
For the cellulose examined here, the presence of several functional groups with
different electron affinities, such as hydroxyl, aldehyde and amine groups, will lead
to a certain electric potential distribution on the cellulose surface [81,82]. However,
only an averaged value for the net electric surface potential will be obtained by
micro-electrophoresis and it has been assumed that the amine group is the dominant
functional group for this cellulose. Nevertheless, the presence of several functional
groups on the cellulose surface with opposite electric potentials leads to an
underestimation of the electric surface potential, in addition to which the
hydrodynamic resistance and the application of the Fourier transformation in laser
Doppler velocimetry will be affected by the rod-like shape of cellulose leading to
a further underestimation of the electric surface potential.
6.1.3 Comparison of the titration and electrophoretic mobility
methods
Polyelectrolyte titration generally allows determination of the specific surface
charge of cellulose and electrophoretic mobility tests can be used to analyse the
zeta potential at the hydrodynamic slip plane. Basically, the distribution of the
electric double layer around a particle immersed in an electrolyte solution can be
ascertained on the basis of the specific surface charge while the electric surface
potential can be derived by means of the zeta potential. For a comparison between
these techniques, the electric surface charge ( ) may be determined using the
measured zeta potential for the electric surface potential( ) and applying the
Grahame equation (see Eq. (27)) [37]. The values of the electric surface charge for
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cellulose obtained in this way were in the range of 1-8% of the electric surface
charge given by the polyelectrolyte titration. This discrepancy is significant and
may be attributed to the different environment, including the electrolytes used in
the micro-electrophoresis, and the overestimation of the specific surface charge of
cellulose inherent in polyelectrolyte titration, together with the underestimation of
the electric surface potential of cellulose in electrophoretic mobility measurements.
Furthermore, the interpretation given by the Stern model (see Fig. 4) defines the
electric surface potential obtained by polyelectrolyte titration as the charge of the
solid surface represented by the electric potential ψ0 and the electric surface
potential based on electrophoretic mobility tests as representing the electric
potential adjacent to the Stern layer at the slip plane (ψel.-phor. ≡ ζ). Consequently,
the electric surface charge obtained by electrophoresis is reduced relative to
polyelectrolyte titration results due to the adsorption of counterions at the solid
surface, which has a pronounced effect in the case of a MgSO4 background salt
solution, as shown in the section 6.3.
In the following studies polyelectrolyte titration was used to estimate the
specific surface charge of cellulose nanocrystals and the mass of cellulose adsorbed
on the quartz surface, while the zeta potential was analysed in order to predict the
interaction forces between the cellulose nanocrystals and the mineral surfaces and
the attachment between cellulose-coated minerals and air bubbles. The use of the
zeta potential to determine the interaction energies instead of the electric surface
charge obtained from polyelectrolyte titration is justified on the following grounds.
First, the same background salt solutions were used for the electrophoretic mobility
tests as for the flotation experiments and the electrolytes interact with the surfaces
of the cellulose and the minerals leading to a partial compensation of the surface
charges, and thereby a reduction of the electric surface potential. Also, the cellulose
physisorbs on the mineral surface and the protonated amine groups are inherently
separated from the mineral surface by the hydrocarbon chains of the amine groups,
so that a thin liquid layer is present between the cellulose and the mineral surface
which enables the interaction between electrolytes and surface free charges. This
spatial separation leads to reduced electrostatic interactions relative to those based
on the surface charges of the phases involved and the “effective” surface charge,
used for calculations of interactions between cellulose and the minerals, was
derived from zeta potentials and the Grahame equation (Eq. (27)). In general, the
different results obtained with different techniques show the importance of a
precise explanation of the experimental procedure as well as a discussion of the
results based on the various assumptions.
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6.2

Quantitative estimation of cellulose adsorbed on quartz

The surface free charge distribution of aminated cellulose dispersed in demineralized water as obtained by the polyelectrolyte titration is shown in Fig. 18.

Fig. 18. Variations in the specific surface charge distribution of methyl- (MAC), butyl(BAC), and hexyl- (HAC) amine cellulose nanocrystals with pH (Paper I). Reprinted with
the permission of Elsevier.

As seen in Fig. 18, the specific surface charge is high under acidic conditions and
decreases with increasing pH. Also, the specific surface charge decreases more
significantly in case of hexyl-amine cellulose than in the other cellulose species.
One explanation is the longer alkyl chain length, which reduces the probability of
any direct contact between a hydronium ion in solution and the amine group.
Consequently, the specific surface charge distribution exhibits the highest
sensitivity with regard to pH in the case of hexyl-amine cellulose. The surface
charge of quartz is also thought to be negative throughout the pH range examined
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here, leading to electrostatic attractions between cellulose and quartz [83], although
these attractions are expected to vanish for cellulose at pH values above 9 in case
of hexyl-amine.
The mass of cellulose adsorbed on the quartz was then estimated on the basis
of polyelectrolyte titrations of the supernatants of quartz-cellulose mixtures. The
dependences of this mass of adsorbed cellulose on pH and on the degree of
protonation are given in Fig. 19.

Fig. 19. Dependences of the mass of adsorbed methyl- (MAC), butyl- (BAC) and hexyl(HAC) amine cellulose nanocrystals on quartz on pH (left) and the degree of protonation
(right), with confidence intervals; error bars are 95% confidence intervals. Reprinted
with the permission of Elsevier.

The left plot in Fig. 19 highlights the increase in adsorbed cellulose with increasing
pH and alkyl chain length. Significantly more hexyl-amine cellulose was adsorbed
on quartz at pH 7 and pH 9 than in the case of cellulose with shorter alkyl-chain
lengths attached to the amine group. The plot on the right, however, represents a
more fundamental relationship between the mass of cellulose adsorbed on the
quartz and the concentration of protonated amine groups in the cellulose. Here, a
correlation is shown between a decreasing degree of protonation and an increase in
adsorbed cellulose irrespective of the alkyl chain length of the amine. In other
words, the number of free surface charges has a strong effect on the adsorption of
cellulose on quartz. The high confidence interval for hexyl-amine cellulose at pH 9
is based on the low surface free charge of the cellulose under these conditions, and
simultaneously on the low concentration of cellulose in the supernatant after
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adsorption on the quartz. The dependence of the degree of protonation of the
cellulose on pH is given in Table 7.
Table 7. Dependence of the degree of protonation of the amine groups of methyl- (MAC),
butyl- (BAC) and hexyl- (HAC) amine cellulose nanocrystals on pH (Paper I and IV).
pH

MAC

BAC

HAC

3

100*

100*

100*

Degree of

5

98

98

98

protonation in %

7

67

68

54

9

50

38

1

* estimated values

Interestingly, this correlation between a decreasing degree of protonation and an
increase in adsorbed cellulose is in contradiction with the expected stronger
electrostatic attraction between quartz and cellulose with an increasing degree of
protonation. One explanation for this behaviour is depicted in Fig. 20 below, which
shows a hypothetical scheme for the orientation of adsorbed cellulose on the
surface of quartz.

Fig. 20. Hypothetical orientation of cellulose adsorbed on the surface of quartz at low
pH (left), medium pH (middle) and high pH (right).

The tendency for an increased mass of adsorbed cellulose to be associated with
increased pH may be explained qualitatively by reference to this figure. It is
expected that the cellulose may carry many free surface charges on its surface at
low pH, leading to electrostatic repulsive forces between adsorbed cellulose itself,
and adsorbed cellulose and cellulose approaching the quartz surface from the
solution. Furthermore, the quartz surface does not possess an adequate number of
free surface charges, which leads to overcompensation of its electric surface
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charges and a brush-like orientation of the cellulose on its surface. If the pH is
increased, the number of free surface charges on the cellulose surface decreases,
leading to less electrostatic repulsive forces between the cellulose nanocrystals and
possibly a closer approach of the cellulose to the quartz surface due to the
availability of sufficient free surface charges. When the pH is raised further, the
free surface charges of the cellulose vanish and the interactions are dominated by
van der Waals attraction between the cellulose and quartz or between the adsorbed
cellulose nanocrystals, leading to the theoretical formation of poly-layers of
cellulose on the quartz surfaces. This holds true for the theoretical absence of
background salt ions, which complicate the interactions between cellulose and
minerals. A quantitative determination of the interactions between cellulose and
mineral surfaces will be given in the following section.
6.3

Interaction forces between cellulose and minerals dispersed in
water

The DLVO theory as presented by Eqs. (55), (57), (58), and (59) was used to
analyse the quantitative interactions between butyl- and hexyl-amine cellulose
nanocrystals and minerals. In this formulation the van der Waals interactions are
based on the Hamaker approach and the electrostatic interactions on the constant
electric surface potential (ψst) or charge at the Stern layer as detected in terms of
the electrophoretic mobility. The constant electric surface potential thus represents
the lower limit of electrostatic interactions and the constant electric surface charge
the upper limit [41]. The electric surface potential of the bare phases is shown in
Fig. 21.
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Fig. 21. Electric surface (zeta-) potential of quartz, hematite, hexyl- (HAC), and butyl(BAC) amine cellulose nanocrystals dispersed in a NaCl (dark) or MgSO4 (light)
background salt solution; error bars are 95% confidence intervals (Paper IV). Reprinted
with the permission of Elsevier.

The interaction forces between hexyl-amine cellulose and a mineral immersed in
background salt solutions are depicted according to the DLVO theory in Fig. 22.
The results obtained with butyl-amine cellulose are shown in the supplementary
material to Paper IV. Since, the coarse and fine fractions of the minerals gave
approximately equal results, only the results for the coarse fraction used in the
flotation studies are shown in Fig. 22.
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Fig. 22. Dependence of the energy of interaction between hexyl-amine cellulose
approaching the mineral surface of quartz (grey) or hematite (red) in the spherical (left)
or cylindrical (right) orientation in the given background salt solutions on the constant
electric surface potential (above) or charge (below). The insets show the interaction
energy between the cellulose and minerals at a distance of 0.3 nm as a function of pH;
lines to guide the eyes (Paper IV). Reprinted with the permission of Elsevier.

The orientation of the cellulose particles with respect to the mineral surface plays
an important role due to the differences in the areas of interaction between the
phases, so that the interaction energy obtained with a cylindrical orientation of the
cellulose particles is approximately ten times greater than that obtained with a
spherical orientation. Furthermore, the interactions between cellulose and quartz
were always attractive, while those between cellulose and hematite were repulsive
under acidic conditions and attractive under neutral or basic conditions. A constant
electric surface charge leads to slightly stronger maximal repulsive or attractive
86

interactions than a constant electric surface potential. In general, the interactions
between cellulose and quartz were significantly more attractive than those between
cellulose and hematite under the conditions examined here. The insets show the
interaction energy at a distance of 0.3 nm, which is expected to be the distance
between the adsorbed cellulose and the mineral surface. In the case of a constant
electric surface potential, the attractive interactions for quartz are stronger than
those for hematite and the maximum attraction between cellulose and quartz was
found with a NaCl background solution with a pH of 7. Interestingly, the attractive
interactions between cellulose and quartz are stronger in MgSO4 than in NaCl
solutions for distances of several nanometres. This shows that Mg2+ and SO42- ions
interact more strongly with the free surface charges of cellulose and minerals,
respectively, leading to partial compensation of the electric surface potentials
[84,85]. However, due to the lower concentration of the MgSO4 solution, the
electric double layer extends out for longer distances than in the NaCl solution,
which implies that the attraction between cellulose and quartz is stronger in a
MgSO4 solution initially, when the particles are approaching each other, but is
stronger in the NaCl solution at the stage of physical contact. By contrast, the
interactions between cellulose and minerals based on a constant electric surface
charge are always stronger in NaCl than in MgSO4 solutions. Accordingly, the
electric surface charges of particles are compensated for to a higher extent in
MgSO4 solutions, leading to a homogeneous reduction in interactions between the
particles relative to the interactions found in NaCl solutions irrespectively of
distance. On the other hand, the theoretical repulsion of opposite charged surfaces
at short distances is shown to be smaller than the van der Waals attraction in the
cellulose-mineral system presented here. Finally, the interactions of hexyl-amine
cellulose with minerals are stronger than those of butyl-amine cellulose due to the
higher concentration of protonated amines (see Table 3).
Since the interactions between cellulose and minerals are crucial in terms of
flotation, due to the derivation of selective adsorption phenomena and the
occurrence of orthokinetic particle-bubble attachments, the interaction distributions
may be used to derive interaction forces between cellulose and mineral particles in
accordance with Eq. (60). Thus the interaction force between cellulose and a
mineral was used here to calculate the mass of adsorbed cellulose which is
necessary to lift a mineral particle in the flotation pulp, excluding the effects of
hydrodynamic turbulence. Choosing values for the interaction energy at a distance
of 0.3 nm, which would conform to the distance between the mineral surface and
the adsorbed cellulose, the mass of cellulose needed to equalize the gravitational
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force of a mineral particle is given for different background salt solutions in Fig.
23, which includes the constant electric surface potential as well as the charge. The
results are based on the size of the coarse mineral fraction and the use of hexylamine cellulose. The results for butyl-amine cellulose are given in Supplement C
of Paper IV.

Fig. 23. Dependence of the theoretical adsorption density required to lift quartz or
hematite particles coated with hexyl-amine cellulose in spherical (left) or cylindrical
(right) orientation, in the given background salt solutions on the constant electric
surface potential (above) or charge (below) at a distance of 0.3 nm (Paper IV). Reprinted
with the permission of Elsevier.

The adsorption density of cellulose on the mineral particles that is theoretically
required to lift them in an aqueous suspension is chiefly dependent on the
orientation of the cellulose adsorbed on their surfaces and the electric surface
potential or charge applied, being only slightly lower in case of a constant electric
surface charge than in that of a constant potential. Furthermore, the required
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adsorption density is lower in a MgSO4 solution in the case of the electric surface
potential and lower in a NaCl solution in the case of the electric surface charge, due
to the stronger interactions of Mg2+- and SO42-- ions than of Na+ and Cl-- ions with
the particle surfaces in connection with the higher concentration of NaCl than of
MgSO4. The interactions between cellulose and hematite are repulsive under acidic
conditions, suspending the adsorption of cellulose on the mineral surface.
In accordance with the hypothetical orientation shown in Fig. 20, cellulose is
expected to increase its area of interaction with increasing pH, so that the left-hand
plot in Fig. 23 may be assumed to represent the mass of adsorbed cellulose required
at low pH values, while the right-hand plot shows the required mass with increasing
pH. Consequently, the mass of cellulose that guarantees efficient orthokinetic
particle-bubble attachment is lower at pH 7 and 9 (right-hand plots in Fig. 23) and
increases for lower pH values (left-hand plots in Fig. 23). For quartz, the minimum
required mass of adsorbed cellulose was obtained for hexyl-amine at pH 7 with
both background salt solutions, where a mass of approximately 180 g/t would be
theoretically sufficient to obtain high flotation recoveries, whereas at pH 3 or 5 a
mass of 300 to 500 g/t would be required to lift the quartz particles through the
flotation pulp. For efficient buoyancy of hematite in the flotation pulp, a minimum
theoretical cellulose concentration of 800-1500 g/t would be required and
consequently the significantly lower adsorption density of cellulose required on
quartz relative to hematite indicates that selective flotation of quartz out of a quartzhematite mixture is possible. Furthermore, the stronger attractive interactions
between cellulose and quartz make the adsorption of cellulose more probable on
quartz than on hematite. Practical validation of the flotation efficiency of quartz
and hematite using cellulose and conventional reagents will be discussed in the
following section.
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7

The flotability of quartz and hematite using
cellulose reagents

In the previous paragraphs the wetting properties of cellulose-coated quartz were
evaluated by means of inverse gas chromatography, the effects of different
background salt solutions on the interactions between cellulose and minerals were
discussed and the minimum mass of adsorbed cellulose required to lift a mineral
particle in the flotation pulp was calculated. This section will be concerned with
the action of several cellulose reagents and will compare them with conventional
collectors. It will also consider the flotation responses in the context with Free
Energy of Interaction distributions to test the limitations of the latter when used to
predict flotation recoveries. Finally, it will report on single-mineral flotations of
quartz and hematite aimed at determining the efficiency of the selective flotation
of quartz using cellulose reagents.
7.1

The action of cellulose and conventional flotation reagents in
de-mineralized water

Flotation experiments with the labcell flotation device were conducted for the
recovery of quartz using three cellulose and conventional reagents in demineralized water. The resulting flotation recoveries are given in Fig. 24.

Fig. 24. Flotation recovery of quartz using cellulose-based (left) or conventional
reagents (right) in de-mineralized water. The straight line represents the flotation
recovery of quartz without the addition of a collector.
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The recovery of quartz in the cellulose flotations increased with increasing alkyl
chain length of the amine, in that methyl-amine cellulose acted as a depressant and
hexyl-amine cellulose as a collector. Interestingly, the recovery of quartz was
already quite high at low concentrations of hexyl-amine cellulose (200 g/t), as
would be expected in the light of the discussion in the previous section (see Fig.
23). Furthermore, hexyl-amine cellulose was the most efficient reagent of all those
examined here at the lowest concentration of 100 g/t. The comparison with
dodecyl-amine is particularly interesting because dodecyl-amine possesses an alkyl
chain that is twice as long as that of hexyl-amine, being attached to the cellulose
backbone. This result thus also highlights the effect of the cellulose backbone on
the changes in the wetting properties of minerals after cellulose adsorption. In
general, the conventional collectors showed a similar performance irrespectively
their hydrocarbon chain length. Interestingly, high flotation recoveries were only
obtained for collector concentrations of 500 g/t or higher. The flotability of quartz
using hexyl- and butyl-amine cellulose became more efficient with increasing pH,
evidently on account of the degree of protonation and the presence of free surface
charges on the cellulose surface. The higher the pH, the lower the degree of
protonation and the lower the probability that a protonated amine group will be
oriented towards an aqueous solution. A lower degree of protonation therefore
reduces the probability of hydration layers forming around protonated amine
groups to constitute a stable water film. The tendency for increasing flotability with
increasing pH is more significant in the case of butyl-amine cellulose, which has a
higher degree of protonation than hexyl-amine cellulose (see Table 7). A more
detailed explanation of the effect of protonated amine groups on flotability will be
given below. In case of conventional collectors, the flotation recovery was rather
independent on the pH and no general tendency recognizable.
7.2

Correlation between Free Energy of Interaction and flotability

The flotation recoveries of quartz from the samples investigated by the inverse gas
chromatography technique were determined by transferring the particulate sample
to a Hallimond tube after the inverse gas chromatography. The flotation recoveries
obtained in this way are given in Fig. 25.
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Fig. 25. Flotation recoveries of quartz using cellulose (left) and conventional flotation
reagents (right) at pH 5 and 9. Error bars represent upper and lower values from
duplicate measurements (Paper III). Reprinted with the permission of Elsevier.

In the case of cellulose reagents the flotability of quartz increased with the
increasing length of the hydrocarbon chain of the amine group, the highest recovery
of quartz being achieved with hexyl-amine cellulose, which gave a recovery rate
comparable to that observed with dodecyl-amine. This implies that the drying and
re-dispersion in water did not lead to any change in the wetting properties of the
adsorbed reagents.
When the flotation recoveries shown in Fig. 25 are correlated with Free Energy
of Interaction (ΔGpwb), as shown in Fig. 16, there is no logical relation between the
two. This means that either the flotation responses of methyl- and butyl-amine
cellulose are too low, or the ΔGpwb-distributions of methyl- or butyl-amine
cellulose-coated quartz are too low. The same holds true for alkoxypropane-amine
(AP) and ethyl-ether-amine (EDA). This suggests that the correlation of
interactions between gaseous probe molecules and solid surfaces in a dry
atmosphere with particle-bubble attachments under wet conditions is not a
straightforward process and provides us with further fundamental insights into the
action of flotation agents. The action of reagents under dry conditions has been
explained as being independent of the alkyl chain length of the cellulose, as is also
in the case with conventional reagents (see Fig. 17). As suggested by the flotation
recoveries of quartz obtained after the inverse gas chromatography measurements,
the aqueous phase plays a dominant role in the energetics of the solid surface.
Consequently, the assumption, that the change of the surface energetics of solids
after collector adsorption detected by the inverse gas chromatography is identical
to the change of surface energetics of solid particles in water interacting with an air
93

bubble, is wrong. The origin and explanation of this requires further investigation.
In case of conventional reagents, the desorption of collector molecules during
drying and re-suspending is possible and has to be further investigated. The
desorption of molecules can be derived from the different flotation recoveries of
quartz obtained for the lab cell flotation (see Fig. 24) and Hallimond tube flotation
after re-suspension (see Fig. 25). In case of cellulose reagents, the presence of
protonated amine groups after re-suspension in water leads to a change in the
surface energetics, which cannot be detected by the inverse gas chromatography
performed under dry atmosphere. The action of protonated amines of cellulose
adsorbed on the mineral surface is explained in more detail in the following
Chapter. The principle action of conventional and cellulose-based flotation reagents
based on inverse gas chromatography and subsequent flotation experiments is
depicted in Fig. 26.

Fig. 26. The action of conventional reagents at a) low surface coverage and b) high
surface coverage, and cellulose with c) short alkyl chain length (MAC) and d) long alkyl
chain length (HAC) of the amine group adsorbed on quartz in water. In a dry atmosphere
the solid surface sites with high free energy (marked red) are coated by reagents,
leading to negative net free energies of interaction (∆Gpwb,dry) for all coated surfaces
(Paper III). Reprinted with the permission of Elsevier.

The first two illustrations a) and b) summarize the action of conventional reagents,
while c) and d) describe the situation after the adsorption of cellulose. For
conventional amphiphilic reagents it is the adsorption density and the alkyl chain
length that are the crucial parameters for flotation. In a) it is the insufficient
adsorption of flotation reagents that leads only to the partial occupation of the
surface sites with the highest free energy, in accordance to earlier studies which
have already indicated that slightly negative surface free energies are not sufficient
for orthokinetic particle-bubble attachment [21]. This could be explained through
hydrodynamic turbulence [25,86] in the context of an inadequate spatial and
temporal approach of the bubble to the solid surface, preventing rupture of the
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wetting film through nucleation [87–89]. Insufficient coverage of the quartz surface
with conventional collectors can be caused by the γdisp- distribution, which is lower
in the case of samples conditioned at pH 5 rather than pH 9 (see Fig. 15), and the
higher flotation recoveries for quartz at pH 5, as shown for all the conventional
reagents (see Fig. 25).
In the case of the cellulose reagents depicted in illustrations c) and d) the
adsorption density is expected to play only a minor role in terms of the flotability
of the mineral, due to the relatively large size of the cellulose particles. As shown
by the inverse gas chromatography measurements, the coverage of quartz was
sufficient with all the cellulose reagents (see Fig. 15), although the coverage of
methyl-amine was expected to be lowest because of the higher surface free energy
distributions. It should be remembered, however, that the alkyl chain length of the
amine group has an important effect on the surface wetting properties. As shown in
Fig. 24 and Fig. 25, methyl-amine cellulose acts as a depressant and hexyl-amine
cellulose as a collector. Therefore the alkyl chain length not only has an effect on
the surface wetting properties, but also determines the specific surface charge
distribution of the cellulose in a manner that is dependent on the pH. The absence
of the specific surface charge in inverse gas chromatography measurements makes
it almost impossible to describe the surface wetting properties of cellulose, and
thereby also to predict the flotation recovery. The reason for this is the random
distribution of the amine groups throughout the cellulose structure and their
protonation, which introduces free surface charges into the cellulose structure at
random after immersion in water. Consequently, the protonated amines oriented
towards the quartz surfaces increase the attractive forces between the cellulose and
the mineral (see Fig. 22). On the other hand, they simultaneously attract water
molecules, forming a stable film of water on the mineral surface. Thus, the electric
potential of cellulose and cellulose-coated minerals has to be taken into
consideration when interpreting flotation recoveries, as will be argued below.
7.3

Correlation of flotability with the DLVO theory

The adsorption of flotation reagents on mineral surfaces is a fundamental
phenomenon in the flotation process, and a feasible correlation between the
interaction forces and flotability is going to be tested for a cellulose-mineral system,
giving rise to the assumption that the increased flotability is attributable to stronger
attractive interaction forces, which would lead to higher flotation densities. For
electrostatic interactions both a constant electric surface potential and a constant
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charge have been used in such calculations. In the second step, the electrophoretic
mobility of cellulose-mineral mixtures may be correlated with the flotability of the
mineral concerned, given an identical background salt solution was used.
The relation between flotability and the interaction force between cellulose and
either quartz or hematite is shown for various background salt solutions in Fig. 27.
The forces are based on a cylindrical orientation of the cellulose and the size of the
coarse fraction of the minerals. Results for a spherical orientation of the cellulose
are presented in Supplement D of Paper IV.

Fig. 27. Dependence of the relation between the interaction force and the flotability of
quartz (grey) and hematite (red) when coated with cellulose in cylindrical orientation at
a distance of 0.3 nm in background salt solution on the constant electric surface
potential (left) or charge (right). Error bars represent standard deviations and the
straight line a linear fit with coefficient of determination (Paper IV). Reprinted with the
permission of Elsevier.

The plots presented in Fig. 27 show an increase of flotability with increasing
interaction force, which would lead one to expect an increase in the adsorption
density with increasing interaction forces. The coefficients of determination of the
linear fits are low, however, indicating that other parameters, which are not
considered in this figure, have a major effect on efficient particle-bubble
attachment. In addition, only the maximum forces are presented, and only on the
assumption of a cylindrical orientation of cellulose particles on the mineral surface,
which cannot be expected for all conditions. The results based on a constant electric
surface charge in particular lead to marked deviations from the linear fit due to
more powerful repulsive forces between cellulose and hematite than were obtained
on the assumption of a constant electric surface potential. One like reason for the
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general scattering of the results is the random distribution of free surface charges
on the cellulose surface, giving rise theoretically to a stronger interaction energy as
the electric surface potential or charge increases. At the same time, the more free
surface charges are present the higher is the probability that these will be oriented
towards the aqueous phase forming, a hydration layer around the cellulose surface,
and consequently a temporary stable liquid film. Nonetheless, a high recovery rate
of 85% was obtained for quartz, which is a promising result. The effect of the free
surface charges of cellulose-coated minerals on orthokinetic particle-bubble
attachment will be discussed below.
In order to evaluate the effects of the free surface charges of adsorbed cellulose
oriented towards the aqueous phase, the electrophoretic mobility of cellulosemineral mixtures was measured. The theoretical coverage of the mineral surface
with cellulose was identical during the electrophoretic mobility and flotation
experiments and identical background salt solutions were used. The particle size
fractions of the mineral used for the experiments were different, however, although
the surface charge densities of different mineral size fractions are expected to play
only a minor role due to the generally small surface free charges of minerals
compared with that of cellulose. The flotation recovery of cellulose-coated minerals
obtained with a constant electric surface potential is given in Fig. 28. The results
based on a constant electric surface charge were approximately identical and are
shown in the supplementary material E to Paper IV.

Fig. 28. Flotability of quartz (left) and hematite (right) when using hexyl- (grey) and
butyl-amine cellulose (red) dispersed in a NaCl (dark) or MgSO4 (light) background salt
solution with a constant electric surface potential. The error bars represent standard
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deviations in flotation recoveries and 95% confidence intervals in the case of the
electric surface potential (Paper IV). Reprinted with the permission of Elsevier.

Interestingly, the highest flotation recovery of quartz correlates with an almost
neutral electric surface potential of the cellulose-coated mineral. This means that
an almost ideal compensation of the electric surface potential of quartz by adsorbed
hexyl-amine cellulose was obtained. The cellulose predominantly oriented its free
surface charges towards the mineral surface, causing strong attractive electrostatic
interactions and hydrophobization of the surface (compare Fig. 21 and Fig. 28).
This highlights the pronounced impact of free surface charges on the degree of
hydrophobization of solid surfaces. Furthermore, a homogenous surface wetting
property is also indicated by the multiple high flotabilities of quartz at vanishing
electric surface potentials, as shown by the very low standard deviation. Moreover,
a higher sensitivity of the flotation recovery of quartz to positive surface potentials
than to negative ones is indicated. Since the positive electric surface potentials were
obtained at pH 3 and 5, at which the specific surface charge of cellulose is high (see
Fig. 18), the adsorbed cellulose must have overcompensated the electric surface
potential of quartz, possessing free surface charges oriented towards the aqueous
phase, which would drastically reduce the degree of hydrophobization of the solid
surface leading to low flotation recoveries. By contrast, cellulose possesses less
free surface charges at pH 7 and 9 and is expected to orient its free surface charges
towards the mineral surface due to the strong attractive electrostatic interactions
between charges with opposite signs. Consequently, partial coverage of the mineral
surface may be sufficient to render it more hydrophobic even though the
compensation of the electric potential is not complete. Nevertheless, the more
negative the surface potentials are, the lower are the flotation recoveries, due to the
formation of a stable hydration layer on the mineral surface.
To further highlight the effect of free surface charges on the flotability of quartz,
it is necessary to discuss and compare the results for the flotability of quartz
obtained at pH 5 and pH 9. Here the attractive forces based on the DLVO theory
are stronger at pH 5 than at pH 9, due to the presence of a higher specific surface
charge of cellulose, leading to stronger electrostatic attractions (see Fig. 22). The
flotation recoveries in the case of hexyl-amine cellulose were similar, and in the
case of butyl-amine cellulose even higher at pH 9 than at pH 5. In the case of hexylamine cellulose the adsorption density of cellulose on quartz was expected to be
higher at pH 5 than at pH 9, but the flotation efficiency was similar at pH 9 and
pH 5, due to the presence of less free surface charges orientated towards the
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aqueous phase based on the much lower degree of protonation of amines at pH 9.
In order to interpret the results obtained with butyl-amine cellulose, both the shorter
alkyl chain length and the higher degree of protonation compared with hexyl-amine
cellulose have to be considered (see Table 7). The general flotability of quartz with
increasing pH corresponds to the decreasing concentration of free surface charges
in the cellulose. Under acidic conditions, the higher degree of protonation leads to
a higher probability of free surface charges being oriented towards the aqueous
phase, and thus a lower degree of hydrophobization. In addition, the shorter alkyl
chain length of butyl-amine relative to hexyl-amine cellulose intrinsically leads to
a lower degree of hydrophobization [90]. Interestingly, the flotation recovery of
quartz is similar for butyl-amine than for hexyl-amine cellulose at high pH values
despite the shorter hydrocarbon chain. From this it can be concluded that a
sufficient concentration of free surface charges is present on the butyl-amine
cellulose surface at high pH to interact with and compensate for the electric surface
potential of quartz. Furthermore, the free surface charges are predominantly
oriented towards the mineral surface, leading to a higher adsorption density of
butyl-amine cellulose and higher flotation recoveries. This tendency, which is
presented in Fig. 28, shows that quartz coated with butyl-amine cellulose possesses
a lower negative electric surface potential than quartz coated with hexyl-amine
cellulose under the same conditions. This is an interesting finding that highlight the
overlapping modes of action of the functional groups that lead to adsorption
phenomena and the hydrocarbon chains that render the mineral surface wetting
properties more hydrophobic. Hexyl-amine cellulose can therefore be expected to
render the mineral surface wetting properties more hydrophobic due to its greater
hydrocarbon chain length, even though the complete deprotonation of amine
groups leads to a reduction in the attractive forces between cellulose and the
mineral surface and thus lower adsorption densities. In view of the higher degree
of protonation at basic pH, the adsorption density of butyl-amine on quartz is
probably greater than that of hexyl-amine cellulose and, assuming protonated
amines are oriented towards the mineral surface, the higher adsorption density
correlates with higher flotation recoveries.
In case of hematite, the adsorption density of cellulose on the mineral surface
is expected to be low, leading to low flotation recoveries, so that the hematite
obtained in the overflow can be considered to represent entrainment caused by the
fineness of the mineral sample (see Fig. 10 and Table 2).
The optimum conditions for the efficient flotation of quartz using cellulose
reagents are related to its hydrocarbon chain length and the specific surface charge
99

distribution of cellulose, which is dependent on the pH and the background salt
solution. Thus cellulose is most efficient when it possesses few free surface charges
to interact electrostatically with the mineral surface, although orientation of the free
surface charges towards the aqueous solution has to be avoided. This state was
observed for butyl-amine cellulose at pH 9 with both background salt solutions and
for hexyl-amine cellulose at pH 7 with the MgSO4 background solution. The effects
of the electric potentials of the mineral and cellulose on adsorption phenomena and
on particle-bubble attachment are illustrated in the form of a Gedankenexperiment
in Fig. 29.

Fig. 29. Schematic diagrams showing the Gedankenexperiment of the flotability of the
minerals (above) based on the electric surface potentials of the phases involved
(below). In (A) cellulose possesses a high electric surface potential leading to a reversal
of the mineral surface potential after adsorption and the prevention of efficient particlebubble attachments. In (B) opposite electric potentials neutralize each other and
cellulose renders the wetting properties of particles more hydrophobic. In (C) cellulose
is deprotonated preserving the electric surface potential of particles leading only to a
weak hydrophobization (Paper IV). Reprinted with the permission of Elsevier.

The Gedankenexperiment summarizes the action of cellulose reagents in different
pH ranges when the electric surface potential develops in opposite directions in the
mineral and cellulose, so that it increases in the mineral with increasing pH but
decreases in the cellulose. Consequently, the cellulose overcompensates for the
electric surface potential of quartz, leading to low adsorption densities and
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insufficient hydrophobization of the mineral surface at low pH. Under optimum
conditions the electric surface potentials of the species compensate for each other
completely, leading to a sufficient adsorption density of cellulose on the quartz and
a high degree of hydrophobization of the mineral surface. When the electric surface
potential of cellulose is low, a high adsorption density is required to render the
mineral surface hydrophobic, which becomes more improbable at lower electric
surface potentials due to the weak attractive forces between cellulose and the
mineral. If a constant electric surface charge is considered, the same conclusions
are valid as for the constant electric surface potential.
A high flotation recovery of 85% was obtained here for quartz using hexylamine cellulose, whereas the recovery of hematite was consistently low. Hexylamine cellulose may therefore be regarded as an efficient reagent for the separation
of quartz and hematite during flotation processes.
7.4

Prospects for the use of cellulose in flotation processes

Cellulose was investigated as a flotation reagent and showed promising
performance as such. Methyl-amine cellulose acted as a depressant, which may be
attributed to its short alkyl chain and the high degree of protonation, leading to the
formation of a stable water film on the surface. By contrast, butyl- amine, and
especially, hexyl-amine cellulose showed excellent collector properties. The
flotation efficiency for quartz using hexyl-amine cellulose was shown to be better
than those for conventional amphiphilic collectors, even over a range of pH values.
Despite the promising performance of cellulose for the selective flotation of quartz
in the presence of hematite, further studies need to be performed to investigate the
efficiency of the selective flotation of quartz in the presence of hematite on a larger
scale. The action of the free surface charges of cellulose is important when
evaluating interactions involving cellulose, especially those between cellulose and
minerals, and thus the relation between the degree of protonation and the electric
surface potential under different conditions should be investigated further. Also,
attention ought to be paid to differentiation between the electric potentials of the
mineral surface (ψ0) and that adjacent to the Stern layer (ζ), which would require a
further examination of the interactions between cellulose and ions in an aqueous
solution.
When considering the application of cellulose to other mineral systems, its
interaction with other mineral phases needs to be studied in order to guarantee
selective changes in the wetting properties of certain mineral phases. In addition,
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the principal behaviour and interaction of aminated cellulose with mineral phases
can potentially be used in other processes, such as flocculation, and other synthesis
routes are applicable, leading to different properties in the cellulose and different
future areas of application.
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General conclusions and prospects

The work presented here focuses on the use of cellulose-based chemicals in
flotation processes, studying and discussing the special properties of cellulose with
regard to its surface wetting properties and the distribution of free surface charges
under different conditions. In addition, the interactions between cellulose and
minerals were investigated based on the DLVO theory and the efficiency of
cellulose for the flotation of quartz was evaluated.
Based on these studies, the investigation into the wettability properties of solid
particles using the inverse gas chromatography technique showed that its
heterogeneities, which comprise 5 to 10% of the total surface, play a dominant role
for the wettability characteristics of the particles and thus their flotability. At the
same time, a detailed investigation into the changes in the surface wetting
properties of quartz when cellulose-based chemicals are used showed that free
surface charges may be introduced onto the cellulose surfaces after re-immersion
of the cellulose-coated mineral in water. Thus it may be said that the free surface
charges of cellulose acted in a similar manner to high-energy sites on the bare
mineral surfaces, leading to the formation of a stable water layer on the mineral
surfaces and poor flotation recovery. The results emphasise that the term
“hydrophobicity” is an empirical or qualitative statement, while Free Energy of
Interaction is a practical parameter for predicting the flotability of quartz, although
the surface energetics of the solid surface and flotation reagents under dry and wet
conditions still have to be considered. Consequently, the aim to find a physical
parameter which allows the quantitative determination when a solid surface acts
hydrophilic or hydrophobic was not fulfilled by the Free Energy of Interaction.
The effect of water on the surface wetting properties of cellulose and on
cellulose-mineral interactions was investigated using the DLVO theory, including
the Hamaker approach and electrostatic interactions based on electrophoretic
mobility experiments. These studies led to the conclusion that the distribution of
free surface charges on cellulose, which can be estimated by means of the degree
of protonation, plays an important role in the interactions between cellulose and
quartz and subsequent particle-bubble attachment.
The best results in terms of cellulose-mineral interactions and flotation
recovery were obtained at a degree of protonation of about 30% in the case of butylamine cellulose and even up to 50% for hexyl-amine cellulose, excluding the effect
of background salt solutions (see Table 7). Under these conditions the cellulose
possesses sufficient free surface charges in its structure to achieve a powerful
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electrostatic interaction with the quartz surface, leading to orientation of the
protonated amine groups towards the mineral surface. At the same time, only a few
free surface charges are oriented towards the aqueous phase, leading to adequate
hydrophobization of the mineral surface and orthokinetic particle-bubble
attachments. At a lower degree of protonation a high adsorption density of cellulose
on the mineral surface is necessary in order to change the surface wetting properties
sufficiently to achieve appropriate compensation of the high-energy sites of the
mineral, while at the same time, the electrostatic attraction between cellulose and
minerals decreases. Given a high degree of protonation, the overcompensation of
the electric surface potential of quartz takes place at low adsorption densities,
leading to a high probability of the protonated amine groups being oriented towards
the aqueous phase that forms a stable water film on the mineral surface.
The determination of appropriate conditions can be expected to lead to efficient
flotation experiments using quartz with either hexyl-amine or butyl-amine cellulose,
of which the former shows better performance. By comparison with conventional
amine collectors, hexyl-amine gives higher flotation recoveries at low
concentrations, which makes it a very promising chemical for using in the flotation
of quartz. Our study of interactions between cellulose and hematite and the
subsequent flotation experiments demonstrated poor interaction and recovery of
hematite using cellulose, so that the selective flotation of quartz in the presence of
hematite is expected to be a possible and practicable undertaking as industrial
application. Furthermore, methyl-amine cellulose acted as an efficient depressant
for quartz, although the interactions between these phases and the selective
adsorption of methyl-amine cellulose on the surface of quartz remain to be
investigated.
This work shows that an interdisciplinary approach is necessary for obtaining
an understanding of the flotation process, while for the ambitious goal of
implementing sustainable mining and mineral extraction processes, many different
aspects have to be involved apart from the technical and scientific perspectives, and
it is this that remains the major challenge for the future. Thus, the performance of
flotation processes might be more efficient if cellulose-based chemicals could be
used rather than mineral-oil based chemicals, but their effective use in flotation
processes calls for the consideration of other factors as well, e.g. the high demand
for flotation chemicals created by the processing of about 2 billion tonnes of ore
annually [31]. The annual consumption of approximately a million tonnes of
flotation reagents (for the cellulose concentrations required for quartz and hematite,
see Fig. 23) raises the question of whether a sufficient regeneration of the tree
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population could be guaranteed if all the flotation reagents were based on cellulose.
In addition, the synthesis of cellulose, especially in terms of the chemicals required,
would have to be optimised in the future. Solutions to these problems would
involve the recovery of cellulose-based reagents after the flotation process and
techniques for their recycling and neosynthesis. It is clear, therefore, that the
achievement of general sustainability in terms of the preservation of nature would
require an interdisciplinary convergence of technical improvements, changes in the
economy and a sense of personal responsibility on the part of each individual
involved.
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