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A B S T R A C T

The fundamental formation of the three phase contact in flotation is an intensively and controversially discussed
phenomenon and the contact angle method is usually employed to characterise the wettability of solid surfaces.
A more recent technique to explore the hydrophobicity of solid particulate phases is inverse gas chromatography
(iGC) which is used to quantify the wettability of solid surfaces through thermodynamic parameters. In this
article, the recently introduced net free energy of interaction between particles and bubbles immersed in water
ΔGpwb is derived from the surface free energy analysis and its correlation to the flotability of solid phases is
evaluated. At the same time, a more detailed analysis on the action of flotation reagents is presented performing
iGC measurements under dry and flotation experiments under aqueous conditions. In general, flotation reagents
have to satisfy required features to adsorb selectively, render the solid surface wetting property sufficiently, and
comply current regulations concerning the preservation of the environment. Consequently, many conventional
reagents are increasingly subjected to restrictions. One potential alternative candidate is nanocellulose due to
the versatile chemical composition and functionality. The synthesis of cellulose nanocrystals (CNCs) includes
different mechanical and chemical modification routes to lower the crystal sizes and integrate specific functional
groups and organic components into the cellulose structure. This study is concentrated on the investigation of
aminated CNCs for the flotation of quartz in comparison to conventional reagents. The employment of CNCs as a
renewable and sustainable alternative to conventional chemicals is challenging due to the more complex
structure of cellulose crystals and leads to new perspectives regarding the action of flotation reagents at the
interface of a mineral under dry and wet environments.

1. Introduction

The various composition of processed ores requires specific prop-
erties of the flotation reagents to selectively adsorb on a mineral sur-
face, render the wetting property of the mineral surface to a more hy-
drophobic behaviour and, more and more important nowadays, being
uncritical in terms of environmental impact (Zouboulis et al., 2003).
Cellulose nanocrystals (CNCs) are considered to be a potential, en-
vironmental-friendly candidate to replace synthetic chemicals or other
biological substances derived from vegetable oils or animal fats in mi-
neral processes (Kümmerer et al., 2011). The chemical composition of
CNCs is versatile dependent on applied synthesis routes (Klemm et al.,
2005). In theory, modified CNCs can be produced consisting of specific
functional groups and organic components resulting in various physical
properties, such as size and size distributions, specific surface charge

distributions and wetting properties leading to an efficient reagent
system in ore dressing (Hartmann et al., 2016).

The increased processing of mineral resources urges the economic-
ally viable exploitation of ore deposits (Trubetskoy et al., 2012;
Mariano and Evans, 2015). Finely disseminated ores are as well more
and more exploited with the need of fine grinding for liberation leading
to particle sizes well below 100 µm (Trahar, 1981). For this particle size
fraction, flotation is an efficient separation process which is based on
different wetting properties of mineral surfaces (Crawford and Ralston,
1988). The fundamental physicochemical property of solid surfaces
determining the wetting behaviour of liquids on solid surfaces is the
specific surface free energy (Balard et al., 1996; Girifalco and Good,
1957). Inverse gas chromatography (iGC) is a versatile technique to
determine the specific surface free energy distribution of particulates
under well-defined conditions (Ylä-Mäihäniemi, 2008; Nowak and
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Pacek, 2015; Smith et al., 2014; Ferguson et al., 2017). The knowledge
of the distribution of the specific surface free energy of mineral parti-
cles, and its change due to the adsorption of flotation reagents, is ex-
pected to correlate to the flotability of the minerals by quantifying the
maximum specific surface free energy of the mineral at which ortho-
kinetic heterocoagulation takes place (Mohammadi-Jam et al., 2014;
Mohammadi-Jam and Waters, 2016; Ralston et al., 2002). Conse-
quently, the rupture of the interfacial water film is prevented when the
free energy of a sufficient fraction of the mineral surface surpasses a
certain level due to strong attractive interactions with water molecules.

In this study, the iGC technique is used to investigate the effect of
physisorbed aminated CNCs with various alkyl chain lengths and con-
ventional reagents on the specific surface free energy distribution of
quartz (Vidyadhar and Hanumantha Rao, 2007). Moreover, the net free
energy of interaction between solid surfaces and gas bubbles immersed
in aqueous solution (ΔGpwb) is further investigated as a thermodynamic
parameter to characterise the action of flotation reagents under dry
atmosphere. The net free energy of interaction relates the work of water
adhesion to the mineral surface, Wadh, to the work of water cohesion,
Wcoh, given by:

= −G W WΔ adh coh (1)

In regard to the flotation process, the particle-bubble attachments
are efficient when the change of the net free energy of interaction is
negative (Holysz and Chibowski, 1992). Recently, a first article was
published showing a correlation between the reduction of the net free
energy of interaction and the flotability of minerals after adsorption of
collector molecules (Rudolph and Hartmann, 2017). This correlation
between the change of the net free energy of interaction and flotability
of a mineral after reagent adsorption is challenged to be applicable for
CNCs.

Consequently, an attempt to explain the action of different types of
reagents under dry and wet conditions is given and the efficacy of
cellulose-based and conventional reagents compared. Basically, the
exclusive characterisation of the components of the surface free en-
ergies of solid states does not explain the nature of interactions under
aqueous conditions (Ali et al., 2013). In general, the term “hydro-
phobic” is a misnomer which is derived from the experience of at-
tracting apolar surfaces immersed in water and even partially prevents
an unprejudiced confrontation with the fundamental questions con-
cerning the origin of particle-bubble attractions (Hildebrand, 1979;
Schubert, 2005). In fact, so called hydrophobic materials, such as Te-
flon or alkanes, immersed in water attract water molecules with a free
energy of 40–50 mJ/m2 whereupon the expression to “fear water” is
inappropriate (van Oss, 2003). Therefore, the analysis of iGC experi-
ments considering the interaction of gaseous molecules with a solid
surface under dry conditions and the relation to the results to particle-
bubble attachments under aqueous conditions represents a metho-
dology to contemplate a new perspective approaching the mechanism
of hydrophobicity.

2. Material and methods

2.1. Synthesis of cellulose nanocrystals and quartz

Three aminated CNCs with different alkyl chain lengths were syn-
thesized, namely methyl-amine- (MAC), butyl-amine- (BAC), and hexyl-

amine- (HAC) cellulose nanocrystals. A well-known process for the
preparation of CNCs was used which is explained in more detail else-
where (Visanko et al., 2014). In brief, the cellulose raw material,
bleached kraft pulp (Betula pendula), was converted to 2,3-dialdehyde
cellulose through lithium chloride, LiCl (> 98.0%, Sigma-Aldrich) as-
sisted sodium periodate, NaIO4 (> 99.09%, Sigma-Aldrich) oxidation at
75 °C under moderate agitation for three hours. Consequently, cellulose
with an aldehyde concentration of 3.86 mmol/g was obtained. For the
reductive amination, a 10-fold excess of methyl-amine (> 98%; TCI), n-
butyl-amine (> 98%; TCI), or n-hexyl-amine hydrochloride (> 98%;
TCI), in relation to the aldehyde groups of the cellulose, was suspended
in 300 ml demineralized water and the pH value was adjusted to 4.5
using a diluted HCl solution (Merck). Simultaneously, a 2-fold excess of
2-picoline borane (95%, Sigma-Aldrich), in relation to the aldehyde
groups of the cellulose, was dissolved in 100 ml demineralized water.
The cellulose pulp (absolute 4 g) and 2-picoline borane solution were
added to the amine suspension and stirred for 72 h in a closed container
under ambient conditions. Subsequently, the extant chemicals were
removed from the solution via vacuum filtration and the obtained
product purified through three washing steps. At first, the residual re-
action chemicals were removed washing the filtered pulp with 200 ml
demineralized water. The filter cake was removed and re-suspended in
300 ml ethanol (95%, VWR) for five minutes. Finally, the pulp was
filtered through vacuum filtration and, subsequently, purified through
washing with 600 ml demineralized water. The pulp was diluted to a
solid concentration of 0.2% by weight related to the absolute mass of
the suspension. The individualisation of the pulp to nanocrystals was
realized using a Microfluidics two-chamber high shear homogenizer
(M-110EH-30 Microfluidizer, Microfluidics). The purified fibre sus-
pension passed through the 400 µm – 200 µm, 400 µm – 100 µm, and
200 µm – 87 µm chambers three times corresponding to pressures of
1300 bar and twice 2000 bar, respectively. Consequently, a clear, non-
viscous CNC suspension was obtained and stored in a closed container
at 4 °C. The lengths and widths of CNCs were detected using TEM
images (see Table 1). The number of amine groups present in the CNCs
was analysed by the determination of the nitrogen content using a
PerkinElmer CHNS/ = 2400 Series II elemental analyzer. The chemical
composition of CNCs is given in Table 1.

Quartz (Sibelco Europe, Nilsiä Finland) was ground in a ball mill
(Retsch PM 200, Germany) and classified by an air jet sieve (Hosokawa
Alpine e200 LS, Germany) to obtain a particle size fraction between 45
and 56 µm. This quartz fraction was placed on a sieve with 45 µm mesh
size and a batch of 10 g of the fraction was washed with demineralized
water to remove smaller particles. Finally, the quartz fraction was dried
at 105 °C overnight. The specific surface area was determined using the
Brunauer-Emmet-Teller (BET) method (micromericitics, Gemini VII)
before the sample was packed in the iGC glass tube and after the iGC
measurements (SEA, Surface Measurement Systems UK Ltd.). The con-
ventional reagents used were ethyl-ether-amine (EDA, Clariant), al-
koxypropane-amine (AP, LilaFlot 810, Akzo Nobel), and dodecyl-amine
(DDA, OneMed).

2.2. Microflotation

For the estimation of the applicability of CNCs to be used as flota-
tion reagents compared to conventional collectors, the particular
sample was removed from the glass tube after the iGC measurement and

Table 1
Physiological dimensions, nitrogen content and specific number of amine groups of the CNCs (Hartmann et al., 2016).

Name Abbreviation Length in nm Width in nm N-content in wt% Degree of substitution in mmol/g

Methyl-amine CNC MAC 142 ± 11 6.0 ± 0.3 1.48 1.06
Butyl-amine CNC BAC 125 ± 7 3.3 ± 0.2 0.76 0.54
Hexyl-amine CNC HAC 144 ± 14 4.6 ± 0.3 1.14 0.81
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used for flotation experiments. For each flotation experiment, 1 g of the
sample was suspended in a 5 mM KCl (Carl Roth, Germany) background
solution, the pH was adjusted to either 5 or 9, and the suspension mixed
with the help of a magnetic stirrer. When a stable pH value was
reached, the sample was conditioned for 10 min under continuous
stirring. Afterwards, the suspension was transferred into a single gas
capillary Hallimond tube. The injected air flow was 50 cm3/min and the
flotation was carried out for one minute. The over- and underflow were
vacuum filtrated and the particles subsequently dried at 50 °C. Each
flotation experiment was performed in duplicates.

2.3. Inverse gas chromatography

For the iGC measurements, pure quartz samples and CNC- or con-
ventional reagents-coated quartz samples were prepared. First, 5 g of
quartz was placed in 100 ml of a 5 mM KCl background solution.
Afterwards, the CNC or conventional reagent concentration was ad-
justed to 2.2 mg/l and the suspension was treated with ultrasound
(37 kHz) for 5 min. The suspension was agitated with a magnetic stirrer
and the pH was adjusted to either 5 or 9 using NaOH and HCl. After pH
adjustment, the suspension was stirred for 10 min at constant pH value.
The quartz particles were removed from the suspension through va-
cuum filtration and subsequently dried at 50 °C.

For the determination of the specific surface free energy compo-
nents of particles, the Surface Energy Analyzer (Surface Measurement
Systems Ltd., UK) was used. Different probe molecules were injected in
a helium carrier gas with a gas flow rate of 10 cm3/min, namely
hexane, heptane, octane, nonane, and decane for the determination of
the dispersive component and the monopolar ethyl acetate and di-
chloromethane for the Lewis acid/base components of the solid surface
free energy of the stationary phase. According to the total surface area
of the solid sample, a number of probe molecules were injected to cover
between 0.5% and 20% of the surface with respect to a monolayer. The
sample was packed in a silanized glass column with 30 cm length and
3 mm inner diameter. Subsequently, the sample was stoppered by si-
lanized glass wool and tapped 10 min vertically to minimise voids be-
tween the particles and distribute the particles evenly. During the ex-
periments, the temperature was kept constant at 303.15 K, humidity
was 0% and the sample was conditioned before the experiment for 5 h
at 100 °C in a helium gas flow of 10 cm3/min to remove impurities.
Each injection of the probe molecules lead to a residence time dis-
tribution of the molecules in the column and the maximum peak was
used for the computations. Before the analysis was started, methane
was injected into the column to obtain the so-called zero residence time
representing the sole gas flow resistance of the column presupposing no
interaction between methane and the solid surface of the stationary
phase. The computation of the components of the specific surface free
energy was performed using the Schultz approach for the dispersive and
the van Oss-Chaudhury-Good approach (vOGC) (Hamieh and Schultz,
2002) with Della Volpe scale for determining the Lewis acid/base
components (Mukhopadhyay and Schreiber, 1995; Volpe, 1997). Fur-
ther, the peak maximum of each individual retention curve and its as-
sociated actual surface coverage (n/nm)actual was used and a simple
exponential law for interpolation and extrapolation employed to fit the
net retention volumes versus the actual surface coverage which allowed
the computation of propagated error of measurement and fitting de-
termination. For the analysis of the dispersive surface free energy of the
solid hexane was excluded from the calculations to gain the highest
coefficient of determination for the fit following the guidelines in (Ylä-
Mäihäniemi, 2008).

2.3.1. Analysis of the solid surface free energy
The methodical determination of the dispersive (disp), or Lifshitz-

van der Waals (LW), component of the specific surface free energy,
comprising of dispersion (London), orientation (Keesom), and the in-
duction (Debye) interactions, according to Schultz is based on the

successive injection of n-alkanes into the measuring column. For each
alkane, with the carbon number n, the adsorption free energy can be
calculated by Ylä-Mäihäniemi (2008):

= − +G RT V CΔ ·ln( )ads
N n, (2)

where R is the ideal gas constant, T is the absolute temperature, VN ,n is
the individual net retention volume of a certain alkane and C is a
constant. The variable VN ,n is the unknown of this equation obtained by
the evaluation of the maximum of the residence time distribution of
each injection. Subsequently, the net retention time is given by:

= −V
j

m
F t t T

K
( )

273.15N n r n, , 0 (3)

Here, j is the James-Martin correction factor for gas compressibility
(Dorris and Gray, 1980); m is the mass of the solid sample, F is the inert
gas flow rate, tr n, is the residence time of a certain alkane, and t0 is the
residence time of a non-retained, inert component.

The work of adhesion between an apolar solid and liquid phase is
given by Girifalco and Good (1957), Hamieh and Schultz (2002):

= −G N a γ γΔ 2 · · ·ads
A s

d
l
d

(4)

where NA is the Avogadrós constant, a is the cross sectional area of the
injected molecule, γs

d is the dispersive surface free energy of the solid
phase and γl

d is the dispersive component of the surface tension of the
injected alkane.

The combination of Eqs. (2) and (4) leads to the schematic graph of
the Schultz-method shown in Fig. 1.

The dispersive component of the solid specific surface free energy γs
d

is obtained from the slope of the fitted linear function of the homologue
of the alkanes (Ylä-Mäihäniemi, 2008).

The use of polar probe molecules enables the determination of the
Lewis acid/base surface free energies of the stationary phase. The net
residence times of polar probe molecules are usually located above the
fitted linear function and the Lewis acid/base surface free energies can
be calculated through the orthogonal distance between the monopolar
Lewis acid and Lewis base molecules and the fitted linear function using
the approach after vOGC (Van Oss et al., 1988):

= +
+ − − +G N a γ γ γ γΔ 2 · ( · · )AB

A s l s l (5)

The variables +γs and −γs are the electron acceptor and donor para-
meter of the solid surface and +γl and −γl the electron acceptor and donor
parameter of the injected probe molecules, respectively.

Fig. 1. Schematic graph of the Schultz method showing the plot of probe molecules in the
RTln(VN) vs. a(γd)0.5 presentation 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 are a representation of the regression line; the lines are
to guide the eye.
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2.3.2. Determination of the Gibb’s free energy of interaction
The apolar or dispersive component of interfacial forces was pro-

posed by Fowkes (1963, 1964):

= + −γ γ γ γ γ2 d d
12 1 2 1 2 (6)

The Lewis acid/base (AB) interactions are given by van Oss (2003):

= + − −
+ − + − + − − +γ γ γ γ γ γ γ γ γ2( )AB

12 1 1 2 2 1 2 1 2 (7)

Accordingly, the thermodynamic evaluation of the net free energy
of interaction (ΔGpwb) at the interface between a solid surface and a gas
bubble immersed in water is based on the following equation (van Oss,
2003):

= − − − − −

+ + − + + −

− −

+ − − − − + + +

+ − − +

G γ γ γ γ γ γ

γ γ γ γ γ γ γ γ

γ γ γ γ

Δ ( ) ( ) ( )

2[ ( ) ( )

]

pwb p
LW

b
LW

p
LW

w
LW

b
LW

w
LW

w p b w w p b w

p b p b

2 2 2

(8)

The surface free energy components of water and air are given in
Table 2 based on the van Oss scale.

2.4. Preliminary remarks on the effect of dry and wet conditions on the
specific surface free energy distribution of solids

The comparison of iGC and flotation experiments is complex due to
the different conditions under which the measurements take place.
Consequently, one can even argue that the comparison is as such not
possible at all due to different solid surface properties under dry and
wet conditions. Therefore, the most required remarks and assumptions
about the involved solids are explained shortly before the presentation
and discussion of the results are given.

(1) Mineral Phases: The bare mineral surface composes of surface
heterogeneities which possess higher surface free energies than
homogeneous, planar surfaces. Furthermore, if the mineral is im-
mersed in water, the real specific surface free energy of the mineral
is most probably higher than under dry conditions due to the for-
mation of free surface charges through dissociation or ionization of
surface groups, disturbed lattice structure and isomorphic sub-
stitution, or due to adsorption of ions from the medium. The oc-
currence of high surface free energy sites caused by free surface
charges after immersion of the mineral in water cannot be detected
under dry conditions present during the iGC measurement.
However, the high surface energy sites of the mineral serve as ad-
sorption sites for the collector molecules which, consequently, de-
crease the surface free energy of the mineral after adsorption.

(2) Amphiphilic Collectors: Recently, Rudolph and Hartmann (2017)
showed that conventional amphiphilic collector molecules adsorb
on the surface of minerals and, based on iGC analysis, render the
high energy sites of the mineral surface to surface sites with lower
surface free energy. Further, it was shown that a step-wise increase
of the collector concentration during the conditioning stage lead to
a step-wise decrease of the specific surface free energy distribution
of the mineral surface and simultaneously to an increase of the
flotability of the identical mineral sample. In case of amphiphilic
molecules, the conclusion could be drawn that the high energy sites
of the bare mineral surface are occupied through adsorbed collector
molecules which interact with their functional group with the

mineral surface and the hydrocarbon chain is orientated to the
surroundings. In case of iGC measurements, the injected solute
molecules are able to interact either with homogeneous, planar
surface sites of the mineral or with methyl-groups of the hydro-
carbon chain of the collector, regardless of the orientation of the
hydrocarbon chain, when a sufficient high concentration of col-
lector molecules are used in the conditioning phase to occupy all
the high energy sites of the mineral surface. Given that long hy-
drocarbons have a lower surface free energy than even homo-
geneous, planar solid surface sites (according to Holysz and
Chibowski (1992) the specific surface free energy of hydrocarbons
is about 28 mJ/m2), the specific surface free energy distribution of
the collector-coated mineral is sufficiently decreased which corre-
lates to a higher flotability of the mineral. Consequently, one can
assume that neither the injected solute molecules during iGC
measurements nor air bubbles during flotation experiments are able
to directly interact with the high energy sites of the mineral surface
due to their occupation with collector molecules leading to the
hydrophobic effect. A question which arises at this point is the
definition of how long the hydrocarbon chain of an adsorbed col-
lector molecule actually must be to separate high energy sites of the
mineral surface sufficiently from its environment. In regard to the
used conventional collectors, sufficient lengths of the hydrocarbon
chains are assumed and to answer the previous question further
studies need to be conducted.

(3) Cellulose Nanocrystals: If CNCs are used as flotation reagent, the
spatial separation between cellulose-coated solid surface sites and
environment can be regarded as sufficient due to the comparable
big sizes of nanocelluloses. Further, cellulose is composed of hy-
drocarbon-based organic material which is expected to have en-
ergetically similar surface characteristics as the hydrocarbon chains
of amphiphilic collectors (Gardner et al., 2008; Cordeiro et al.,
2011). However in contrast to amphiphilic molecules, CNCs possess
functional groups possibly everywhere in their structure. The
random distribution of functional groups of CNCs complicates the
correlation between iGC and flotation results due to the protonation
of amines under aqueous conditions dependent on the pH value
(Hartmann et al., 2016). The protonated amines, which do not exist
during dry iGC measurements, strongly interact with both the mi-
neral surface and water molecules which needs to be taken into
account for the discussion of the results in the following section.

3. Results and discussion

3.1. Microflotation

The flotation recoveries of conditioned, dried and re-immersed
quartz using CNCs and conventional reagents are given in Fig. 2.

The results of the experiments using CNCs as reagents show an in-
creased recovery of quartz with extending alkyl chain length of the
amine group of CNCs. Especially in case of HAC the flotation response
was significantly increased. These results are consistent with previous
experiments which exhibited a decrease of the wettability of CNCs by
water with increasing alkyl chain length (Hartmann et al., 2016;
Laitinen et al., 2016). Consequently, MAC leads to low flotation re-
coveries and HAC acts as collector reagent after adsorption. Interest-
ingly, previous studies revealed the frothing behaviour of pure hexyl-
amine used in laboratory flotation processes, however, the hexyl-amine
did not exhibit collecting properties for the recovery of quartz
(Kowalczuk, 2015). In contrast, hexyl-amine incorporated into ad-
sorbed nanocellulose rendered the wetting properties of quartz suffi-
ciently to form particle-bubble aggregates. This finding will be dis-
cussed in more detail in the following chapter. In general, the
interaction between flotation reagents and the solid surface as well
as adsorbed reagents and air bubbles is affected by the pH value. Based
on flotation experiments using CNCs, the trend of slightly improving

Table 2
Specific surface free energy components of water and air at 20 °C (van Oss et al., 2005).

Fluid γLW in mJ/m2 γ− in mJ/m2 γ+ in mJ/m2

Water 21.8 25.5 25.5
Air 0 0 0
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flotation recoveries of quartz at pH 9 compared to pH 5 is observed. The
decreased flotation response at lower pH value can be attributed to the
presence of more hydrated surface charges of CNCs preventing the
rapture of the interfacial water layer (Hartmann et al., 2016). In case of
conventional reagents, DDA lead to highest flotation recoveries and all
reagents demonstrated the opposite tendency of increasing flotation
recoveries with decreasing pH value. The pH dependence is in oppo-
sition to other studies using amines for the flotation of quartz which can
be attributed to the drying and re-suspension of the sample (Vidyadhar
and Hanumantha Rao, 2007; Fuerstenau, 2005). Accordingly, the ratio
of hydrated amines increases with decreasing pH value leading to
stronger electrostatic attraction between amines and quartz. Conse-
quently, the adsorption density of physisorbed collector molecules after
vacuum filtration is expected to be higher at lower pH due to the
stronger attraction between protonated amines and the quartz surface
(Hartmann et al., 2016; Bombarda and Ullmann, 2010). In general,
HAC and DDA lead to the highest flotation recoveries which represent
the potential of HAC to be used in flotation processes. The similar effect
of HAC and DDA, possessing different alkyl chain lengths, which are
fundamental for the hydrophobic behaviour of collector molecules
(Fuerstenau and Miller, 1967), is a noteworthy fact which is going to be
described with the help of the evaluation of the specific surface free
energy distribution of quartz and its change after reagent adsorption.

3.2. Surface free energy distribution

The components of the specific surface free energy of bare and
coated quartz surfaces are presented in individual graphs plotting the
specific surface free energy components as a function of the actual
surface coverage, i.e. the area of the total surface of quartz which is
covered by the injected probe molecules theoretically forming a
monolayer on the solid surface. The graphs in Fig. 3 show the dispersive
surface free energy (γdisp) distributions of quartz coated by CNCs and

conventional reagents.
In general, γdisp of quartz was significantly reduced after reagent

adsorption at low actual surface coverages. Consequently, reagents
were present on the quartz surface in any case and the obtained γdisp-
distributions of quartz ranged from 42 to 75 mJ/m2 at the lowest to 37
to 41 mJ/m2 at the highest actual surface coverages. The γdisp- dis-
tributions show an asymptotical course reaching the minimum at a
coverage between 5% and 10%. Accordingly, surface heterogeneities of
quartz are expected to possess higher γdisp than planar surface sites and
the strong reduction of γdisp indicates the occupation of high γdips- sites
through preferential adsorption of flotation reagents. The individual
distributions are reaching a constant value at low surface coverages
indicating a homogeneous wetting behaviour of the mineral surface.
The distributions for quartz coated with MAC show higher values for
γdisp at low coverages which might be explained by an incomplete
coverage of the high energy sites of the bare quartz surface. Further, the
samples conditioned at pH 5 possessed in general a lower γdisp com-
pared to samples conditioned at pH 9. A consistent explanation of this
cannot be derived from the presented results and requires a more de-
tailed evaluation of the number and morphology of adsorbed reagents.
The results obtained for γdisp- distributions are consistent with previous
γdisp- studies of cellulose (Gardner et al., 2008; Cordeiro et al., 2011), as
well as studies of minerals coated with collector molecules (Rudolph
and Hartmann, 2017).

The heterogeneity plots of the Lewis acid-base components (γ+/γ−)
of the surface free energy of pure and coated quartz are shown in Fig. 4.

The graphs show that the bare quartz surface sites have acidic and
basic functionalities of which the latter is dominant. The γ+/γ−- dis-
tributions of quartz are decreased with adsorption of both, CNC and
conventional reagents on quartz. Further, the graphs presented in this
figure exhibit a similar asymptotical course as the γdisp- distributions
and were independent on the pH value during conditioning. The basic
surface sites of quartz (γ−) can be considered as adsorption sites for

Fig. 2. Flotation recoveries of quartz using CNCs (left) and conventional reagents (right) at pH 5 and 9. Error bars represent upper and lower value of duplicate measurements.

Fig. 3. Plots of the dispersive surface free energy distribution of quartz (QRZ) coated with CNCs (left) and conventional reagents (right).
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amines and consequently the basic surface free energy is decreased after
the adsorption of reagents. The similarity of the γ−- distributions
reaching a constant value of approximately 3 mJ/m2 at 10% coverage
for both types of reagents indicates the occupation of the basic surface
sites of quartz through amine adsorption and the relatively weak in-
teraction between injected dichloromethane and reagent-coated quartz
surface. Interestingly, the basic γ− distribution of quartz coated with
MAC show higher values at low surface coverages which is consistent
with its γdisp- distribution supporting the assumption of an incomplete
coverage of high energy sites. Further, the acidic surface components of
quartz (γ+) were remarkably reduced through the occupation of high
energy sites by CNCs, while conventional reagents show a lower re-
duction. This can possibly be attributed to the more complex con-
stitution of CNCs which bear also electron donating groups in their
structure, such as aldehyde groups, interacting with acidic surface sites
of quartz making them non-accessible for the injected probe molecules
under dry conditions. Consequently, the γ+- distributions for CNC-
coated quartz are low resulting in a constant γ+- value at a surface
coverage of 10%. In contrast, conventional reagents have a lack of
electron donating groups in their structure and, consequently, reduce
the acidic free surface sites of quartz to a lower extent which might lead
to more heterogeneous surface wetting properties. The quantitative
comparison between γ+/γ−- and γdisp- distributions reveals that the
dispersive component of the specific surface free energy is much higher
than the Lewis acid-base components.

3.3. The net free energy of particle-bubble interactions

As mentioned in the introduction, the specific surface free energy
and its heterogeneity is the physical property of a solid surface de-
termining its wettability through different fluids. In regard to flotation
processes, water plays a dominant role and the mechanism of the par-
ticle-bubble attachment through hydrophobic interactions is still under
controversial discussion in the scientific community. The net free

energy of interaction, based on the components of the specific surface
free energies of minerals, is challenged to be applied to estimate the
flotability of minerals after reagent adsorption. In theory, the attach-
ment between a particle and a bubble is more favourable when the net
free energy of interaction is low. Accordingly, the net free energy of
interaction is indirectly proportional to the flotability of a mineral.

The following Fig. 5 shows the distributions of the net free energy of
interaction (ΔGpwb), based on the obtained results of the specific surface
free energy components investigated through iGC studies, as a function
of the actual particle surface coverage according to Eq. (8) and the data
of the specific surface free energies of air and water given in Table 2.

The reduction of ΔGpwb after reagent adsorption is shown for actual
coverages up to 20%. Especially at the lowest actual coverage, a sig-
nificant reduction of ΔGpwb was observed. In general, CNCs lead to a
slightly stronger reduction of ΔGpwb throughout the whole surface
coverage range compared to conventional reagents. Furthermore, the
distributions of ΔGpwb of quartz coated with CNCs are asymptotes
reaching their minimums at an actual coverage of 10% which may in-
dicate homogeneous wetting properties of the solid surface. In contrast,
quartz coated with conventional reagents exhibited a slight decrease of
ΔGpwb up to 20% surface coverage indicating a more heterogeneous
wetting behaviour. In any case, the pH during conditioning had no
effect on ΔGpwb. The ΔGpwb- distribution of quartz coated with MAC
show the lowest reduction which is attributed to the higher γdisp- and
γ−- distribution. Therefore, the results suggest an incomplete occupa-
tion of high surface energy sites of quartz through MAC.

3.4. Action of flotation reagents under dry and wet conditions

The net free energy of interaction between a solid particle and
bubble immersed in water (ΔGpwb) is challenged to correlate with the
flotability of quartz coated with CNCs or conventional reagents. The
most important effect on the occurrence of orthokinetic hetero-
coagulation has ΔGpwb which was described for low actual fractional

Fig. 4. Plots of the basic (up) and acidic (down) surface free energy distributions of quartz (QRZ) coated with CNCs (left) and conventional reagents (right).
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coverages of probe molecules. This is based on the assumption that
surface heterogeneities of particles, i.e. edges, corners, and pores, are
areas of the solid surface possessing higher free energies to interact with
adjacent phases than planar areas of the solid surface. These high en-
ergy sites are simultaneously adsorption sites for flotation reagents
leading to decreased ΔGpwb- values of the solid surface through their
occupation and balancing out. This is illustrated by positive ΔGpwb-
values between the pure surface of quartz and gas bubble immersed in
water at low actual coverages (see Fig. 5). After reagent adsorption,
ΔGpwb was reduced significantly, especially in case of adsorbed CNCs.
Although the bare quartz surface almost possessed a negative net free
energy of interaction over the complete actual coverage, the efficient
formation of a particle-bubble aggregate is hindered. The observation
that a slight negative net free energy of interaction is not sufficient
enough for a stable particle-bubble contact was recognized in earlier
studies (Holysz and Chibowski, 1992). A reason might be hydro-
dynamic turbulences (Ralston et al., 2002; Schubert, 1999) in context
with the insufficient spatial and temporal approach of the bubble to the
solid surface preventing the rupture of the wetting film through nu-
cleation (Sharma and Ruckenstein, 1990; Schulze et al., 2001;
Stöckelhuber et al., 2000). For the assessment, if ΔGpwb is a potential
parameter to estimate the flotability of minerals, Fig. 2 has to be put
into context with Fig. 5. By comparison, ΔGpwb cannot be logically re-
lated to the flotation recoveries of CNC-coated quartz because, either
the flotation recoveries of MAC and BAC were too low, or ΔGpwb of
MAC- and BAC-coated quartz is too low. Adequately, the same holds
true for AP and EDA. Consequently, the direct correlation of interac-
tions of gas molecules and solid surface sites under dry atmosphere and
particle-bubble interactions under aqueous conditions is not a
straightforward procedure for the system studied here. Therefore, the
distinction between gas-solid phase interaction under dry and aqueous
conditions may give further fundamental insights on the action of flo-
tation reagents. The action of adsorbed CNCs and conventional reagents
under dry atmosphere is presented in Fig. 6. Suppose that the reagents

adsorb on high energy sites of the quartz surface reducing the inter-
action between injected probe molecules and the quartz surface. Based
on that, the net speed of injected probe molecules is increased and si-
multaneously the net retention time of the injected probe molecules
decreased.

According to Fig. 5, the interaction between injected probe mole-
cules and the coated quartz surface leads to similar retention times
under dry conditions irrespectively to the length of the alkyl chain of
reagents. Consequently, assuming the complete occupation of high
energy sites through flotation reagents, the interaction forces between
injected probe molecules and adsorbed species is independent on the
alkyl chain length of the examined reagents. Further, the reduction or
spatial shielding of the solid surface free energy is equally effective for
both components, dispersive and Lewis acid-base (see Figs. 3 and 4).

After re-suspension of the dried quartz particles, several effects are
caused through the presence of water, which are visually summarized
in Fig. 7.

In case of conventional reagents, the actual surface coverage of the
solid phase by reagent molecules and their alkyl chain lengths are the
flotability determining parameters after adsorption. Consequently, the
first visualization a) in Fig. 7 shows the insufficient coverage of high
energy sites of the solid surface preserving the residence of particles in
water. After adsorption of further reagents on the solid phase effective
particle-bubble attachments occur as shown in b). This is proven by the
examined conventional reagents which exhibited lower γdisp – values
after conditioning at pH 5 than conditioning at pH 9 (see Fig. 3) in-
dicating a higher surface coverage of the collector molecules which lead
to higher flotation recoveries (see Fig. 2). A more detailed description of
the effects of alkyl chain length and concentration of flotation reagents
on the flotability of minerals is adequately reported elsewhere (Rudolph
and Hartmann, 2017; Fuerstenau and Miller, 1967; Vieira and Peres,
2007; Rahman et al., 2012). The visualizations c) and d) in Fig. 7 re-
present the efficacy of short and long alkyl chain CNCs, respectively.
The adsorption, degree of protonation, and orientation of CNCs on

Fig. 5. Plots of the net free energy of interaction between quartz (QRZ) coated with CNCs (left) and conventional reagents (right) and bubble immersed in water over the actual coverage
of the solid surface through injected molecules based on iGC measurements.

Fig. 6. Gas-solid interaction of a) the pure quartz surface, b) conventional reagent-coated quartz, and c) CNC-coated quartz during iGC measurements leading to a certain mean speeds
(vgas ) of the injected gas molecules within the column. Red marks represent high free energy sites; carrier gas molecules are not depicted.
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quartz is given elsewhere (Hartmann et al., 2016), however, the re-
sidence of CNCs on the mineral surface after re-suspension has to be
investigated in future. Nonetheless, in contrast to the spotty distribution
of adsorbed conventional reagents on the surface of quartz, the rela-
tively large size of CNCs compared to conventional reagents is expected
to lead to sufficient surface coverages at comparatively low con-
centrations. Consequently, the alkyl chain length of the amines has a
major effect on the flotability of minerals, thus MAC did not lead to a
particle-bubble attachment and HAC acted as collector. However, the
random distribution of functional groups throughout the whole CNC
structure and the ratio of amine groups present in protonated state has
to be considered for the evaluation of iGC and flotation results and their
correlation. Therefore, hydrated amine groups are expected to serve as
active centres for the physisorption of CNCs on quartz, but in contrast,
hydrated amine groups orientated to the aqueous solution attract water
molecules and thus might prevent the particle-bubble adhesion. Based
on previous studies on CNCs (Hartmann et al., 2016), the ratio of
protonated amines decreases with increasing alkyl chain length at
constant pH value. Further, all amine groups of HAC were deprotonated
at pH 9 while MAC still possessed a relatively high ratio of protonated
amines. Consequently, the correlation of iGC measurements to flotation
responses is complicated for the given system due to the absence of
hydrated amine groups under dry conditions. Therefore, further studies
need to be performed to examine more closely the effect of the specific
free surface charges of CNCs on the adsorption of quartz and subse-
quently on the interactions between a gas bubble and CNCs adsorbed on
a solid phase under aqueous conditions.

4. Conclusions

The reawakened interest in flotation processes as well as the de-
mand of environmental-friendly and thus sustainable chemicals en-
courages the understanding of the action of flotation reagents based on
their physicochemical properties. In this study, the effect of cellulose-
based and conventional reagents on the wetting properties of quartz,
after adsorption using iGC analysis and subsequent microflotation ex-
periments, was investigated accordingly to previous studies introducing
the net free energy of interaction and its correlation to the flotability of
minerals coated with collectors (Rudolph and Hartmann, 2017). The
iGC results revealed that all reagents reduced the surface free energy of
quartz sufficiently after adsorption on quartz during iGC measurements
irrespectively on the alkyl chain length of the tested reagents. Conse-
quently, the reduction of the interaction between injected probe mo-
lecules and the solid surface after adsorption of any reagent lead to
theoretically negative net free energies of interactions between particles
and bubbles immersed in water. However, microflotation experiments
proved that only HAC, as cellulose-based reagent, and DDA, as con-
ventional reagent, rendered the surface wetting properties of quartz
sufficiently hydrophobic to obtain high flotation recoveries.

Accordingly, the net free energy of interaction between particle and
bubble immersed in water, based on iGC analysis, did not in any case
correlate with the flotability of the minerals. These controversial results
clarified the necessity of strict distinction between the interaction be-
tween individual gas molecules and solid surface sites analysed through
iGC measurements and particle-bubble interactions in the presence of
water. The results encourage further investigation on the implication of
water on the solid surface energetics and the change of the free surface
energy components of minerals after adsorption of other reagents, such
as depressants.

Nonetheless, the high flotation recoveries of quartz using HAC as
flotation reagent demonstrated its potential to be employed as a pro-
mising, environmental-friendly and sustainable alternative to conven-
tional reagents in mineral processes. Furthermore, the different beha-
viour of adsorbed MAC, HAC, and hexyl-amine has to be highlighted.
The morphological properties of both nanocelluloses differ marginally
taking into account the much bigger size of the cellulose backbone
compared to the alkyl chain length of the amines. Nonetheless, the
wetting properties are significantly different for each CNC.
Simultaneously, the comparison of the action of pure hexyl-amine and
HAC exhibited that hexyl-amine acts as frother while HAC acts as col-
lector (Kowalczuk, 2015). The different effect of theoretically alike
molecules (hexyl group) - one bound to an amine group adsorbed on a
solid phase and the other bound to an amine group of the cellulose
backbone for its part adsorbed on the solid phase - interacting with an
air bubble immersed in water is an interesting finding demanding the
consideration and investigation of the spatial reduction of the free
surface free energy of solids in the future.
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