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Apart from being a resource for iron/steel production, the iron oxide minerals, goethite and hematite,
are used in the paint, cosmetics, and other industries as pigments. Surface characteristics of these
minerals have been studied extensively both in resource recovery by flotation and in the preparation
of colloidal dispersions. In this current research, the wetting characteristics of goethite (FeOOH) and
hematite (Fe2O3) have been analyzed by means of contact angle, bubble attachment time, and
Atomic Force Microscopy (AFM) measurements as well as by Molecular Dynamics Simulation (MDS).
Goethite is naturally hydroxylated and wetted by water at all pH values. In contrast, the anhydrous
hematite surface (001) was found to be slightly hydrophobic at natural pH values with a contact
angle of about 50�. At alkaline pH hydroxylation of the hematite surface occurs rapidly and the
hematite becomes hydrophilic. The wetting characteristics of the hematite surface then vary between
the hydrophobic anhydrous hematite and the completely hydrophilic hydroxylated hematite, similar to
goethite. The hydrophobicity can be restored by heating of the hydroxylated hematite surface at 60 �C.
The hydrophobic character of the anhydrous hematite (001) surface is confirmed by MDS which also
reveals that after hydrolysis the hematite (001) surface can be wetted by water, similar to the goethite
(001) surface.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Iron oxide minerals are among the most abundant minerals in
the earth’s crust. Commonly available iron oxide minerals are
magnetite (Fe3O4), hematite (Fe2O3), goethite (FeOOH), limonite
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(FeOOH�nH2O) and siderite (FeCO3). Magnetic separation is most
frequently used for the processing of iron ores containing
magnetite. However, flotation is used for most hematite/goethite
ores requiring concentration to satisfy specifications for pelletiza-
tion. Reverse flotation of silica from hematite is by far the most
common route for the processing of iron ore containing silica
gangue [1]. In reverse flotation of iron ore, quartz, the major impu-
rity, is floated using ether amines and the iron oxide minerals are
depressed, typically using polysaccharides such as starch, with
the process carried out at pH 10.5. It is usually effective for feed
varying from 10 lm to 150 lm in particle size. In Brazil more than
300 million tons of iron ore concentrate production per annum is
achieved using polysaccharides in the reverse flotation process to
remove silica gangue, while in the US the production is about
40 million tons annually.

According to authors’ best knowledge, measurement of captive
bubble contact angles for a natural hematite crystal have not been
reported, but contact angle measurements on iron ore samples
containing varying amounts of hematite, goethite, clay and quartz
have been reported using the capillary method [2]. Even the effect
of pH on the wettability of hematite and goethite has not been
reported in the literature. Hydroxylation of the hematite surface
at alkaline pH values has not been reported either, though it is
reported that goethite is the thermodynamically stable form of
ferric oxide in water [3].

In the present work, contact angle measurements were per-
formed at different pH values for hematite and goethite to reveal
the effect of pH on wettability. Molecular Dynamics Simulation
(MDS) has been used to determine water sessile drop contact
angles at various mineral surfaces [4] and was used in this
research to determine contact angles for hematite, goethite and
hydroxylated hematite surfaces. These contact angle measure-
ments for hematite were complemented by bubble attachment
time measurements. Atomic Force Microscopy (AFM) has been
used extensively for surface force measurements [5–14], and in
this work the wettability of hematite was also examined with
in-situ surface force measurements at the hematite surface for
different pH values. In these surface force measurements hema-
tite particles were used as a colloidal probe and surface forces
were measured between the hematite colloidal probe and the
001 hematite surface. This method is being reported for the first
time.

Due to the marked increase in computational capabilities in
recent years, MDS can be used to explore water/mineral interac-
tions at the molecular-level [15,16]. Compared to quantum
mechanical calculations, MDS has a greater capacity for studying
a system with a large number of atoms. Because of this remarkable
ability to simulate large systems, the contact angle of water nan-
odrops at solid surfaces can be determined by MDS [17]. In this
study, MDS contact angles of the hematite (001) surface, the
hydroxylated hematite (001) surface, and the goethite (001) sur-
face were determined and the results compared to the experimen-
tal measurements.

The significance of the results is important in the understanding
of existing flotation processes and in the design of new flotation
separations [18]. In addition to the significance of these findings
in the field of flotation chemistry, the results being reported are
important to the pigment industry, since dispersion of hematite
pigments will be influenced significantly by the wetting character-
istics of hematite. Pigment powders used in the paint industry
have to be properly dispersed in the aqueous solution, as disper-
sion of the suspension determines the quality of the paint. The final
paint should be stable on storage and should not agglomerate or
aggregate. Other applications include the preparation of compos-
ites and cosmetic products.
2. Experimental

2.1. Minerals and reagents

The specular hematite crystals for contact angle measurements
and AFM surface force measurements were obtained from ‘‘The
Iron Quadrangle,” Brazil. The quality of the high purity single crys-
tals was confirmed by XRD and EDAX analysis. Presence of peaks at
2h angles of 84.48� and 39.26� signify that the crystal surface rep-
resents the (001) plane of hematite as described in the literature
[19]. The (001) crystal surface of hematite was polished with a
nylon polishing cloth purchased from Buehler using a DiaDuo-2
water based 1-lm diamond suspension obtained from Struers
(Ballerup, Denmark). Natural smooth crystals obtained from the
same source were used for AFM force measurements. The rms
roughness of the 001 crystal surface used for force measurements
was found to be around 2.69 nm.

Pulverized hematite samples used for bubble attachment time
measurements were obtained from Orrisa, India, and the particle
size used for bubble attachment time measurements was
106 � 75 lm.

Samples for zeta potential measurements were obtained by
crushing and pulverizing the Brazilian crystals and the particle size
used was minus 65 lm. Dry as well as wet screening was done to
obtain the samples of 106 � 75 lm for bubble attachment time
measurements and minus 65 lm for zeta potential measurements.

The goethite ‘‘needle ore” crystal sample used for contact angle
measurements was obtained from Cary Mine, Ironwood, Gogebic
County, Michigan. The crystal was polished by the same method
used for hematite. The ground goethite samples for bubble attach-
ment time measurements and zeta potential measurements were
obtained by crushing and pulverization. The quality of the crystals
was confirmed by XRD and EDAX analysis.

Sodium hydroxide (NaOH) and hydrochloric acid (HCl) obtained
from Sigma-Aldrich were used to adjust the pH. Potassium chloride
(KCl), also obtained from Sigma-Aldrich, was used as the elec-
trolyte background in force measurements. DI water was obtained
from a Millipore system in the laboratory with specific conduc-
tance of 18 MX cm.
2.2. Captive bubble contact angle

Both hematite and goethite samples were cleaned with acetone,
ethanol, ample amounts of DI water and dried with ultra-pure
nitrogen before measurements. The hematite sample was oven
dried at 60 �C for 25 min and then cooled for half an hour open
to the atmosphere before each contact angle measurement. The
distance between the needle and the sample was kept constant
for each captive bubble contact angle measurement. All the mea-
surements were done in 0.001 M KCl solution and pH was adjusted
by adding the desired amount of HCl or NaOH solution. Before
every contact angle measurement, the sample was conditioned in
respective pH solutions for 15 min and measurement was done
in the same solution. At least 20 contact angle measurements were
obtained for each pH at different locations and they were averaged
to obtain the reported contact angle value for each pH. Variation in
contact angle measurements was ±10�.
2.3. Bubble attachment time measurements

Bubble attachment time measurements were done using an
MCT 100 electronic induction timer instrument. The particle bed
was prepared in a cuvette of 1 cm � 1 cm � 2 cm and the particles
were conditioned for 20 min in the same vial before taking each
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reading. Each experiment was conducted with a constant bubble
diameter of 1 mm with a constant gap between the bubble and
particle bed. Ten runs were performed for each condition, and
the number of successful attachments was reported as an attach-
ment ratio. To qualify as a successful attachment, the system was
tapped gently to assure that attachment had occurred by film rup-
ture and displacement. Further details on the method are given
elsewhere [20–22].

2.4. Zeta potential measurements

The electrophoresis method was used for zeta potential mea-
surements for goethite and hematite particles and was performed
as a function of pH using PALS Zeta Potential Analyzer from Broo-
khaven Instrument Corp. For each experiment 80 mg of goethite
and hematite samples of respective sizes were added to 80 ml of
0.001 M KCl solution in a beaker and the mixture was allowed to
stir for 30 min. From the beaker, while stirring, 10 ml of suspension
was transferred to each of 8 vials using a pipette. Solutions of 0.1 M
HCl and 0.1 M NaOHwere used to adjust the pH of the suspensions.
Every vial was kept in the shaker at a speed of 250 RPM for another
15 min before taking electrophoretic mobility measurements. At
least 20 measurements were done and the average value reported.

2.5. Atomic force measurements

The AFM system used for surface force measurements was a
Nanoscope V controller, a PF scanner from Veeco and a liquid cell
obtained from Bruker Corporation, Santa Barbara, CA. The colloidal
probe technique was used for surface force measurements. Tipless
silicon cantilevers were obtained from Mikromasch. Hematite par-
ticles of around 15 lm in size were picked using a clean tungsten
wire attached to a micromanipulator. The hematite particle was
attached at the apex of the cantilever using ‘‘Norland Optical Adhe-
sive.” The adhesive was also applied at the apex of the cantilever
using the tungsten wire, before attaching the hematite particle.
The adhesive was then hardened by keeping it under a UV source.
Two different colloidal probes were prepared with two different
configurations of the hematite particle on the cantilever. In one
case, the hematite probe particle was glued in a way that contact
would be with the (001) crystal face, while in the other case the
hematite probe particle was oriented so that the (100) crystal sur-
face would contact the surface as shown in Fig. 1.

Scanning electron microscopy was used to make sure that there
was no contamination of glue on the attached hematite probe par-
ticle surface. The hematite probe particle size was also measured
from the scanning electron microscope image. Both particles had
an approximate size of 15 lm. The spring constant for the
Fig. 1. SEM micrographs of hematite colloida
cantilever was measured using the thermal tune method provided
with the instrument and was used for data analysis. In order to
measure the surface forces between the flat hematite crystal
(001) surface and the hematite probe particle, both probes as well
as the crystal surface were cleaned by the procedure described in
previous sections. In order to prevent any possible degradation of
glue, the probe was oven dried at 40 �C for 2 h. Measurements
were performed in 0.001 M KCl solution with varying pH values.
Before each force measurement, 25 lm2 of surface was imaged in
contact mode in order to determine the surface-probe interaction.
Desired flat surface positions were then selected for force measure-
ments where at least 5 force measurements were conducted for
each point. One of the representative points was picked and the
average value of the 5 measurements was calculated for subse-
quent analysis. The raw data were analyzed using ‘‘Scanning Probe
Image Processor (SPIP)” software which converted the deflection
curves to force curves. The hematite crystal and probe were
immersed in the specified pH solution in the liquid cell for at least
20 min for equilibration of the system before any imaging or force
measurements were made.

In order to correlate force curves between the hematite crystal
(001) surface and the hematite probe with a reference, force
measurements at the hematite crystal (001) surface were also
performed using a Diamond-Like Carbon (DLC) tip, which is
naturally hydrophobic. The DLC cantilevers were obtained from
Budget Sensors, sold under the name ‘‘ContDLC.” The point of zero
charge for DLC tips has been reported to be at pH � 4 [23].

2.6. Molecular dynamics simulation

Amber, an MDS program, was used to simulate water drop
spreading at the hematite (001) and goethite (001) surfaces. In
the Amber program, this total energy is expected to include the
Coulombic (electrostatic) interactions, the short-range interactions
(van der Waals energy term), and the bonded interactions. The
bonded terms include the bond stretch and angle bend energy
terms that are represented in the water models as harmonic terms.
The Coulombic energy is represented by Eq. (1) in which the
energy of the interaction is inversely proportional to the distance
of separation rij. The terms qi and qj are partial charges for atoms
i and j. The term e is the charge of an electron, and �0 is the dielec-
tric permittivity of a vacuum (8.85419 � 10�12 F/m).

ECoulombic ¼ e2

4p�0

X
i–j

qiqj

rij
ð1Þ

The van der Waals energy term, represented by the conven-
tional Lennard-Jones (12-6) function, includes the short-range
repulsion associated with the increase in energy as two atoms
l probes showing 001 and 100 surfaces.



Fig. 2. Captive bubble contact angle for the (001) specular hematite surface and
goethite surface with variation of solution pH (0.001 M KCl).
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approach each other and the attractive dispersion energy. The term
eij is the depth of the potential well, and rm,ij is the distance at
which the potential reaches its minimum.

EVDW ¼
X
i–j

eij
rm;ij

rij

� �12

� rm;ij

rij

� �6
" #

ð2Þ

The interaction parameters between unlike atoms are calculated
according to the arithmetic mean rule for the distance parameter,
rm, and the geometric mean rule for the energy parameter, e:

rm;ij ¼ 1
2ðrm;i þ rm;jÞ ð3Þ

eij ¼
ffiffiffiffiffiffiffi
eiej

p ð4Þ
The rigid SPC/E water model has the closest average configura-

tional energy to the experimental value (�41.5 kJ mol�1) [24,25].
Thus, we selected the SPC/E water model for exploring the sessile
drop wettability of the hematite (001) and goethite (001) surfaces.
The Lennard-Jones parameters rm, e and atomic partial charge q for
the Fe, O, and H atoms of the hematite and goethite crystals are
from CLAYFF [26].

To measure the MDS sessile drop contact angle of water at the
hematite (001) and goethite (001) surfaces, a water drop contain-
ing 1270 water molecules was put on the surface at the bottom
of a simulation periodic box. According to a previous MDS study
[4], in the size range from 850 to 1700 water molecules, drop size
doesn’t have much effect on the sessile drop contact angle deter-
mined by MDS. In order to remove the periodic images of the drop
in measuring the simulated contact angle, the surface needed to
have sufficient area. In our study, the horizontal extent of the
hematite (001) and goethite (001) surfaces used for simulated con-
tact angles was about 150 Å � 150 Å. These large surfaces were
built based on the lattice parameters from the American Mineral-
ogist Crystal Structure Database [27]. A previous Scanning Tunnel-
ing Microscope (STM) study revealed that iron atoms were not
found at the hematite (001) surface [28]. Thus, in the MD simula-
tions, the hematite (001) surface was reconstructed to mimic the
STM experimental observation.

A relatively small hydroxylated hematite (001) surface unit
(10 Å � 10 Å) was prepared by quantum chemical calculation using
the QUICKSTEP module of the CP2K packages. The input was a
water molecule on top of the hematite (001) surface. After energy
minimization, the water molecule reacted with the iron and oxy-
gen atoms at the hematite (001) surface and produced two hydrox-
ide anions, i.e. hydrolysis of the hematite (001) surface. Then the
10 Å � 10 Å unit of the hydroxylated hematite (001) surface was
expanded to prepare the large surface for MDS contact angle mea-
surement. The vertical extent of the periodic simulation boxes was
set at 150 Å to avoid the influence of periodic conditions on the
water drops. One water molecule in this periodic volume of about
3.0 � 106 Å3 would provide a saturated atmosphere, so the water
drop is stable under these conditions.

Because of the large number of atoms (about 50,000) in these
simulations, we used a total simulation time of 1 ns (1 � 106 steps
each of 1 fs), including a 500 ps equilibration period and another
500 ps analysis period. The contact angles were measured on an
average for the second 500 ps. The canonical ensemble (NVT)
was used for the MD simulations of interfacial water molecules
at the selected mineral surfaces, in which case the amount (N),
volume (V) and temperature (T) are conserved. The simulation
temperature was set as 298 K.

2.7. Scanning electron microscopy

A Hitachi S-4800 high resolution field emission scanning
electron microscope was used to analyze the hematite probe.
Comparing the crystal structure of the hematite and the probes
used for force measurements it is expected that one probe repre-
sents the (001) crystal face of hematite and the other probe repre-
sents the (100) face of hematite. As expected, the surface of the
hematite crystal was found to be the (001) surface as established
by X-ray diffraction results. The horizontal as well as vertical
images of the tip suggest that there is no contamination from glue
on the hematite colloidal probe particle.
3. Results and discussion

Oxide minerals are generally thought to be hydrophilic and well
wetted by water. However, complete wetting, as shown from
recent studies, depends on hydroxylation of the mineral surface
in order to provide H-bonding sites for interfacial water molecules.
In some cases, it seems that hydroxylation is rapid and the oxide
surfaces are wetted by water within minutes. In other cases, the
reaction with water is slow and the time for hydroxylation/wetting
is extended to days [29,30].
3.1. Captive bubble contact angle

Contact angle measurements for the specular hematite and
goethite surfaces were done in 0.001 M KCL solutions at different
pH values. The (001) surface of hematite was found to be naturally
hydrophobic with a captive bubble contact angle of about 50� at
natural pH, as shown in Fig. 2. Experimental results also suggest
that hematite remains hydrophobic at acidic pH values but
becomes strongly hydrophilic at basic pH values with an experi-
mental contact angle of 0� (Fig. 2). It is observed that hematite
loses its hydrophobicity when kept at basic pH apparently due to
hydroxylation of the surface. It should be noted that slow hydrox-
ylation of the hematite surface takes place even at natural pH with
the contact angle being reduced to about 20�within 24 h. Goethite,
which is representative of the fully hydroxylated state of hematite,
has an experimental contact angle of 0� at all pH values (Fig. 2).
Hydroxylation of the hematite surface is expected because at basic
pH, goethite is thermodynamically more stable than hematite. It is
observed that hydroxylation of the hematite surface is reversible
and the initial hydrophobic state can be achieved. The reversibility
of the hydroxylation reaction was examined. After measuring the
contact angles on hematite at pH 11 and transferring the sample
to another solution of pH 5.3 for another measurement, the hema-
tite sample still showed a contact angle of 0�. The, hematite
achieved its initial hydrophobic state after washing and heating
for 25 min at 60�. The results show that the initial hydrophobic
state for the (001) crystal surface of hematite at pH 5.3 can be
restored and that the surface hydrolysis reaction is reversible.



Table 1
MDS sessile drop contact angles for the reorganized anhydrous hematite (001)
surface, hydroxylated hematite (001) surface, and the goethite (001) surface.

Mineral surface Chemical
formula

MDS contact
angle (deg)

Hematite (001) surface Fe2O3 60
Hydroxylated hematite (001) surface Bulk: Fe2O3

Surface: FeOOH
10

Goethite (001) surface FeOOH 10
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3.2. Sessile drop MDS contact angle results

As mentioned in the experimental section, the hematite (001)
surface can be organized to conform to a surface state revealed
by STM results reported in the literature [28]. Thus, the hematite
(001) surface consists of exposed oxygen atoms. Quantum calcula-
tions using the QUICKSTEP module of the CP2K packages confirm
that the re-organized hematite (001) surface (oxygen atoms
exposed) is stable with lower energy than the ideal hematite
(001) surface (iron atoms exposed).

Snapshots of the nanoscale water drop spreading at the hema-
tite (001) surface, hydroxylated hematite (001) surface, and
goethite (001) surface are shown in Fig. 3. MDS sessile drop contact
angles of the selected surfaces are listed in Table 1. MDS analysis of
this re-organized hematite surface confirms the hydrophobic state
in accordance with the experimental captive bubble contact
angle measurements. The water drop spreads very well at the
Fig. 3. Snapshot of a water drop containing 1270 water molecules spreading at the reorg
(middle), and the goethite (001) surface (bottom). The simulation time is 0.5 ns. The ato
hydroxylated hematite surface and at the goethite surface, which
is also consistent with experimental results. The hydroxide groups
at the hydroxylated hematite surface and at the goethite surface
are hydrogen bonding accepters or donors. The interfacial water
molecules should have strong interactions, such as hydrogen bond-
ing, with the hematite (001) surface and goethite (001) surface. As
anized anhydrous hematite (001) surface (top), hydroxylated hematite (001) surface
ms’ color code is as follows: green, Fe; red, O; white, H.
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a result, the hematite surface and goethite surface can be wetted
by water. On the other hand, the oxygen atoms exposed at the
reorganized hematite (001) surface in the absence of hydroxylation
have covalent bonds with the iron atoms from the bulk crystal and
have been satisfied, so there are no hydrogen bonding accepters or
donors at the reorganized anhydrous hematite surface. Similar
phenomena have been observed for other systems such as talc
and kaolinite [16,31]. Future MDS study of the interfacial water
structures at the reorganized anhydrous hematite (001) surface,
the hydroxylated hematite (001) surface, and the goethite (001)
surface will provide further molecular-level information.

3.3. Bubble attachment time measurements

Qualitative analysis of bubble attachment time measurements
for hematite particles of size 106 � 75 lm was done at different
pH values in 0.001 M KCl solutions. Bubble attachment time for
hematite particles at pH 5.5 was 40 ms and no attachment took
place at pH 10.5. The contact time of the bubble with the particle
bed varied from 10 ms to 150 ms for all cases.

3.4. Zeta potential measurements

The electrophoresis technique was used to measure the zeta
potential for hematite as well as for goethite. The point of zero
charge (PZC) for hematite was found to be �pH 6.2 and for goethite
the PZC was found to be �pH 5 (Fig. 4). These PZC values for nat-
ural hematite and goethite agree well with values reported in the
literature [32,33]. These values suggest that charging hematite or
goethite surfaces doesn’t have a significant effect on the contact
angle. At pH 4 the positively charged hematite has a captive bubble
contact angle of 51� whereas goethite has a contact angle of 0� at
pH 5.5, approximately the point of zero charge for goethite.

3.5. AFM surface force measurements

Results from surface force measurements between the hematite
probes (both orientations) and the hematite crystal (001) surface at
different pH values are presented in this section to further under-
stand the surface characteristics of hematite. Two different col-
loidal probes were prepared with two different orientations of
the hematite particle on the cantilever. One of the particles was
glued in a way that the hematite particle could touch the surface
with its (001) crystal face, while the other colloidal probe hematite
particle approached the hematite crystal (001) surface with the
(100) surface as shown earlier in the experimental section
(Fig. 1). Hence, in one case we expect that force measurements
Fig. 4. Zeta potential variation of hematite and goethite with solution pH in
0.001 M KCl.
are between the hematite crystal (001) surface and the hematite
probe (001) surface. In the other case we expect that force mea-
surements are between the hematite crystal (001) surface and
the hematite probe (100) surface. The hematite crystal used for
AFM force measurements had an rms roughness of 2.69 nm.

Force curves between the hematite probe (001) and the hema-
tite crystal (001) surface (Fig. 5a and b) are presented with mea-
surements done at pH 2.7 and 5.5 in 0.001 M KCl solution. The
curves show the sudden occurrence of an attractive force at a dis-
tance of around 40–50 nm. This attraction is much stronger and of
longer range than van der Waals forces alone, which are much
weaker and not long range forces. Hence, we conclude the presence
of the hydrophobic force at this pH, confirming that hematite is
slightly hydrophobic at these pH values as has been suggested by
contact angle and bubble attachment time measurements as well
as MDS results. These attractive forces may be due to the presence
of nano bubbles present at such hydrophobic surfaces. As sug-
gested in the literature, when two hydrophobic surfaces are
brought close to each other, capillary bridging between these nano
bubbles takes place leading to attraction which can be considered
to be an explanation for hydrophobic interactions [34–41]. One
more observation that can be made from Fig. 5a and b is the occur-
rence of a slight repulsive force just before a stronger attractive
force is observed. It is expected that this repulsive force is the con-
sequence of compression of the nano bubbles taking place just
before the drainage/bridging coalescence occurs which leads to
attractive forces. Similar kinds of attractive forces were observed
in the case of force curves obtained between the hematite probe
(100) and the hematite crystal (001) surface (Fig. 5a and b). Double
layer repulsive forces at these distances cannot be ignored but they
are greatly overshadowed by stronger attractive hydrophobic
forces. Variability in the distance of the attractive forces is
expected as different positions on the surface will have different
sizes and occurrence of nano bubbles [34].

Force curves between the hematite probe (001) and the hema-
tite crystal (001) surface are presented in Fig. 5c with measure-
ments done at pH 10.5. Occurrence of just repulsive forces in this
case suggests that there is no bridging of nano bubbles. This indi-
cates that at alkaline pH, hydroxylation of the hematite surface
occurs rapidly and the hematite becomes hydrophilic. Similar
results were obtained from force curves between the hematite
probe (100) and the hematite crystal (001) surface, confirming
the contact angle results from experimental measurements and
MDS simulations (Fig. 5c).

As suggested earlier, hydroxylation of the hematite surface is
reversible and the initial hydrophobic state can be restored by
washing and heating the sample in an oven at 60� for 25 min,
which apparently dehydrates the surface. This observation was
also confirmed by performing two sets of experiments. First, force
measurements were performed between the hematite probe and
the hematite crystal (001) surface at pH 5.5, just after the sample
was removed from the 0.001 M KCl (pH 10.5) with conditioning
time being 20 min before removal. The second experiment was
performed between the hematite probe and the crystal surface at
pH 5.5 after removal from 20 min conditioning of 0.001 KCl (pH
10.5), washing them as described previously, and heating them
as before. The first experiment showed a repulsive force (Fig. 5d)
weaker than that obtained in the case of force measurements done
at pH 10.5. The repulsive force in this case was not as repulsive as
was obtained in Fig. 5c. This suggests that the hematite retains
some hydrophilicity at natural pH even after it is removed from
the alkaline pH solution. Under these conditions it appears that
partial restoration of the anhydrous hematite surface is achieved.
The second set of force measurement experiments, in which the
hematite crystal (001) surface as well as the probes were washed
and heated after being kept in alkaline solution, showed attractive



Fig. 5. (a) Force curve showing attraction for hematite probes (001 and 100) and hematite crystal (001) surface at pH 2.7. (b) Force curve showing attraction for hematite
probes (001 and 100) and hematite crystal (001) surface at pH 5.5. (c) Force curve showing repulsion for hematite probes (001 and 100) and hematite crystal (001) surface at
pH 10.5. (d) Force curve showing repulsion for hematite probes (001 and 100) and hematite crystal (001) surface at pH 5.5 just after removal from alkaline medium indicating
that hematite restores the hydrophilicity even after removal from alkaline pH. (e) Force curve showing attraction for hematite probes (001 and 100) and hematite crystal
(001) surface at pH 5.5 after removal from alkaline medium and heating indicating that the initial surface state of hematite could be restored by heating. (f) Force curve
showing forces between the hydrophobic DLC tip and the hematite crystal (001) surface at pH 5.5 and 10.5.
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forces (Fig. 5e) at a 40–50 nm separation distance similar to that
obtained when force measurements were done at pH 5.5 and 2.7.
These results suggest that the hydroxylation reaction is reversible
and the initial surface state can be restored by washing and heat-
ing, which apparently dehydroxylates the surface.

The variation in polarity and the degree of hydrophobicity of
the hematite crystal (001) surface was also confirmed by doing
force measurements using a hydrophobic Diamond-Like Carbon
(DLC) tip. The charging behavior of the DLC tip was found to have
an iso electronic point at pH 4 [23]. AFM force measurements done
at pH 5.5 between the DLC tip and the hematite crystal (001) sur-
face showed a strong long range attractive force (Fig. 5f) similar to
that obtained during force measurements between the hematite
probe and the hematite crystal (001) surface. These results support
the hematite probe measurements and analysis. Similar AFM force
measurements were performed between the DLC tip and the
hematite crystal (001) surface at pH 10.5 (Fig. 5f). The repulsive
forces observed demonstrate that the (001) hematite surface is
no longer hydrophobic in alkaline solution and that hydroxylation
of the hematite surface takes place under these conditions.
4. Summary and conclusions

Our results have provided important information not previously
reported and define conditions for wetting of the hematite surface.
Improved understanding of the wetting characteristics of hematite
has been contributed. First, the research demonstrates the utility of
MDS and AFM in the wetting analysis of hematite surfaces. Second,
the significance of hydroxylation in the wetting of the hematite
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surface has been established. Third, sensitivity to pH and hydra-
tion/hydroxylation time has been described for hematite with
respect to reversibility and the sensitive nature of the hydropho-
bic/hydrophilic balance of the hematite surface state.

The AFM colloidal probe technique for surface force measure-
ments has been used to help explain the wetting characteristics
of hematite and represents a unique application of AFM for
advances in colloid chemistry.

In conclusion, results from this research have helped to describe
the surface properties of hematite. It has been found that the (001)
hematite surface is hydrophobic at natural pH (h = 50�) but imme-
diately becomes hydrophilic and is well wetted in alkaline solution
(h = 0�) due to a surface hydroxylation reaction.

Nanoscale MDS sessile drop contact angles confirm the experi-
mental captive bubble contact angle measurements. The lack of H
bonding of interfacial water molecules at the anhydrous (001)
hematite surface accounts for its hydrophobicity. In contrast, rela-
tively strong H bonding interactions between the interfacial water
molecules and both the hydroxylated hematite (001) surface and
the goethite (001) surface account for their hydrophilic character.
Based on zeta potential measurements, the charging behavior of
hematite and goethite has little effect on the wetting characteris-
tics of the surfaces.

AFM results also demonstrate the same trend as experimental
captive bubble contact angle measurements. Strong long range
attractive hydrophobic forces at pH 5.5 and pH 2.7 reveal that
the surface is hydrophobic at acidic and natural pH values. In con-
trast, presence of only repulsive forces at alkaline pH values sug-
gests that surface hydroxylation takes place at this pH making
the surface hydrophilic and well wetted by water.

Evidence has been provided indicating that hematite retains its
hydrophilicity even after removal from the alkaline medium, and
that the initial hydrophobic surface state could only be restored
by drying at a modest temperature which leads to dehydroxylation
of the surface.

These results are of significant importance to the mining, pig-
ment, paint and battery industries.

In reverse flotation of iron ore, quartz, the major impurity, is
floated using ether amines and the iron oxide minerals are
depressed, typically using polysaccharides such as starch. Reverse
flotation of iron ore is usually carried out at pH 10.5. In this regard,
the role of polysaccharides in reverse flotation is considered since
hematite is already hydrophilic at the alkaline pH in which reverse
flotation is usually carried out. This surface chemistry study is a
step forward in understanding reverse flotation in the processing
of iron ore [42–44]. In view of the results from the current
research, it seems that the purpose of polysaccharides is to prevent
amine adsorption by hematite and its flotation with quartz. In this
regard, further study of the competitive adsorption between
polysaccharides and amines at the hematite surface is planned.

The surface properties of hematite established in our paper can
help in deriving better chemistry for dispersion of hematite based
pigments at different pH values [45,46]. Such wetting information
could be of significant importance in the preparation of certain
solid state electrolytes/electrodes for the development of advanced
battery technology [47,48].
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