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Abstract: Anisotropic surface broken bond densities of six different surfaces of calcite and three surfaces of fluorite were calculated.
In terms of the calculated results, the commonly exposed surfaces of the two minerals were predicted and the relations between
surface broken bonds densities and surface energies were analyzed. Then the anisotropic wettability of the commonly exposed
surfaces was studied by means of contact angle measurement. The calculation results show that the (1014), (2134) and
(0118) surfaces for calcite and (111) for fluorite are the most commonly exposed surfaces and there is a good rectilinear relation
between surface broken bond density and surface energy with correlation of determination (R?) of 0.9613 and 0.9969, respectively.
The anisotropic wettability of different surfaces after immersing in distilled water and sodium oleate solutions at different
concentrations can be explained by anisotropic surface broken bond densities and active Ca sites densities, respectively.
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1 Introduction

Anisotropic surface chemistry of solids has been
actively studied in many research fields including bionic
engineering [1], micro- or nano-scale surface materials
[2-3] and pharmaceuticals in recent years [4]. The
research results of the anisotropic wettability or wetting
phenomenon of surfaces with different micro- and
nano-structures provided theoretical evidence for
controlling the anisotropic wettability and the design of
materials and devices with anisotropic wetting surface in
microfluidics, micro- or nano-optics, antifouling, and so
forth.

Flotation is a surface-chemistry based process for
the separation of fine solids that takes advantage of the
differences in wettability at the solid particle surfaces.
The flotation separation of calcium minerals from each
other is an important area of separation science in the
field of mineral processing. Because most of calcium
minerals, such as fluorite (CaF,), calcite (CaCOj3), and
scheelite (CaWOQ,), occur in nature in association with
each other and possess very similar surface properties
and semisoluble nature [5], the separation of them from

each other is still a worldwide challenging problem to
date. Calcite and fluorite are two of the most common
calcium minerals and they show a remarkable variety of
forms [6], particularly calcite crystals, and hence several
anisotropic exposed  surfaces  with  different
physicochemical characteristics. Earlier studies on the
adsorption of molecular waters on different calcite
surfaces employing atomistic simulation technique by
LEEUW and PARKER [7] indicated that these hydrated
surface structures and hydration energies exhibited
anisotropy. It was also reported by PRADIP et al [8] that
the interactions of alkyl hydroxamates with three
different fluorite surfaces are anisotropic. However, few
experimental results have been reported on the
anisotropy of surface properties of calcium minerals to
date. Since the challenge for flotation separation is that
the separation has to be based on subtle differences on
the anisotropic exposed surfaces amongst various
minerals, the study of anisotropic surface chemistry
through both molecular modeling computations and
experimental tests may be of great importance in the
flotation separation of Ca-bearing minerals.

The anisotropic densities of surface broken bonds
were calculated to predict the most commonly exposed
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surfaces of the morphologies of calcite and fluorite
crystals in the current work. These commonly exposed
surfaces were carefully selected or cleaved from pure
crystal samples to study the anisotropic wetting behavior
of water or sodium oleate at them through contact angle
experiments. This work has two aims: 1) To establish the
validity and suitability of the calculation of surface
broken bonds densities for predicting the most
commonly exposed surfaces of the calcite and fluorite
crystals; 2) To study the anisotropic wetting behavior of
water and oleate on different calcite and fluorite surfaces
and establish the link between anisotropic wetting
behavior and surface chemistry.

2 Experimental

2.1 Calculation method

The unit cells of calcite and fluorite were built
employing the software of Material Studio, and the
lattice parameters required for this work can be found in
Ref. [9]. Then, a range of surfaces were created and the
density of interplanar bonds broken for the creation of a
certain surface was calculated according to the following
formula:

Db:Nb/S ( 1 )

where Dy and N, represent the surface broken bond
density (number of broken bonds per surface unit area)
and broken bonds number per surface unit cell on a
certain surface, respectively; S is the unit area of the
surface. It should be pointed out that the carbonate
groups act as poly-anions, and these groups are kept
intact when the calcite surfaces are created.

2.2 Pure crystal samples

Pure calcite and fluorite crystals were purchased
from Changsha Mineral and Gem Market and used for
contact angle measurements. The commonly exposed
cleavage and crystal surfaces were carefully selected or
cleaved to avoid cracks and inclusions. And then the
selected crystals were embedded in resin and exposed the
desired surfaces for further grinding and polishing. The
crystallographic orientations of calcite and fluorite
crystals were confirmed by single crystal X-ray
diffraction analysis, polarizing microscope or/and crystal
habit.

2.3 Reagents

Analytical grade sodium oleate was purchased from
Tianjin Guangfu Fine Chemical Research Institute and
used for contact angle measurements. For pH adjustment,
dilute solutions of HCI and NaOH were employed. High
purity water produced by atomic adsorption-type
ultrapure water systems (manufactured by Lead R&D)

was used for all experiments. The resistivity of water
was more than 18 MQ-cm.

2.4 Grinding and polishing materials

The metallographic specimen polishing machine
PG-1A, from Shanghai Metallurgical Equipment
Company Ltd., was used for grinding and polishing of
the calcite and fluorite crystals. The grinding materials
(diamond grinding disks of roughness 90, 38, 18, 6.5 and
2.5 pum), polishing materials (alumina powders of 1.0,
0.5, and 0.05 um and Selected Silk cloth) were obtained
from Xinhui (Changsha) Technology Co., Ltd.

2.5 Contact angle measurements

Wettability characteristics of minerals have a
substantial influence on the efficiency of processing
methods such as agglomeration, aggregation and froth
flotation [10]. The contact angle is a very common
measure of the wettability of a solid surface. Contact
angle measurement was done with Digidrop goniometer
from GBX (France) using sessile-drop technique at room
temperature of 20 °C, with an accuracy of +1.5°. The
desired exposed surface was ground by diamond
grinding disks of roughness 90, 38, 18, 6.5 and 2.5 pum in
series to obtain a flat surface. After grinding, the surface
was successively polished with 1.0, 0.5, and 0.05 pm
alumina powder solution on a “selected Silk” polishing
cloth.

For the study of wetting by water, a prepared
sample surface was immersed in water or surfactant
solution under agitation for 20 min. Next, the sample was
gently washed with distilled water and vacuum dried at
50 ‘C for 10 min. A water drop of about 3.5 pL was
placed on the sample surface, and the readings of contact
angles were taken automatically on the left and right
sides of the water droplet profile by computer software.

The sample surface was large enough for 4-6
contact angle measurements. After the measurement, the
sample surface was cleaned with water, acetone, and
water again, and then was polished again using 0.05 pm
alumina powder to restore a fresh surface before each
experiment.

3 Results and discussion

3.1 Crystal structures of calcite and fluorite

Calcite has a trigonal crystal structure with space
group R3¢ with @;=0.4988 nm, ¢=1.7061 nm,
0=(=90° and y=120°. The calcium ions are sixfold
coordinated to one oxygen each of six surrounding
carbonate groups at Ca—O distance of 0.236 nm. The
carbon atoms are threefold coordinated to three oxygen
atoms at C—O distance of 0.128 nm. It is noteworthy
that (1014),(2134)and (01 18) surfaces of hexagonal
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unit cell of calcite are the same as(1011), (2131)and
(0112) surfaces of obtuse thombohedron unit cell which
was used traditionally and habitually in mineralogy.

Fluorite has a cubic crystal structure with space
group Fm3m with a=b=c=0.5463 nm and a=f=y=90°.
The calcium ions are eightfold coordinated to eight
surrounding fluorine ions at Ca—F distance of 0.237 nm.
The fluorine ions are tetrahedrally coordinated to
calcium ions.

3.2 Relations between surface broken bond density
and cleavage property of calcite and fluorite
crystals
It is well established that mineral crystal has the

tendency to split along definite crystallographic

structural surfaces in the presence of external stress. The
property of split of mineral crystal to smooth surfaces is
called cleavage and the smooth surface is known as
cleavage plane which is generally in parallel to surfaces
with a large interlayer spacing or/and stoichiometry and
charge neutrality and is generated along the direction of
the weakest strength of chemical bonds between two
layers [6]. COOPER and LEEUW [11] held that when
the mineral particles are crushed in the first stages of
flotation process, the minerals will mainly cleave along
surfaces that have large interplanar spacings and few
interplanar bonds. That is, as for a certain crystal surface,
the higher the density of surface broken bonds is, the
greater the bonding strength with adjacent surface is, and
accordingly the more difficult it is for cleavage to
generate between these surface layers, and vice versa.
From Table 1, for calcite, the density of surface

Table 1 Calculation of broken bond population of calcite and
fluorite surfaces

Formula of
unit area (5)

5= 0.4988%0.4988x

Mineral Surface S/nm?> N, Dy/nm >

(0001) e 02155 3 13.92
01Ty 5 1EBATX0ARE ) (108 8 1248
sin 90
(0Tg)y 5 0A9EXLI0O ) os1h 16 18,80
. sin 90
Calcite §=0.4988x0.8094
—_ = X X
(10T4) AT0exD. 04037 4 99
sin 90
_ 5=1.2847%0.6375x
(2134) e onge 08037 12 1493

§'=0.8094x0.6375x%

1120) 77 L e 04913 8 1628
(100) S 0-3863X0.3863< 1 10r 4 2681
sin 90
Fluorite  (110) 5 0-3863%0:3463% 6 5110 4 18,96
sin 90
5= 0.3863%0.3863x
(111) i 120n 0.1292 2 15.48

broken bonds follows the order: (1010) > (1120) >
(2134)>(0001)>(0118)>(1014). The (1014)surface
with stoichiometry and charge neutrality has the smallest
surface broken bonds density and the largest interplanar
spacing of the six calculated planes, and this surface can
be created readily in the presence of external stress and is
the perfect cleavage plane of calcite. For fluorite, the
order of broken bond density of three surfaces is as
follows: (100)>(110)>(111). The {111} surface,
consisting of alternate F—Ca—F ionic layer within
which the chemical bonds are very strong but weak
between the layers, has the smallest broken bond density
and the largest interlayer spacing among the three
calculated surfaces and is the perfect cleavage plane of
fluorite.

Therefore, (1014) surface of calcite and (111)
surface of fluorite with the smallest broken bond density
are the perfect cleavage planes and found to be
frequently exposed in the morphologies of them [6].

3.3 Relations between surface broken bond density
and surface energy of calcite and fluorite crystals

In a certain surface of calcite, calcium ions lose
certain number of bonds to oxygen atoms when the
surface is created, and oxygen atoms of the carbonate
groups are also under-coordinated leaving dangling
bonds. As a result, this surface is very reactive. It is well
recognized that surface energy (strictly speaking, surface
free energy) is one of the most important factors that
affect the reactive ability of a surface. Therefore, we
predict that there is a direct links between the surface
energies and the surface broken bonds densities. The
surface energies of different surfaces of calcite and
fluorite were calculated employing atomistic simulation
technique by LEEUW and PARKER [7] and molecular
modeling by PRADIP et al [8], respectively. Not
surprisingly, we found that the surface energies are
approximately linear with surface broken bond densities
for the two minerals, as seen from Fig. 1. The correlation
of determination (R?) of the surface energies and surface
broken bonds densities for calcite and fluorite are 0.9613
and 0.9969, respectively, indicating that the surface
broken bond density determines the surface energy for
these two minerals.

If the linear relation between the anisotropic density
of surface broken bonds and surface energy is tenable,
the surface energies of (01T8) and (2154) surfaces can
be predicted to be 0.87 and 1.18 J/m’ which are
relatively low compared to those of (1010) and
(1150) surfaces, 1.43 and 1.59 J/m? respectively.
COOPER and LEEUW [12] held that the equilibrium
morphology of a crystal is determined by the surface
energy and the related growth rate of various surfaces.
GIBBS [13] proposed that the energy associated with a
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Fig. 1 Relation between surface energy (y) and surface broken
bonds density (Dy) of calcite (a) and fluorite (b)

crystal surface is known to influence its growth rate, and
as the growth rates of each surface can vary, this can
have a profound influence on the resulting crystal
morphology. More specifically, a surface with a high
surface energy is expected to have a large growth rate
and this fast growing surface will not be expressed in the
resulting crystal morphology. Only surfaces with low
surface energies and hence slow growing will be
expressed. The (0118) and (2134) surfaces with
lower surface energies and smaller anisotropic densities
of surface broken bonds are expected to be largely
expressed in the calcite crystal morphology. It was
reported that ditrigonal scalenohedron {2154} is one of
the most common single forms of calcite crystal, and the
{01T8} surface is also a common polysynthetic twin
plane of it [6,14].

Generally, the most commonly exposed mineral
surfaces expected in the flotation slurry will be both
cleavage planes and expressed surfaces in the crystal
morphology of the mineral [I1]. Consequently,
the (10T4) , (2134) and (01 T8) surfaces are usually the
three most commonly exposed surfaces in flotation slurry
of calcite, which were found to agree well with the
experimentally observed morphologies [6,14].

3.4 Relations between surface wettability and broken

bond density of calcite and fluorite crystals

As discussed in section 3.3, there is a rectilinear
relation between the surface broken bond density and the
surface energy. It is anticipated that surface broken bond
density determines the surface energy (ysy), which in
turn determines the surface wettability. In order to
investigate the anisotropic wetting behavior of water at
the three commonly exposed surfaces of calcite and two
of fluorite, the contact angle measurements were carried
out on the surfaces immersed in distilled water. The
contact angle measurement results are given in Table 2.

Table 2 Water contact angles of three calcite surfaces and two
fluorite surfaces immersed in distilled water

. Water contact Water droplet
Mineral Surface
angle/(°) on surface
(ot ‘
Calcite  (0178)  35.1%L5 _‘
05 )
Fluorite

From Table 2, the contact angle or hydrophobicity
of three surfaces of calcite and two of fluorite decreases
in the order (1014)>(0118)>(2134)and (111)>(001),
respectively. The results can be explained by the Young’s
Equation as follows:

Psv=ysLtyLyvcos 6 2

where ypy, ysv and ysp refer to the surface energies of the
liquid/vapor, solid/vapor and solid/liquid interfaces,
respectively. It needs to be mentioned that after being
vacuum dried at 50 °C for around 10 min, there is still a
small amount of moisture at the crystal surfaces earlier
immersed in distilled water, which may have an effect on
the subsequent contact angle measurements in this study.
LEEUW and PARKER [7] also calculated the surface
energies of four hydrated calcite surfaces at a full
monolayer coverage of water molecules and suggested
that the surface energies of hydrated surfaces decreased
exactly in the same order as that of pure surfaces, i.e. ysy.
In this context, the substitution of ygy for surface
energies of hydrated surfaces after being vacuum dried
may be rational in the following wettability analysis.
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In a contact angle measurement, yy is fixed while
the psy decreases in the calculated order of D,. The
interaction of a solid with a liquid often reduces the
interfacial energy in a reverse order of ysy [15]. As a
result, the contact angle of different surfaces reverses the
order of ysy. It was also reported that hydrophilicity is
indicated by smaller contact angles and higher surface
energy [16]. Therefore, the (001) surface of fluorite has a
larger broken bond density or higher surface energy and
hence a smaller contact angle than (111) surface. The
anisotropic wetting behavior of water on the three calcite
surfaces can also be explained in the same way.

3.5 Anisotropic wetting behavior of sodium oleate at
commonly exposed calcite surfaces

In order to investigate the anisotropic wetting
behavior of oleate on the three commonly exposed
surfaces of calcite, the contact angle measurements were
carried out on the surfaces immersed in sodium oleate
solutions with a pH range of 8.5-9.0. The contact angle
measurement results are presented in Fig. 2.

The presence of sodium oleate makes all the three
surfaces hydrophobic, which may result from the
organization of oleat molecule on calcite surface in such
a way that their hydrocarbon chains are directed
outwards, and their polar heads (carboxyl groups)
towards the calcite surface. From Fig. 2, at a low
concentration of sodium oleate (<5x10°° mol/L), the
contact angle values are relatively small and oscillate,
which may indicate that the oleate molecules on calcite
surfaces are not closely packed and some regions of
uncovered mineral surface may occur. The contact angle
increases steadily with the sodium oleate concentration
for immersing increasing from 5x10°° to 5x107> mol/L.
The maximum contact angle for the three surfaces was
obtained at a sodium oleate concentration of above
5x107° mol/L, which is in good agreement with the

110
100+ =
~ 90
3
%ﬂ 80
g 70p = —(104) surface
E . *—(018) surface
604 . 4 —(214) surface
501_ [ -
40 o4 s aaaul i1 aaanl — 2 v aaanl Lo il ‘n PRt
1077 1076 107 1074 107 1072

Sodium oleate concentration/(mol-L™")
Fig. 2 Contact angle measured with sessile-drop method for
water drop (pH 6.8) placed on calcite surface as a function of
sodium oleate concentration for immersing (pH=8.5-9.0)

flotation experiment. Our flotation results showed that
the calcite has a high recovery of 90%—95% when using
sodium oleate as collector at a concentration of over
5x107° mol/L and pH of 9.0. The contact angle values at
a given NaOl concentration in the range of
1x107-5x10° mol/L decrease in the order of
(2134)>(0118)>(1014).

The anisotropic wetting behavior of oleate on three
calcite surfaces can be explained by the anisotropic
surface chemistry of calcite, since (2134) , (0118)
and (10T4) surfaces have different surface structures.
The previous studies indicated that the extent of surface
adsorption and the rate of adsorption are influenced by
the nature of the surface cations, since oleate adsorption
takes place at the cationic sites of mineral surface [17,18].
We hold that spacing or structural factors, such as the
cross-sectional area per oleate molecule vertically
adsorbed on the surface and the number and the
distribution of Ca active sites on a certain surface, can
remarkably affect the adsorption behavior of oleate
molecules on this mineral surface and hence the
wettability of the surface.

The densities of Ca active sites (Dc,) and the
adsorption densities of oleate molecule (Dg;) adsorbed at
a completed monolayer on different calcite surfaces were
calculated and the results are summarized in Table 3,
while the cross-sectional area per oleate molecule
vertically adsorbed on the surface is considered to be
0.32 nm? [19].

From Table 3, the adsorption density of oleate
molecules (Do) on calcite surfaces at monolayer
coverage is in the order of (2134)>(0118)>(1014). A
higher adsorption density implies that the absorbed
oleate molecules are arranged more compactly on the
calcite surface and less mineral surface is exposed,
resulting in a more hydrophobic surface and hence larger
water contact angle of the surface. This accounts for the
increased order of hydrophobicity from (1014) to
(OITS) and (2154) surface of calcite in oleate
solutions.

Table 3 Density of Ca sites (Dc,), adsorption density of oleate
molecule (Dg;) at monolayer coverage by oleate molecules at
three different calcite surfaces

Calcite surface

2 -2 Dol
(Hexagonal Smm”~  Nc, Dc,/nm = Ng; o
indices) (pmol-m )
(2134) 0.8037 4 498 2 4.13
(0118) 06048 2 331 1 2.75
(1014) 0.4037 2 4.95 0.5 2.06

4 Conclusions

1) The cleavage planes and commonly exposed
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surfaces of calcite and fluorite crystals were predicted by
calculating the anisotropic densities of surface broken
bonds. The prediction was consistent with the
experimental observation.

2) The relation between the surface broken bond
densities and the surface energies was established, and
there was a good rectilinear relation between them with
correlation determination (R*) of 0.9613 and 0.9969,
respectively.

3) The anisotropic wettability of three most
commonly exposed surfaces of calcite and two of fluorite
in distilled water and sodium oleate solutions with
different concentrations was observed through contact
angle measurements. The anisotropic wettability of
different surfaces after immersing in distilled water and
sodium oleate solutions can be explained by anisotropic
surface broken bond density and active Ca site density,
respectively.
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