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Abstract: Magnesite ores are important resources in the production of value-added magnesium
materials. Generally, low selectivity of conventional collectors and the requirement of a large
amount of depressant has been a motivation for researchers to identify alternate collectors. In this
work, the role of potassium cetyl phosphate (PCP) as a new collector in magnesite flotation is
investigated using molecular dynamics (MD) simulations and chemical equilibria, electrokinetics
and wettability. The results indicate that PCP exhibits a strong collecting ability for magnesite
particles even with low concentrations. The presence of PCP leads to significant alterations in the
electric double layer and contact angle behavior of magnesite, which results in rapid adsorption of
PCP on magnesite surface. The results from chemical computations show that the monoanionic
forms of PCP are the dominant species in the weakly acidic pH range, where monohydroxy magnesium
species and the ion concentration of magnesite in suspension can be controlled by adjusting pH. The
adsorption models indicate that the stable adsorption of PCP on magnesite surfaces occurs
spontaneously, supporting the potentiality for selective magnesite flotation in its separation from
other carbonate minerals.
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1. Introduction

The magnesium carbonate mineral, magnesite, is one of the most common salt-type minerals,
which are characterized by their ionic bonding and are distinguished from soluble salt minerals by
their limited solubility in water. From the geological perspective, however, magnesite in natural ore
deposits is always associated with other minerals that represent gangue minerals [1]. The demand
for the production of high-quality magnesite increased considerably in recent years, which made it
necessary to develop efficient methods for magnesite separation from its associated minerals [2,3].

Flotation is regarded as a major method used for the beneficiation of magnesite ores [4].
Traditional fatty acids and amines are typically reported as collectors in the industrial flotation of
magnesite ores [5]. Beyond that, as the key factor of flotation, a series of novel cationic collectors have
been reported for the flotation separation of the magnesite from associated silicates, and some of
them have excellent separation results [6,7]. However, the clear-cut separation of magnesite from
carbonate minerals is still a technical challenge [3]. The commonly used collectors show strong collecting
ability for magnesite as well as other associated carbonate minerals due to the similarity of crystal
structures and physicochemical characteristics of the mineral surfaces [8-10]. Consequently, there is
a need that has been recognized among researchers to identify more selective collectors acting on
such minerals. Some phosphorus-containing collectors exhibit improved response for many minerals,
such as bastnaesite [11], cassiterite [12], and dolomite [13]. According to infrared spectra analyses, a
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phosphate group connected to a lauryl chain undergoes a complexation reaction with cations [14,15].
In addition, dodecyl phosphate, an effective collector for magnesite and dolomite, plays an active
role in the flotation of carbonate minerals by chemical adsorption [16]. Studies have suggested that
alkyl phosphates might be superior to conventional collectors in flotation [3,11].

Molecular dynamics (MD) simulations have become an effective and important method for the
investigation of the adsorption mechanism of surfactants at the liquid/solid interfaces [17,18].
Meanwhile, the interaction behavior and the dynamic characteristics of the adsorption process can
be obtained [19]. Srinivas et al. discussed the formation of surfactant structures on a graphite surface
with the different alkyl chain lengths, and their results showed that the shorter the alkyl chain length
the easier it will be to form monolayers [20]. To achieve effective flotation, combined collectors have
been used to exhibit enhanced recovery and selectivity for different minerals, and the mechanism of
the enhancement was explained using molecular dynamics (MD) simulations [21]. For the phosphorus-
containing anionic collectors, Liu et al. compared the adsorption states of branched-chain phosphate
and lauryl phosphate on the bastnaesite surface. They found that lauryl phosphate showed a stronger
flotation response due to a chemisorption when compared to 2-ethylhexyl phosphate [11]. To our
knowledge, there have been only limited reports about the adsorption mechanism of the phosphorus
collectors on the mineral surfaces on the molecular scale. All these theoretical findings, have been
reported in the literature, provide indirect evidence about the molecule aggregation behavior and the
hydrophobic character of the mineral in the presence of various reagents.

As part of our previous research, potassium cetyl phosphate (PCP) was identified as a promising
flotation collector for the selective flotation of magnesite from dolomite and calcite in the presence of
sodium silicate [22,23]. Some aspects of the fundamental chemistry issues in magnesite flotation are
still considered to be incomplete. To our knowledge, no studies have investigated the microscopic
structure and adsorption properties of alkyl phosphate collectors with a long chain on carbonate
minerals such as PCP together with the related chemical equilibria in aqueous solution. In this work,
a series of microflotation tests, zeta potential and contact angle measurements carried out are highlighted.
Moreover, MD simulations that have recently been conducted on adsorption features of PCP on
magnesite surfaces are presented as a further contribution to a better understanding of this flotation
system.

2. Materials and Methods

2.1. Minerals and Reagents

The magnesite samples used in this work were gathered from British Columbia, Canada.
Representative samples were used for microflotation, contact angle, and zeta potential experiments.
Typical pieces were hand-picked, crushed, dry ground, and wet sieved (with deionized water) to 75—
150 pm size fraction. Particles less than 5 um were used for measurements of zeta potential. A small
piece (1.0 cm x 1.0 cm) of polished magnesite specimens was used for the wettability measurement.
The compositions of the magnesite samples are listed in Table 1. The analysis of purity using a dual
carbon-sulphur analyzer also indicated that the purity was up to 98%, which meets the requirements
for the following studies.

Table 1. Chemical compositions in the single magnesite samples (wt %).

MgO CaO SiO2 TFe ALOs
46.87 0.32 0.84 0.12 0.03

The surfactant (PCP) provided by Colonial Chemical Inc. (South Pittsburg, TN, USA) is a long-
chain organic-salt that is supplied in white powder form. The pH level of the slurry was adjusted
with analytically pure sodium carbonate (Na2COs) or hydrochloric acid (HCI). Analytically pure KCI
was used as the supporting electrolyte for measurements of zeta potential. Analytically pure sodium
hydroxide (NaOH) were used as the titrant. Deionized water was obtained from the water purification
system of Smart2Pure3 (Thermo Scientific, Waltham, MA, USA) and used in all experiments.
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2.2. pKa Measurements

The acid dissociation constant (pKa) was measured by the potentiometric titration method [24,25]
using a 916 Ti-Touch titrator (Metrohm, Herisau, Switzerland). The pH values and added volume (V)
of NaOH (0.10 mol/L) were determined during the titration. Then, the pKa value was calculated based
on the first-derivative method (ApH/AV) [26].

2.3. Flotation Experiments

To study the flotation behavior of magnesite, the microflotation experiments were carried out
for individual minerals in a vertical microflotation cell with PCP as the collector. The slurry
containing a 1.0 g magnesite sample (75-150 um) and 70 mL deionized water was conditioned for 2 min
using a Teflon-coated magnetic bar and magnetic stirrer at a speed of 1100 rpm. After that, the pH
modifier and PCP collector were introduced in turn with agitation for 2 min. Finally, the flotation
tests were initiated and continued for 3 min. The froth products and tailings were filtered, dried, and
weighed for calculation of magnesite recovery. Each test was repeated three times, and the average
recovery was reported. More detailed information about the general procedure together with a
flowsheet can be found in our previous work reported elsewhere [22,23].

2.4. Molecular Dynamics Simulation

To investigate the adsorption characteristics of PCP on the surfaces of magnesite, molecular
dynamics (MD) computations were carried out using the Materials Studio 2017 software modeling
and simulation package (BIOVIA, San Diego, CA, USA) [27]. As reported in the literature, magnesite
(1 0 1) surfaces were the perfect cleavage planes of magnesite [16], and these planes were chosen as
the dominant cleavage planes for the simulations in the current investigation. Geometry optimizations of
the monoanionic structure of PCP (Figure 1a) and the optimized magnesite (1 0 1) surface (Figure 1b)
were first carried out using the DMol3 and CASTEP module, respectively. The phonon spectrum
(Figure 1c) with no imaginary frequency appears in the minus x direction, which proves that the
structure of PCP is reasonable. Lattice parameters of the crystal structure of magnesite used in this
investigation are presented in Table 2.
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Figure 1. (a) Optimized monoanionic form of potassium cetyl phosphate (PCP); (b) Optimized
magnesite 6 x 7 supercell; and (c) phonon spectrum of PCP. (Green atoms, Mg; Red atoms, O; White
atoms, H; Grey atoms, C; Pink atoms, P).

Table 2. Lattice parameters of the crystal structure of magnesite.

Mineral Values anmm) bmm) cmm) a® LC) r©)
Experimental ! 0.464 0.464 1.503 90 90 120
Optimized 0.469 0.469 1.515 90 90 120

! Reference [28] for experimental structural data of magnesite.

Magnesite
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Each adsorption model consists of three layers: a bottom layer, a middle layer, and a top layer.
A 6 x 7 magnesite (1 0 1) supercell with a size of 3.11 nm x 3.25 nm x 1.57 nm (a x b x ¢) was built as
the bottom layer (see Figure 1b). Furthermore, the reagent solution model composed the medium
layer, which was constructed with 1500 water molecules and 20 monoanions of PCP by using the
amorphous cell module. Finally, to prevent the migration of surfactant molecules from the solid/liquid
interface to the gas/liquid interface, a frozen top layer was constructed from 500 water molecules. To
preliminarily optimize the adsorption model, the geometry optimization was conducted using the
Forcite Plus module. Moreover, the main parameters in the process include the COMPASS II
forcefield [29] and the QEq charge equilibration method [30]. Atom-based and Ewald summation
methods were used to calculate the van der Waals force and electrostatic energy, respectively. After
initial optimization, MD calculations at NVT [31], NVE [32], and NVT ensembles were performed
orderly. Finally, configuration with the lowest energy was chosen as the final adsorption configuration.
More details on the application and various aspects of the simulation methodology can be found in
the literature [33].

2.5. Zeta Potential and Wettability Measurements

In the present investigation, zeta potential measurements of magnesite at different pH values in
the absence and presence of PCP were carried out using a Zeta Potential Finder Analyzer (Matec
Applied Science, Northborough, MA, USA) at room temperature.

In addition, the captive bubble contact angle technique was used to assess the variation of
wettability of magnesite in the absence and presence of PCP. More information on details of these
measurements can be found elsewhere [22,23].

3. Results and Discussion

3.1. Distribution of Species in PCP Solution

The acid dissociation constant pKa, as a physicochemical parameter of a reagent, is of fundamental
importance in aqueous systems, which may be used in many areas such as mining, chemical as well
as pharmaceutical industries [34]. The pKa values represent a quantitative property describing the
acid-base ionization behavior of chemical substance donating or accepting a proton. The lower the
pKa value, the stronger the acidic character will be. As a potassium-containing salt, the dissociation
equilibria of cetyl phosphate (CP) species determined is shown in Figure 2. Based on the first-
derivative method, the experimental pKa value of CP is 2.02, and the pKa: value is 7.49. Thus, CP,
CP-, and CP? are the dominant species in aqueous solutions.
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Figure 2. The dissociation equilibrium of cetyl phosphate (CP) species in aqueous solutions.

On the basis of ionization constants obtained, the distribution diagram of CP species as a
function of pH was calculated, and the results are shown in Figure 3. In strongly acidic conditions
(up to a pH of 2), PCP molecules are the dominant species; they tend to disappear at a pH of about
5.0. CP- species become the dominant species at the pH range of 2 to 7.5, and the first dissociation of
cetyl phosphate is almost complete at pH 10.5. However, CP?>- appears at pH 5 and tends to dominate
solution equilibria as the pH increases in the alkaline direction. It is the only species beyond pH 10.



Minerals 2020, 10, 761 5 of 11

Furthermore, magnesite is susceptible to dissolution under acidic conditions. As such, its
flotation circuits are maintained in neutral or alkaline pH range. Thus, in this work, a pH range of 5-12
was selected for the flotation experiments. As a result, the monoanionic and dianionic forms (CP?
and CP-) of PCP are the dominant species within the pH range investigated in the current work.
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Figure 3. Distribution diagram of CP species in solution as a function of pH.

3.2. Distribution of Ionic Species of Magnesite

Distribution of ionic species in aqueous suspension of the mineral exhibit significant effects on
its flotation behavior [13]. The effect of the dissolution behavior on the flotation of salt-type minerals
was studied, which showed that solution composition, surface charge, and floatability were crucially
affected [35]. Thus, the investigation of solution chemistry is particularly important for carbonate
minerals. In this work, the equations of ionic equilibrium in MgCOs-H20-CO2(g) open system are
shown as follows:

MgCOs = MgCOs(aqg Ki=10-451 (1)
Mg+ COs> = MgCOsqg) Ko= 10340 )
Mg?+ HCOs~ = MgHCOs* Ks=10110 (3)
Mg?+ OH- = MgOH* Ka= 10258 @)
MgOH*+ OH- = Mg(OH)2(q) Ks= 10581 )
Mg(OH)zs) = Mg(OH)2(q) Ko=10-2¢7 (6)
H++ COs> 2 HCOs~ Kr= 101033 @)

H++ HCOs™ = H2CO:s Kg=1063 (8)
H2COs = COz(g) + H20 Ko=1014 9)

As a sparingly soluble mineral, the hydration and dissolution of lattice ions tend to equilibrate
in time after magnesite is immersed in aqueous media [35]. Calculations of the solution chemistry
based on Equilibria (1)-(9) [13,36] were conducted as a function of pH, and the results are shown in
Figure 4. As can be noted, the magnesium species in the aqueous environment including Mg?,
MgOH*, MgHCOs*, MgCOs(ag, and Mg(OH)2aq vary widely in concentration profiles with respect to
pH. The concentration of [Mg?] species decreases with increasing pH values. However, it is the
dominant magnesium species below the pH of 9.3. Moreover, the results suggest that most of the
dissolved carbonate was converted to Mg(OH)zq) at pH > 10. The modification of surface properties
of magnesite is induced by the conversion of magnesium species into a variety of ionic forms. Results
are in agreement with previously reported findings [13]. It is clear that the ionic species concentrations of
dissolved magnesite in aqueous suspension are controllable by adjusting the pH of the slurry. It can
be noted that the development of surface charges (hence, zeta potentials) of magnesite can be



Minerals 2020, 10, 761 6 of 11

predicted based on the chemical equilibria in Figure 4. It can be noted that isoelectric point (IEP) value
for magnesite, depending on Mg?* and CO: equilibrium, can occur in the weakly alkaline pH range,
where the concentration lines representing positively and negatively charged ions cross. These are in
line with zeta potential results as will be discussed later. Magnesite was negatively charged in the
pH range of 7.0-12.0 while it was positively charged in the pH range of 5.0-7.0. These results are in
general agreement with the IEP range reported by Pokrovsky [37].

MgCO

3(aq)

-6F Mg(OH)

2(aq)

lg C

12 F

-14

Figure 4. Distribution diagram of ionic species in aqueous suspension of magnesite open to
atmospheric carbon dioxide.

3.3. Microflotation Results

The results of the effect of PCP concentration and pH level on the flotation behavior of magnesite
are presented in Figure 5. The natural pH value is about 6.8 for magnesite slurry. It can be seen that
the flotation recovery of magnesite increases with increasing PCP concentration from 20 to 240 mg/L.
Moreover, as the pH level increases from approximately 7.0 to 11.0, changes of the magnesite
recovery are not obvious at the same PCP concentration. Thus, the recovery curve is rather flat with
respect to the slurry pH. When 60 mg/L PCP was used, the recovery of magnesite at pH 7.0, 9.1, and
11.0 reached a high level of 93.0%, 95.8%, and 93.8%, respectively. The results indicated that the PCP
collector exhibited a strong collecting ability for magnesite at low PCP concentrations. Therefore, the
optimum pH of approximately 7.0 and PCP with a concentration of 60 mg/L was chosen for the
subsequent tests.

100

[
[=1
T

Recovery (%)
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0 40 80 120 160 200 240
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Figure 5. Flotation behaviors of magnesite as a function of PCP concentration at different pH levels.
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3.4. Electrokinetic Behavior and Wettability

The zeta potential behavior of magnesite as a function of pH is highlighted in Figure 6. The zeta
potentials decreased when the pH increased. In the absence of PCP, the isoelectric point value of
magnesite is approximately pH 7.3 [22,23]. As discussed in Section 3.2, this value is in a pH range
predictable according to chemical equilibria, and is in agreement with the range reported previously
[37]. After conditioning in the 60 mg/L PCP solution, the zeta potentials showed a remarkable shift
in the negative direction. Moreover, the changes significantly increased within the pH range from 5
to 11, which can be attributable to the strong adsorption of PCP on the magnesite surface in this range.
Through an additional evidence obtained from XPS analysis, it can be concluded that this adsorption
is of a chemical nature [22].

40
—&A— Magnesite
—a&—Magnesite + PCP
__20F
>
=
=0
.S
=
3
© -20
Q.
3
O
N -40
-60 " 1 " 1 . 1 N 1 " 1 " 1 .
5 6 7 8 9 10 11 12

pH

Figure 6. Zeta potentials of magnesite as a function of pH without and with 60 mg/L PCP.

Table 3 highlights the wettability changes brought about by adsorption of PCP on magnesite at
a concentration of 60 mg/L. In the absence of PCP, the contact angle of magnesite, as expected, has
been zero over the pH range studied confirming its natural hydrophilicity [38]. However, when
treated with 60 mg/L PCP, the contact angles of magnesite increased significantly to values between
41.5 to 37.2 degrees as the pH increased.

Table 3. Contact angles of magnesite without and with 60 mg/L PCP (°).

Samples pH7.0 pH9.0 pH11.0
Magnesite 0t 0 0
Magnesite + PCP  41.5 39.9 37.2

! Contact angle of zero means no bubbles were captured.

Thus, the adsorption of PCP on the magnesite surface not only caused a significant alteration in
the electrical double layer of magnesite but also in its surface energy level. The adsorption of PCP
changed the magnesite surface from its naturally high surface energy state to a low energy state that
was accompanied by the development of hydrophobicity, which was sufficient for its flotation. These
findings on electrokinetics and wettability correlate well with the flotation results discussed earlier.

3.5. Molecular Modeling Studies

3.5.1. Adsorption Characteristics of CP Species

MD simulations were undertaken to investigate the adsorption behavior of cetyl phosphate (CP)
species on the magnesite surfaces from a theoretical point of view [33]. The optimum flotation
parameters discussed earlier included a pH value of 7.0 and 60 mg/L PCP, where the monoanionic
forms of CP- are the dominant species in solution at a CP-/CP? ratio greater than 2. Thus, the
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optimized monoanionic forms of CP- (Figure 1a) were used in the simulation. The representation of
the initial simulation model and the interaction model of magnesite after CP- adsorption are shown
in Figure 7. Compared to the adsorption models, CP-ions were randomly distributed before interacting
with magnesite surfaces. With an increase in the simulation time, the surfactant molecules adsorbed
on magnesite surfaces and formed a surfactant layer via orientation of the non-polar cetyl chains and
ionizable polar heads, -PO:H2. After a series of MD simulations, the cetyl monoanionic species were
markedly moved down with the polar heads to the surface of magnesite. The non-polar cetyl chains
of CP- are directed towards the air/liquid interface, a favorable orientation inducing hydrophobicity
for bubble contact. This sub-process requires depletion of water molecules at the interface, thereby
imparting a sufficiently high level of hydrophobicity to the magnesite surface following the adsorption
of CP-.

Water L

PCP solution

uuuuuuuuuuuuu

uuuuuuuuuuuuu
uuuuuuuuuuuuu

(@ )

Figure 7. (a) Representation of the initial simulation model; (b) Molecular model of the magnesite (1 0 1)
surface after CP~ adsorption (Water molecules were invisible).

In order to further understand the microspatial structure of CP- at the interfaces, the length of
the hydrocarbon chain (distances between the head and tail carbon atoms) in CP- was selected for
statistical analysis. The results of the probability density are shown as a function of the length of the
hydrocarbon chain in Figure 8. It can be seen that the distance distribution between the head and tail
carbon atoms in CP- is mainly distributed in the range of 1.6-1.9 nm compared to that in the initial
structure (1.9201 nm, see Figure 1a). Thus, the CP- molecules on the solid/liquid interface are affected
by two factors, one is the effect of water molecules in the solution, and the other one is the attraction
surface forces, which result in apparent steric effects. Water molecules hinder the migration of CP-
from the liquid phase to the gas phase. Thus, the CP- ions are fixed at the solid/liquid interface without
freely stretching of hydrocarbon chains to the gas/liquid interface.

N W E W
T v T v T v T

Probability density (nm™)

0 |1 L . .
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Length (nm)

Figure 8. Length distribution of the hydrocarbon chain in CP- on the magnesite surface.
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3.5.2. Relative Density Distribution and Density Field

To further explore the CP- adsorption, the relative density distribution analysis was conducted
to quantify the distribution of collector on magnesite surfaces. Figure 9a shows the relative concentrations
of O, P, and C atoms and cetyl phosphate on the magnesite surface as a function of distance (along
the z-axis). The location of the first peak of O atoms for CP was found at 0.21 nm away from the
magnesite surface, compared to that of P atoms at 0.32 nm, and that of C atoms at 0.63 nm. Since O
atoms are the closest to the magnesite surface, they are deduced to be the primary bonding atoms in
CP-. Moreover, the adsorbed CP- ions as a whole are distributed at an approximate distance of 0.2—
2.5 nm. Based on the analysis of a similar magnesite flotation system, the nearest CP- ions can be
inferred to chemically bond at an approximately 0.2 nm distance away from the magnesite surface
[16]. According to the current results, the hydrophobic layer of CP- extends into a distance of 2.3 nm
from the magnesite surface. Figure 9b showed results of the density field of O atoms in CP-, which
also illustrates the distribution of CP-. As can be noted, the O atoms are mainly concentrated near the
magnesite surface, correlating well with the adsorption configuration shown earlier. In this work, it
appears that the surface magnesium with collector oxygen is the primary bond, which is believed to
form a covalent bond through chemisorption [39].

120
6l O atoms in PCP (6] density

- P atoms in PCP

100 F = C atoms in PCP 2.08le-1
£ . —— PCP 1.387e-1
; - 6.937e-3

80 F £ ~- 0.000

& 2}

1 2 3 4 5
Distance (nm)

N
(e}

Relative density
3

20

0 AL NENEEELAERASIM L A S .
0 1 2 3 4 5
Distance (nm)

(@) (b)

Figure 9. (a) Relative density distribution of the O, P, and C atoms of the CP- adsorbed and CP- on
the magnesite surface as a whole; (b) Density field of O atoms on the magnesite surface.

4. Summary and Conclusions

The results of flotation response issues of magnesite in the presence of potassium cetyl phosphate
(PCP) as a new collector were presented, which summarized floatability, hydrophobicity/wettability, and
electrokinetic behavior. The adsorption phenomenon of CP- and the interaction mechanism were
discussed based on the theoretical analysis of solution chemistry and molecular dynamics simulation.
Conclusions at this time include the following points:

1. Based on the results of flotation experiments, it is clear that PCP is a promising collector for
magnesite with excellent recoveries even at a low concentration (60 mg/L).

2. Results from chemical computations confirmed that the monoanionic forms of CP are the
dominant species within the pH range used in this study. The measured isoelectric point of
magnesite was pH 7.3, which is the pH range predictable from the analysis of chemical equilibria
diagrams (7.0).

3. The adsorption of CP- on the magnesite surface causes significant negative shifts in the zeta
potentials and results in the development of a significant level of hydrophobicity on magnesite.
It is more likely that the reason for these results is the strong and stable interactions between the
magnesite surface and CP species.
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4. According to the simulations, the O atoms in the polar phosphate head group are the primary
bonding atoms, which explains the floatability of magnesite with CP. The chemisorption of CP
was supported by a large concentration of adsorbed species in the immediate vicinity of the
magnesite surface, with the expected orientation of cetyl groups towards the bulk solution and
hence the air-solution interface.
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