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Abstract: In this work, tributyltetradecyl-phosphonium chloride (TTPC), has been first introduced to
be a novel and efficient cationic surfactant for cationic reverse flotation separation of quartz from
magnetite. The first-principles density functional theory calculations, Zeta potential measurements
and adsorption isotherm measurements consistently predict that TTPC may be a promising collector
that is better than dodecyl triethyl ammonium chloride (DTAC), based on the facts that TTPC
and DTAC both prefer to physically adsorb on the quartz surface owing to electrostatic force, but
the active part (P+(C4H9)3) of TTPC takes much more positive charges than that (N+(CH3)3) of
DTAC. The micro-flotation and Bench-scale flotation results further verify that TTPC presents a
stronger collecting power and much better selectivity for iron ore reverse flotation in comparison
to the conventional collector DTAC. Furthermore, the corresponding adsorption mechanism of
TTPC on the quartz have also been investigated in detail. This work might show a good example
to discover a potential candidate collector by analogy with a known excellent collector based on
reasonable prediction.

Keywords: quaternary phosphonium salts; quaternary ammonium salts; flotation collectors;
prediction; density functional theory

1. Introduction

Flotation is the most effective and economical technology to further upgrade iron concentrates [1].
Intensive investigations on iron ore flotation began in America in the 1930s. There are five major
types of flotation routes for iron ore, which have been developed to remove silica from iron minerals,
including cationic flotation of iron oxide, cationic reverse flotation of quartz, anionic flotation of iron
oxide, anionic reverse flotation of quartz, and their combination [2]. Since anionic collectors such
as petroleum sulphonate, fatty acids, and hydroxamates have been first used in the direct flotation
of iron oxides in the 1950s [1], the applications of anionic collectors in iron ore flotation have been
achieved significant progress. However, due to advantages of reverse cationic flotation over anionic
flotation, including the higher process selectivity and rates, as well as satisfactory results when hard
water is used, the reverse cationic flotation route has become the most typical flotation route in the
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iron ore industry [3–7]. However, there are only very few types of cationic collectors (quaternary
ammonium salt and their derivatives, with N atoms as the activation center) that can be used to float out
silicate gangues in iron ore flotation [8–10]. This severely limits the development of cationic flotation
technology used in iron ore beneficiation. Recently, the general method to improve flotation efficiency
is to add huge amounts of depressants with various amines collectors in iron ore flotation [11–15].
However, adding high concentration depressants may affect the subsequent procedures and even
contaminate the environment. Therefore, it is still highly desirable to predict and identify more novel
and efficient cationic collectors for iron ore flotation.

As widely used in the fields of material and medicine, computational methods, such as quantum
chemistry calculation and molecular dynamics simulation, have become very valuable tools for
discovering and screening new materials and drugs [16–19]. Computational methods have also
been extensively used in the field of flotation chemistry to understand the nature of physical
chemistry in flotation process [20] and to guide the design and synthesis of flotation reagents [21,22].
However, it remains much more challenging to just computationally discover and screen more efficient
flotation reagents in mineral processing because the flotation systems are usually too complicated for
conventional computational methods. Alternatively, in this study, by drawing analogy with known
excellent collector (DTAC), we aim to discover a novel collector based on reasonable prediction and
experimental verification.

Both quaternary ammonium salts and quaternary phosphonium salts, which possess analogous
molecular structures (they can be formulated as ((NR4)+L−) and ((PR4)+L−), respectively, R groups may
be the same or different alkyl or aryl group, L− is halide ion), have been widely used within the fields
of antimicrobial, catalysis, and surface modification due to their good chemical stability and excellent
electrical properties [23–25]. In the field of mineral processing, there are also intense investigations on
flotation of quartz from iron ore using quaternary ammonium salts collectors [26]. However, there are
almost no reports about the applications of quaternary phosphonium salts as collectors in iron ore
beneficiation, and some attempts have been made in our previous work [27]. The motivation of the
present work is to explore the practicability that adopting tributyltetradecyl-phosphonium chloride
as an effective collector in iron ore flotation, by drawing analogy with an excellent cationic collector:
dodecyl triethyl ammonium chloride (DTAC, the effective cation is denoted as DTA+).

It is reported that quantum-chemical parameters such as atomic charges, highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LOMO) have a significant
value in explaining reactivity of a reagent. HOMO is usually used to assess its chemical reactivity for a
given molecule. LUMO is often relevant to the capacity of a collector accepting d-orbital electrons from
a mineral. The atomic charges of active atoms in a collector contribute significantly to its electrostatic
interaction to mineral surfaces [28,29]. Thus, in this study, the first-principles density functional
theory (DFT) calculations at wB97XD [30] /Def2-TZVP [31] level are performed for both TTP+ and
DTA+ to obtain their HOMO, LUMO, and atomic charges. Then, the interaction force of TTPC with
quartz and its collecting capacity will be evaluated by analogy with DTAC in their HOMO, LUMO,
and NPA charges.

To support the computational results, Zeta potential measurements and adsorption isotherm
measurements will be also carried out. Based on the results from DFT calculations, Zeta potential
measurements, and adsorption tests, the flotation performance of TTPC as collector will be predicted
for iron ore reverse flotation in comparison with DTAC. Then, in the sections of Micro-flotation
tests and Bench-scale flotation tests, the selectivity and collecting capability of TTPC will be further
evaluated by analogy with DTAC. Furthermore, interfacial adsorption mechanisms of TTPC and
DTAC on quartz surface will be investigated based on the isotherm measurements, according to the
four-region model proposed by Somasundaran and Fuerstenau [32,33].
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2. Methodology

2.1. Materials and Reagents

The quartz and magnetite sample was obtained from Hebei province in China. The sample was
crushed, hand-selected, and ground in a porcelain mill. The ground samples were wet-sieved, and the
fractions with the dimension of −0.074 mm were collected and used in flotation tests. A portion of the
fraction particles were further ground in an agate mortar to obtain particles with the dimension of
0.0005 mm for zeta potentials measurements. Chemical composition of quartz and magnetite involved
in the current work is given in Table 1.

Table 1. Chemical composition of the pure minerals (wt %).

Sample Total Fe SiO2 Al2O3 CaO MgO

Quartz 0.57 96.97 1.88 0.05 0.03
Magnetite 68.64 2.66 1.31 0.43 0.20

The collector, tributyltetradecyl-phosphonium chloride (TTPC, molecular mass 435.15)
in analytical grade, was provided from the Response-Chem Specialty Chemical Technologies Co.,
Ltd. (Beijing, China). Dodecyl triethyl ammonium chloride (DTAC, molecular mass 263.89) provided
from the XiaMen Pioneer Technology Co., Ltd. (Xiamen, China) has been examined as comparison.
The chemical structures of conventional surfactant DTAC and quaternary phosphonium surfactant
TTPC are shown in Figure 1a,b, respectively. HCl and NaOH solutions in analytical grade are used as
pH modifiers. The distilled water is utilized in all the experiments.
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Figure 1. Schematic diagram of chemical structures of the dodecyl triethyl ammonium chloride (DTA+)
(a) and tributyltetradecyl-phosphonium chloride (TTP+) (b).

2.2. The DFT Calculations

Hybrid DFT calculations were performed using D01 version of Gaussian 09 (Gaussian, Inc.,
Wallingford, CT, USA) [34] to elucidate the geometric and electronic structures of DTA+ and TTP+. All
the calculations employed a tight self-consistent field (SCF) energy convergence of 10−8 and an ultrafine
grid for numerical integration. Firstly, the initial molecular models of DTA+ and TTP+ were constructed
by Gaussian View 5.0 (Gaussian, Inc., Wallingford, CT, USA) [34]. Then, the molecular structures of
DTA+ and TTP+ were primarily optimized by using D01 version of Gaussian 9.0 [34] at B3LYP [35]
/6-31G(d) [36] level. The obtained molecular structures were further optimized at wB97XD [30]
/Def2-TZVP [31] level. The Mulliken [37] and NPA (nature population analysis) [38] charges of DTA+

and TTP+ as well as the frontier molecular orbitals (HOMO and LUMO) [39] and isostatic electronical
potential have been obtained based on the finally optimized molecular structures.
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2.3. Zeta Potential Measurements

Zeta potential was measured at 20 ◦C using a Coulter Delsa-440SX zeta potential analyzer
(Brookhaven Corporation, Long Island, NY, USA). A freshly-ground 0.05 g mineral sample (−0.0005 mm)
was dispersed in 500 mL of 0.01 M KCl electrolyte solution and mixed for 5 min, followed by the
additions of pH regulators and the collector. The suspension was then allowed to settle for 5 min,
ensuring that the coarse mineral particles were sufficiently settled [40]. The supernatant containing the
fine particles were transferred into a folded capillary cell, which ensured that there were no bubbles in
the cell. The results presented here were the average of three independent measurements.

2.4. Adsorption Tests

The adsorption experiments in the present study were all performed under a TOC (total organic
carbon) analyzer (Shimadzu Corporation, Kyoto, Japan). A 2.0 g of quartz mineral sample (−0.074 mm)
was placed in a 250 mL conical flask and dispersed in 40 mL of quaternary phosphonium/ammonium
salt solution with various of concentration at pH about 6.5 using a magnetic stirring apparatus DF-101S
(LICHEN Corporation, Shanghai, China). Then, the suspension was mixed in an incubator shaker
SHA-82A (Putian Corporation, Changzhou, China) at 140 r/min and 25 ◦C for 40 min. The solid
particles were separated by centrifugation for 15 min at 9000 r/min. The concentration of reagents in
the supernatant was measured using a TOC-V CPH analyzer (Shimadzu Corporation, Kyoto, Japan).
The adsorption of reagents on the mineral surface was calculated using the following equation:

Γ = ((C0 − C) × V)/M

where Γ is the adsorption quantity, mol/g; C0 and C are the initial concentration and the supernatant
concentration, respectively; V is the solution volume; and M is the mass. In all cases, at least three
successive measurements were performed. The results presented here were the average of three
independent measurements.

2.5. Micro-Flotation Tests

Micro-flotation tests of pure minerals and artificially mixed minerals were both conducted.
The mixture contained magnetite and quartz with a mass ratio of 4:1. The flotation tests were all
conducted in a 40 mL plexiglass cell using an XFG-type flotation machine purchased from Prospecting
Machinery Factory, Jilin, China. For each experiment, 2 g of mineral sample was used at a spindle speed
of 1700 rpm. The pH of the mineral suspension was adjusted to the desired operating value by adding
HCl or NaOH stock solutions, followed by the addition of the collector with known concentration.
Each stage had a 3 min conditioning period prior to the next reagent addition. Flotation concentrates
were then collected for a total of 4 min. The floated and unfloated particles were collected, filtered,
and dried. In pure mineral flotation, the recovery was calculated based on solid weight distributions
between the two products. For the artificially mixed minerals, the concentrates and tailings were
filtered, dried, weighted, sampled, and assayed for Fe and SiO2.

2.6. Bench-Scale Flotation

Bench-scale flotation tests were performed in an XFD type flotation cell (self-aeration) of
which the volume for rougher flotation and cleaner flotation were 1.5 L and 1 L, respectively [41].
500 g actual magnetite ores (−0.074 mm, 90%) were used in the rougher flotation with a speed of
1650 r/min. The flotation conditions and the closed flotation flowsheet of were detailed in Figure 2.
The final concentrates and tailings were filtered, dried, weighted, sampled, and assayed for Fe and
SiO2, respectively.
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Figure 2. The locked cycle flowsheet of Bench-scale flotation experiments.

3. Results and Discussions

3.1. The DFT Calculations

To compare TTP+ with DTA+ at atomic and molecular level, the density functional theory
calculations were performed to obtain some useful parameters (such as charges, electrostatic
potential, HOMO, and LUMO), which may be related to the collecting efficiency of a given collector.
The optimized geometries of DTA+ and TTP+ cationic collectors at wB97XD/Def2-TZVP level are
shown in Figure 3. It should be mentioned that wB97XD, which includes empirical dispersion and
long-range corrections [30], could give a better description than traditional functional (such as PBE
and B3LYP) for the molecules with long flexible chains.

Frontier molecular orbitals (HOMO and LUMO) were found to be extremely valuable in the
interpretation of relevant chemical reactivity. The capacity of a molecule to donate electrons is strongly
linked to the HOMO. HOMO also determines the spatial distribution of valence electron mainly
participating in the formation of chemical bonds, and LUMO is well correlated with the capacity of a
molecule to accept electrons.

As shown in Table 2, the HOMO energies of both TTP+ and DTA+ cations are very low, leading to
relatively weak electron-donating ability. Figure 4 presents the HOMO and LUMO of (i) DTA+ and
(ii) TTP+ at wB97XD/Def2-TZVP level. It was demonstrated that the HOMO is mainly distributed
in the dodecyl chain, LUMO is mostly located at the “head” atoms N+(CH3)3 for DTA+. In the case
of TTP+, the result is similar. Its HOMO is mainly distributed in its tetradecyl chain, its LUMO is
mostly located at the “head” atoms P+(C4H9). Due to the detailed component analysis of molecular
orbitals, it is found that the HOMO is mainly constituted by Px or Pz orbits of carbon atoms in long
alkyl chain at the end, which have been fully occupied by valence electrons and have no chance
to offer P-orbit electrons to other atoms to form a chemical bond. The LUMO of TTP+ or DTA+ is
mainly composed of s orbits of carbon atoms (not the valence orbits) in the tributyl or trimethyl group,
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respectively, which indicates that LUMO cannot accept feedback electrons from the surface atoms
(oxygen, iron, silicon) of magnetite and quartz to form chemical bonds. It could be expected that the
interaction between the flotation reagents (TTP+ and DTA+) and mineral surfaces should be attributed
to the electrostatic force. Thus, the charge population in DTP+ and TTP+ will strongly influence their
flotation performance.Minerals 2017, 7, 240  6 of 16 
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Table 2. The frontier molecular orbital eigenvalues of the DTA+ and TTP+ collectors at wB97XD/Def2-
TZVP level, unit is in Kcal/mol.

Basis Set
DTA+ TTP+

HOMO LUMO HOMO LUMO

Def2-TZVP −272.2 −37.2 −262.7 −23.8
Def2-SVP −273.9 −30.3 −265.3 −19.9
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In this study, two commonly used Mulliken and NPA charges of the N atom, N+(CH3)3

group in DTA+ and P atom, P+(C4H9)3 group in TTP+ are obtained with wB97XD/Def2-TZVP and
wB97XD/Def2-SVP methods, respectively.

As shown in Table 3, Mulliken charge are more sensitive to the basis set than NPA charge.
Especially, the Mulliken charges of nitrogen atom with different basis sets are qualitatively
inconsistent. It is value of −0.399 for small basis set Def2-SVP, but 0.075 for big basis set Def2-TZVP.
Fortunately, Mulliken population method could give close charges for group (N+(CH3)3) or (P+(CH3)3)
with different basis set. However, NPA method could give consistent charges for a given atom (N or P)
or a given group (N+(CH3)3 or P+(CH3)3) with different basis set. Particularly, it could obtain almost
the same charges for group (N+(CH3)3) or (P+(CH3)3) with different basis set. Thus, NPA charge is a
better parameter to assess the possible performance of TTP+ and DTA+ in flotation. It was illustrated
that that both the key atom and the active group of TTP+ significantly take more positive charges
in comparison to DTA+, which means that TTP+ will have a stronger interaction with the quartz
surface than DTA+. In addition, as shown in Figure 5, TTP+ shows a similar electrostatic potential
(electronic density) distribution with DTA+, but the positive electrostatic potential in TTP+ are more
concentrated on the active group (P+(C4H9)3), which implies that TTP+ could become a promising
candidate for cationic flotation practice like DTA+, even better than DTA+.

Table 3. The Mulliken and NPA charges of the N atom, N+(CH3)3 group in DTA+ and P atom,
P+(C4H9)3 group in TTP+ with wB97XD/Def2-TZVP and wB97XD/Def2-SVP methods, respectively.

Basis Set
DTA+ TTP+

Mulliken NPA Mulliken NPA

Atom (N) Atom (P)

Def2-TZVP 0.075 −0.170 0.512 1.665
Def2-SVP −0.399 −0.369 0.326 1.581

Group (N+(CH3)3) Group (P+(C4H9))

Def2-TZVP 0.800 0.690 0.865 1.158
Def2-SVP 0.650 0.650 0.816 1.14Minerals 2017, 7, 240  8 of 16 

 

 
Figure 5. Diagrams of isostatic potential (electronic density) distribution of DTA+ (Top) and TTP+ 
(Bottom) at wB97XD/Def2-TZVP level. 

Finally, it should be emphasized that the experimental studies in the next section will show that 
the IEP (isoelectric point) of quartz is 2.0, and the surface of quartz is negatively charged over the pH 
range 2–12. As the cationic collector, once TTPC or DTAC was introduced into flotation pulp, their 
cations (TTP+ or DTA+) might be electrostatically attracted to the negatively charged positions on the 
quartz surface. Since the electrostatic effect is generally directly proportional to the grouping charge 
of collector [42,43], it can be predicted that a higher flotation recovery will be observed when using 
the TTPC as a collector. 

3.2. Zeta Potential Measurements 

Quaternary phosphonium salts and quaternary ammonium salts have similar structures. The 
electrostatic adsorption mechanisms of quaternary ammonium salts have been widely reported by 
various researchers [44,45]. To illustrate the effect of the adsorption of TTPC on the electrokinetic 
behavior of quartz surface, the zeta potential of quartz and magnetite as a function of pH values were 
measured in the presence and absence of TTPC or DTAC. As shown in Figure 5, the isoelectric point 
(IEP) of quartz and magnetite are 2.0 and 5.5, respectively, which is consistent with those previously 
reported [5,13,46]. As demonstrated in Figure 6a, the zeta potential of quartz shows a pronounced 
positive shift in the presence of TTPC or DTAC, and the isoelectric point (IEP) of quartz and 
magnetite are increased to 4.4 and 7.4, respectively, in the presence of DTAC. It indicates that the 
cationic surfaces have been adsorbed onto quartz through electrostatic force. Particularly, the Zeta 
potential of TTPC-treated quartz is much higher than that of DTAC treated quartz for a given pH 
value, implying that there are more positive charges on the quartz surface in the presence of cationic 
species TTP+ than that in the presence of DTA+. Figure 4b shows that the zeta potential of magnetite 
also exhibits a positive shift when TTPC or DTAC was added, but the shift is relatively smaller, 
suggesting that the adsorption amount of cationic surfactants is much less on the magnetite surface. 
It could be predicted that both cationic surfactants will possess a good selectivity in iron ores reverse 
flotation, based on the significant differences between Figure 6a and 6b. 

Figure 5. Diagrams of isostatic potential (electronic density) distribution of DTA+ (Top) and TTP+

(Bottom) at wB97XD/Def2-TZVP level.

Finally, it should be emphasized that the experimental studies in the next section will show that
the IEP (isoelectric point) of quartz is 2.0, and the surface of quartz is negatively charged over the
pH range 2–12. As the cationic collector, once TTPC or DTAC was introduced into flotation pulp,



Minerals 2017, 7, 240 8 of 15

their cations (TTP+ or DTA+) might be electrostatically attracted to the negatively charged positions
on the quartz surface. Since the electrostatic effect is generally directly proportional to the grouping
charge of collector [42,43], it can be predicted that a higher flotation recovery will be observed when
using the TTPC as a collector.

3.2. Zeta Potential Measurements

Quaternary phosphonium salts and quaternary ammonium salts have similar structures.
The electrostatic adsorption mechanisms of quaternary ammonium salts have been widely reported
by various researchers [44,45]. To illustrate the effect of the adsorption of TTPC on the electrokinetic
behavior of quartz surface, the zeta potential of quartz and magnetite as a function of pH values were
measured in the presence and absence of TTPC or DTAC. As shown in Figure 5, the isoelectric point
(IEP) of quartz and magnetite are 2.0 and 5.5, respectively, which is consistent with those previously
reported [5,13,46]. As demonstrated in Figure 6a, the zeta potential of quartz shows a pronounced
positive shift in the presence of TTPC or DTAC, and the isoelectric point (IEP) of quartz and magnetite
are increased to 4.4 and 7.4, respectively, in the presence of DTAC. It indicates that the cationic
surfaces have been adsorbed onto quartz through electrostatic force. Particularly, the Zeta potential of
TTPC-treated quartz is much higher than that of DTAC treated quartz for a given pH value, implying
that there are more positive charges on the quartz surface in the presence of cationic species TTP+

than that in the presence of DTA+. Figure 4b shows that the zeta potential of magnetite also exhibits a
positive shift when TTPC or DTAC was added, but the shift is relatively smaller, suggesting that the
adsorption amount of cationic surfactants is much less on the magnetite surface. It could be predicted
that both cationic surfactants will possess a good selectivity in iron ores reverse flotation, based on the
significant differences between Figure 6a,b.Minerals 2017, 7, 240  9 of 16 
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(b). The concentration of DTAC or TTPC is 2.0 × 10−5 mol/L. 
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The concentration of DTAC or TTPC is 2.0 × 10−5 mol/L.

3.3. Adsorption Isotherm Measurements

Isotherm, defined as the amount of adsorbate on a surface as a function of its concentration
(for liquid) or pressure (for gas) at constant temperature, is usually adopted to describe adsorption
behavior [47,48]. Adsorption isotherms are useful to investigate the characteristics of adsorbates at the
liquid/solid interface [49,50]. Figure 7 presents the adsorption isotherm of TTPC and DTAC on quartz
surface. It can be seen that as the increase of TTPC concentration from 5 × 10−7 to 1 × 10−2 mol/L,
the adsorption amount of TTPC on quartz surface increases rapidly until to the concentration of
1 × 10−4 mol/L, then increases moderately until to the concentration of 1 × 10−3 mol/L. In the range
of 1 × 10−3 to 1 × 10−2 mol/L, the increase of the adsorption amount is extremely slow; when the
concentration of TTPC is greater than 1 × 10−2 mol/L, the adsorption amount of TTPC will no longer
change. The adsorption behavior of DTAC is analogous to TTPC, but with much less adsorption
amount for a given concentration in the range of 1 × 10−5 to 1 × 10−3 mol/L. The adsorption
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amount is closely related to the collecting capability: more adsorption amount usually means stronger
collecting capability.
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triethyl ammonium chloride (DTAC) on quartz surface. 
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of TTP+ takes much more positive charges than that (N+(CH3)3) of DTA+. Thus, it will result in stronger 

Figure 7. Adsorption isotherm of tributyltetradecyl-phosphonium chloride (TTPC) and dodecyl triethyl
ammonium chloride (DTAC) on quartz surface.

3.4. Micro-Flotation Tests

The DFT calculations and Zeta potential measurements had shown that active part (P+(C4H9)3)
of TTP+ takes much more positive charges than that (N+(CH3)3) of DTA+. Thus, it will result in
stronger electrostatic attraction and more adsorption amount of TTP+ on quartz. These predictions
need to be further verified by the flotation experiments.

Single-mineral flotation of quartz and magnetite was conducted as a function of pH with
2 × 10−5 mol/L TTPC or DTAC as collectors. As shown in Figure 8a, the recovery of quartz in presence
of TTPC or DTAC goes up as pH increases. In acidic pH range 2–6, the recovery of quartz rises rapidly
as the pH increases. In neutral and alkaline pH range, the pulp pH has a subtle effect on the quartz
recovery. Furthermore, at pH value about 6.5 and collector concentration 2 × 10−5 mol/L, the flotation
recovery of quartz is about 95% with TTPC, whereas it is only about 60% with DTAC. If we consider
using the same dosage of collectors in mass, since the molecular mass of TTPC (435.15) is 1.65 times more
than that of DTAC (263.89), 3.3 × 10−5 mol/L DTAC will be equal to 2 × 10−5 mol/L TTPC in mass.
The corresponding flotation recovery of quartz is about 88% with 3.3 × 10−5 mol/L DTAC from Figure 8b.
It suggests that TTPC has a stronger collecting power than DTAC.
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On the other hand, the recovery of magnetite increases slowly over the entire pH range 2–12.
The optimal magnetite recovery is less than 10% in the presence of TTPC or DTAC. Therefore,
the appropriate pH value ranges from 6 to 12 for flotation separation of quartz from magnetite.

The effect of collector concentration of TTPC or DTAC on the quartz and magnetite flotation at pH 6.5
is presented in Figure 8b. It is observed that the quartz recovery goes up with the increase of surfactant
concentration. Particularly, for a given collector concentration of 2 × 10−5 mol/L, the flotation recovery
of quartz is 94.74% with TTPC, whereas it is only 60.23% with DTAC, which also implies that TTPC
has a better collecting ability than DTAC in this case. On the other hand, magnetite has relatively very
low recoveries in the entire concentration range. Particularly, when the collector concentration is below
2 × 10−5 mol/L, there is almost no recovery of magnetite. Thus, the recommended collector concentration
for flotation separation of quartz from magnetite is about 2 × 10−5 mol/L.

The results based on the micro-flotation indicate that two cationic collectors show excellent
selectivity for quartz against magnetite under pH 6–12 and 2 × 10−5 mol/L collector concentration.
However, TTPC performs significantly better than DTAC under the same condition.

As the surface properties of minerals are affected greatly by each component in the solution,
flotation tests of mixed minerals were carried out to further investigate the flotation performance
of TTPC and DTAC. The flotation separation of mixtures of quartz and magnetite was conducted at
pH 6.5–7.0 using 2 × 10−5 mol/L TTPC and DTAC as collector, respectively. The results about the
separation of the mixtures are displayed in Table 4.

Table 4. The separation results of mixtures (wt %).

Collector Product Weight
Grade Recovery

Fe SiO2 Fe SiO2

DTAC
Concentrate 80.27 65.41 7.41 95.88 25.57
Tailings 19.73 11.43 87.74 4.12 74.43
Feeds 100.00 54.76 23.26 100.00 100.00

TTPC
Concentrate 78.34 67.83 5.38 97.03 18.35
Tailings 21.66 7.49 91.92 2.97 81.65
Feeds 100.00 54.76 23.26 100.00 100.00

The results in Table 4 show that in the magnetite concentrates obtained, the grade of Fe and SiO2

are 67.83% and 5.38%, respectively, in the presence of TTPC. However, a magnetite concentrate grade
of 65.41% Fe could be obtained using DTAC as a collector. It indicates TTPC possessed better flotation
selectivity, compared with traditional collector DTAC. The recovery of Fe is 97.03% and 95.88% in the
presence of TTPC and DTAC, respectively. Micro-flotation tests suggest that TTPC might be a more
efficient collector than DTAC in the reverse cationic flotation separation of quartz from magnetite.

3.5. Bench-Scale Flotation

It is well understood that the competitive adsorption of reagents on the different minerals
could not be well demonstrated by the pure mineral flotation tests [51]. The reagent might be very
effective onto pure minerals, but the application of this reagent might fail under the condition of more
complicated separation system, such as flotation separation of iron ores. Therefore, bench-scale tests
were conducted on the reverse flotation separation of quartz from magnetite with TTPC and DTAC as
collectors to verify the flotation ability of TTPC.

The flowsheet of tests was presented in Figure 2 and the results were summarized in Table 5.
The results showed that the magnetite concentrates with 66.42% Fe and 4.21% SiO2 could be obtained
with TTPC collector at a natural pH, and the flotation recovery of Fe is 95.63%. While the grade and
recovery of magnetite concentrates, with DTAC collector, are 65.34% Fe and 93.20%, respectively.

The results of micro-flotation and bench-scale flotation experiments both demonstrate TTPC
exhibit a superior flotation ability to separate quartz from magnetite.



Minerals 2017, 7, 240 11 of 15

Table 5. Reverse cationic flotation results of iron ore with TTPC and DTAC as collectors at a natural
pH (6.5–7.0) (wt %).

Collector Product Weight
Grade Recovery

Fe SiO2 Fe SiO2

DTAC
Concentrate 77.65 65.34 5.62 93.20 23.40

Tailings 22.35 16.57 63.92 6.80 76.60
Feeds 100.00 54.44 18.65 100.00 100.00

TTPC
Concentrate 78.63 66.42 4.21 95.63 17.71

Tailings 21.37 11.16 71.97 4.37 82.29
Feeds 100.00 54.61 18.69 100.00 100.00

3.6. Adsorption Mechanism

Based on the above discussions from prediction and experimental verification, it can be concluded
that TTPC exhibits an excellent collecting capability and efficient selectivity in the reverse flotation
separation of quartz from iron ore, TTPC might be a promising collector for iron ore flotation. To better
understand the adsorption behaviors of TTPC and DTAC on quartz surface, adsorption isotherms
of TTPC and DTAC would be discussed in considerable detail. As shown in Figure 9a, adsorption
isotherms of TTPC and DTAC similarly experience 4 regions until the adsorption reaches the maximum,
which is in good agreement with the reverse orientation adsorption model proposed by Somasundaran
and Fuerstenau [32,33,52,53]. The schematic model of the adsorbed surfactant at the quartz/water
interface in the four regions [54] has also been proposed and illustrated in Figure 9b.

According to the absorption model of Somasundaran and Fuerstenau as shown in Figure 9b,
in region 1, surfactants initially adsorb on mineral surface by electrostatic force as individual ions.
In region 2, with the increase in the coverage of surfactant on mineral surface, the steric hindrance
gradually appears. The adsorbed surfactants associate into hemimicelle, in which the surfactants are
oriented with their charged head groups toward the mineral surface, while their hydrocarbon chains
protrude into the aqueous phase, thus resulting in hydrophobic layer on the surface. In region 3,
with the further adsorption of surfactants, the exposed mineral surface has been fully covered and
neutralized by the oppositely charged surfactant, the molecules of surfactants can no longer be further
absorbed on the mineral surface by electrostatic attraction and are adsorbed by hydrophobic force in
an opposite orientation. The bilayer adsorption started. Finally, in region 4, the adsorbed layer on
mineral surface presents the structure of a bilayer, thus further increase of reagent concentration has
almost no influence on the adsorption.
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Furthermore, to illustrate the correlation of the adsorption behavior with the flotation recovery,
the adsorption isotherm of the region 1 [32,33] were replotted in Figure 10 with the flotation recovery.
It can be observed that there is a clearly positive correlation between flotation recovery and adsorption
amount. As shown in Figure 10, at the neutral pH, as the increase of adsorption amount of DTAC
and TTPC, the flotation recovery of quartz significantly goes up. Both DTAC and TTPC are highly
effective to the quartz flotation. The flotation recovery of quartz almost reaches 100% when the initially
adopted concentration of TTPC or DTAC is 2 × 10−5 or 4 × 10−5 mol/L, respectively. Obviously,
the dosage range of TTPC and DTAC belongs to the region 1 of the adsorption isotherm, where
surfactant molecules could rapidly absorb on mineral surface by electrostatic attraction. In the other
words, the electrostatic forces between surfactant and quartz surface determine the adsorption amount
of surfactants, affecting directly the flotation behaviors of quartz. Therefore, more positive charges
of TTP+ can be expected to demonstrate a stronger electrostatic interaction of TTP+ with negatively
charged quartz surface, which is of great advantage to form an improved hydrophobic surface and
results in excellent flotation ability.
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TTPC or DTAC with respect to collector concentration.

In this work, it should be mentioned that substituent alkyl groups in TTPC and DTAC are not the
same, but they are very close: there is only a discrepancy of two carbon atoms in the long alkyl chain
and three carbon atoms in the three-short alkyl chain. In addition, the critical topological structures of
TTPC and DTAC are very similar: both belong to quaternary salts, represented as [XR4]+Y− (R being
an alkyl group or an aryl group, X being N or P atom, and Y− being halide ion) [55].

4. Conclusions

In the present work, tributyltetradecyl-phosphonium chloride (TTPC) has been first predicated
and introduced to be a novel and efficient cationic surfactant for cationic reverse flotation separation of
quartz from magnetite. Based on the computational and experimental results, the following conclusions
are drawn:

(1) TTPC prefers to physically adsorb on the objective mineral surface by electrostatic force, like the
DTAC. Furthermore, the calculation of NPA charge indicates that active part (P+(C4H9)) of TTP+

takes much more positive charges than that (N+(CH3)3) of DTA+, meaning that TTPC may be a
promising collector like or even better than DTAC;
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(2) Zeta potential measurements show that the potential of TTPC or DTAC adsorbed quartz surface
is much higher than the untreated quartz surface. Particularly, the potential of the TTPC adsorbed
quartz surface is significantly more positive than that of the DTAC adsorbed quartz surface,
which is in good agreement with the computational results;

(3) Adsorption tests illustrate that the adsorption amount of TTPC is much more than that of DTAC
at low concentration, and the flotation experiments confirm that the adsorption amount of TTPC
or DTAC is positively correlated to the flotation recovery, suggesting that TTPC is a potential
candidate collector for iron ore flotation;

(4) Micro-flotation and Bench-scale flotation results further verify that TTPC presents stronger
collecting power and much better selectivity in the separation of quartz from magnetite in
comparison with the conventional collector DTA.

Furthermore, it should be emphasized that the research about the effect of carbon chain length
on the flotation performance is ongoing in our laboratory. This work may represent a good example
to discover a potential candidate collector by analogy with known excellent collector based on
reasonable prediction.
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