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Abstract: The flotation behavior and adsorption mechanism of novel (1-hydroxy-2-methyl-2-octenyl) phosphonic acid (HEPA) to
cassiterite were investigated by micro-flotation tests, zeta potential measurements, FTIR determination and density functional theory
(DFT) calculation. The flotation results demonstrated that HEPA exhibited superior collecting performance compared with styrene
phosphonic acid (SPA). The cassiterite recovery maintained above 90% over a wide pH range of 2—9 with 50 mg/L HEPA. The
results of zeta potential measurement and FTIR detection indicated that the adsorption of HEPA onto cassiterite was mainly attributed
to the chemisorption between HEPA monoanions and Sn species on mineral surfaces. The DFT calculation results demonstrated that
HEPA monoanions owned higher HOMO energy and exhibited a better affinity to cassiterite than SPA, which provided very clear
evidence for the stronger collecting power of HEPA presented in floatation test and zeta potential measurement.
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1 Introduction

The first recorded cassiterite flotation was at
Altenberg tin concentrator, Ore Mountains, Saxony in
1938 [1]. In the early stage, the low selectivity fatty acid
products were used as collector. From the 1930s till the
present time, a substantial amount of higher selectivity
collectors have been reported [2—5]. However, arsonic
acids which owned the highest selectivity were ceased
because of their toxicity [3]; sulfosuccinamates which
owned strong framing characteristics were perceived to
be disadvantageous [3,6,7]; the wide application of
hydroxamic acids which were high selectivity [8,9] was
also limited due to the high cost. Phosphonic acids and
their products were also suitable collectors for cassiterite
floatation and were investigated initially as alternatives
to the every toxic arsonic acids [10].

Large amounts of works on cassiterite flotation by
various aryl phosphonic acids and alkyl phosphonic acids
compounds have been reported [10,11]. The work
concluded that styrene phosphonic acid (SPA) is the most
efficient one. GRUNER and BILSING [1] used SPA as

collector to dispose many different tin ores in laboratory
tests, and investigated the application of SPA in many
processing plants. They suggested that SPA is an ideal
flotation collector for finely disseminated cassiterite and
wolframite ores, and it is possible to obtain a high-grade
concentrates containing more than 40% Sn with a high
recovery. 1-hydroxyalkylidene-1,1-diphosphonic acid
(Flotol-7,9) with 7-9 carbon atoms was also reported to
be an excellent collection property for cassiterite [12]. LI
et al [13] investigated the flotation performances and
adsorption mechanism of a-hydroxyoctyl phosphinic
acid (HPA) to cassiterite. The experiment results
indicated that HPA reacts with Sn species by formation
of Sn—P and Sn—O—P bonds and shows excellent
collecting ability and selectivity. In addition, pheny-
phosphonates and phenylphosphinics have also received
much interest [12,14]. Although there were many reports
about cassiterite flotation by phosphonic acid compounds,
the research on structure—property relationship of
phosphonic acid collectors was rare.

Computational methods such as ab initio and
density functional theory (DFT) are helpful tools to

investigate various chemical reactivity systems.
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Especially, the DFT calculation has been known as a
reliable and inexpensive method for obtaining chemical
information about the energetics, structure, and
properties of atoms and molecules [15—17]. It has been
widely applied to analyzing and elucidating the inner
mechanisms of chemical reactivity [18], structure-
property relationship [19], and interface chemistry
reaction [20]. The DFT calculation was also used to
investigate the energetics and the relaxed ionic positions
of several low-index stoichiometric cassiterite surfaces
by OVIEDO and GILLAN [21].

However, the DFT research on cassiterite flotation
has been rarely reported. In order to search for a more
efficient phosphonic acid collector for cassiterite, and
achieve the acceptable flotation performance of
phosphonic acids serving as collectors in oxidized ores
flotation, a novel phosphonic acid — (1-hydroxy-
2-methyl-2-octenyl) phosphonic acid (HEPA) was
introduced as a collector for cassiterite flotation in this
work, and its flotation behavior was compared with SPA.
The interaction between new surfactant and cassiterite
was evaluated by FTIR detection and zeta potential
measurement. Moreover, the density functional theory
(DFT) calculation was adopted to infer the phosphonic
acids’ adsorption mechanism and structure—property
relationship.

2 Experimental

2.1 Minerals and materials

Cassiterite obtained from the Geological Museum
of China was dry ground to fine particles by using agate
mortar and pestle. The mineral particles in the range of
0.038-0.076 mm were selected for micro-flotation
experiments and the sample with particle size lower than
0.005 mm was used for FTIR measurement and zeta
potential determination. The purity of mineral particles
was over 96% (mass fraction) based on mineral element
analysis. HEPA (>95%, mass fraction) used in this study
was synthesized by our research team using the method

mentioned by ALBOUY et al [22] and ZHONG et al [23].

SPA (>80%, mass fraction) were produced by LUOKE
commercial chemical companies (Beijing, China) and its
recrystallization product (92%, mass fraction) was used
for flotation tests. Water used in all tests was distilled
and all other chemicals used in this work were of
analytic grade.

2.2 Micro-flotation tests
Micro-flotation tests
XFG5-35 flotation machine with a plexiglass cell of
effective volume 40 mL and the impeller speed was fixed
at 1680 r/min. 2.0 g pure mineral samples together with

were executed using a

40 mL distilled water were placed in the cell. After
adding a desired amount of collector, the suspension was
agitated for 3 min and the pH value was adjusted to a
desired value with hydrochloric acid or sodium
hydroxide solution. The flotation was conducted for
5 min. The products and tails were weighed separately
after filtration and drying. The results were given in
recovery (i.e., mass fraction) of mineral floated.

2.3 Zeta potential measurement

Zeta-potentials of minerals were measured by a
Brookhaven zeta plus zeta potential analyzer (USA). A
0.5 g mineral sample was stirred for 5 min in a 30 mL
solution with or without 50 mg/L HEPA or SPA. The pH
values were adjusted to a desired one by adding sodium
hydroxide or hydrochloric acid solutions. All
measurements were conducted in a 0.01 mol/L KCI
background electrolyte solution. The agitated suspension
was sampled to record the zeta-potential. The results
presented were the average of three independent
measurements with a typical variation of +2 mV.

2.4 FTIR determination

The Fourier transform infrared spectroscopy (FTIR)
determinations of products were measured by a
EQUINOX 55 Fourier transform infrared spectrometer
of BRUKER company at a resolution of 4 cm™' using
potassium bromide pellet technology. The scan scope
ranged from 400 to 4000 cm . A 0.5 g mineral sample
was placed in a 100 mL conical flask, to which 50 mL
50 mg/L phosphonic acid solution was added. After
stirring in 25 °C for 10 min, the mineral particle was
centrifuged, washed twice and dried at room temperature,
and then was used for FTIR detection.

2.5 DFT calculation

All calculations were performed in Accelrys
Material studio 7.0 (MS) modeling package and the
geometric structure and atomic charges of products were
calculated using the DMol® module on the basis of
density functional theory (DFT). The generalized
gradient approximation (GGA) developed by Perdew—
Burke—Ermzerhof (PBE) was used as the exchange
correlation functional and double numerical plus
polarization (DNP) was used as atomic orbital basis.
Core treatment was all electron relativistic. The accuracy
of k-point was set to be fine. Energy change per atom
was less than 27.21x10° eV. Max force was less than
5.442x107 eV/A. Max displacement of atoms during the
geometry optimization was no more than 0.002 A and
SCF density convergence was less than 2.721x107° eV.
The salvation model was also used with the dielectric
constant for water being 78.54.
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3 Results and discussion

3.1 Flotation test

The results of cassiterite flotation with HEPA and
SPA as collector in the presence or absence of the frother
2# oil were shown in Fig. 1. The results indicated that
HEPA showed a rapid flotation response to cassiterite,
with recovery reaching above 90% in 2.5 min. In contrast,
SPA presented much lower activity especially in the
absence of 2# oil. The recovery attained preferable
values in 5 min when SPA was used in the presence of 2#
oil, while the recovery was no more than 10% without 2#
oil. These results revealed that HEPA exhibited much
higher activity to cassiterite than SPA.
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Fig. 1 Flotation recovery of cassiterite with HEPA and SPA as
collector in presence or absence of frother 2# oil (pygpa=
50 mg/L, pspa=50 mg/L, prson=250 mg/L, pH=4)

The effects of pH on recovery of cassiterite with
collector concentration of 50 mg/L are shown in Fig. 2.
As shown in Fig. 2, the recovery maintained above 90%
in pH ranging from 2 to 9 when HEPA was used.
However, the flotation response had a gradual decrease
in pH region of 7-9 and dropped rapidly when pH value
was beyond 9. The appropriate pH value for SPA was
around 2—7, in this range, the recovery maintained above
80%. Both of these two collectors were unsuitable to be
used in alkaline solution or strong acidic environment of
pH<2. In addition, it was clear that HEPA had much
stronger collecting ability than SPA since the flotation
recovery of HEPA was higher than that of SPA over a
wide pH range.

The effects of collector concentration on recovery
of cassiterite at pH=4.0 are exhibited in Fig. 3. As shown
in Fig. 3, the recovery of minerals increased with the
increasing of phosphonic acids concentration. When the
concentration of HEPA was greater than 20 mg/L,
recovery remained above 90%. In contrast to that,
the recovery maintained around 85% even if the initial
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Fig. 2 Recovery of cassiterite as function of pH (collector
concentration =50 mg/L)
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Fig. 3 Recovery of cassiterite as function of collector
concentration at pH 4.0

concentration of SPA was higher than 50 mg/L. It further
demonstrated that HEPA showed higher flotation
efficiency than SPA.

3.2 Zeta potential measurement

Figure 4 shows the variation of the zeta potentials of
cassiterite with pH values in the absence and presence of
50 mg/L collectors. As shown in Fig. 4, the isoelectric
point (IEP) of cassiterite was around 3.6, which was in
accordance with those previously reported [24,25]. The
zeta potentials of cassiterite showed a negative shift after
adding HEPA or SPA over the pH range of 3-9,
indicating that these two anion collectors have adsorbed
onto cassiterite surface. When pH values were above 3.6,
both cassiterite and collectors were negatively charged,
resulting in the fact that the adsorption of HEPA or SPA
onto cassiterite surfaces had to overcome the electrostatic
repulsion. The results revealed that a strong
chemisorption behavior existed between those collectors
and mineral surfaces.

Moreover, the negative shift of zeta potential of
cassiterite in presence of HEPA was more than that in
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presence of SPA, demonstrating that more HEPA
collectors were attracted onto the cassiterite surfaces.
Therefore, HEPA exhibited superior adsorption ability to
cassiterite over SPA, which was in good agreement with
the flotation performance.
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Fig. 4 Zeta potential of cassiterite as function of pH in absence
and presence of 50 mg/L SPA or HEPA

3.3 FTIR determination

The FTIR spectra of cassiterite before and after
interaction with HEPA or SPA (pH=4) were presented in
Fig. 5. As can be seen in Fig. 5, the significant
characteristic adsorption bands of cassiterite appeared at
the band around 740-670 cm ' and 630 cm ' [26]. In
addition, the bands around 3400 and 1650—1640 cm’!
were due to the —O—H stretching of water, and the
peak around 1385 cm™' may result from the presence of
impurity nitrate in KBr. After interaction with
phosphonic acid, cassiterite surfaces exhibited new
adsorption bands at 2931 cm ' and 2884 cm ™', which
were attributed to the stretching bands of —CH; and
—CH, groups in collector molecules, demonstrating that
both HEPA and SPA had adsorbed on the mineral
surfaces. The phosphonic acid group was prominent in
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Fig. 5 FTIR spectra of cassiterite before and after interaction
with HEPA or SPA (pH=4)

region of 1900—850 cm ™' [27]. As can be observed in this
region, the new bands positioned at 1112, 1040 and
815 cm™' corresponded much better with the stretching
vibration of P=0 bond and P—O bond [28] in Sn—SPA
complex reported by KUYS and ROBERTS [27] and
CHEN et al [29]. The results of FTIR spectra suggested
that some new adsorption peaks appeared after SPA and
HEPA treatment, which inferred that HEPA and SPA
might adsorb onto the minerals with the formation of
new complexes.

3.4 DFT calculation

The phosphonic acid solved in water may exist in
three forms: molecular form, monoanion form and
dianion form, as shown in Scheme 1. The proportion of
different forms was depended on the ionization
equilibriums and had an important effect on the reaction
between collectors and mineral surfaces. Different forms
of HEPA and SPA were calculated by DFT calculation to
study the effect of collector structure on the reaction. The
optimized geometries of phosphonic acid molecular and
their ionic species were listed in Table 1.

0 0 0
I II l
R—Fl’—OH R—Il’—O R—}l’—O
OH OH 0~

Scheme 1 Ionization of phosphonic acid in aqueous solutions

3.4.1 Structure details of SPA and HEPA

The selected structure parameters of bond length
and bond angle of HEPA and SPA were listed in Table 2,
while the numbering scheme was described in Fig. 6.

Based on the data in Table 2, the P—O and P=0
bond length and O—P—O angle of HEPA were not
different from those of SPA. The bond lengths of these
two collectors varied with the ionization degree: the
length of P=O0 bond increased but the length difference
between P—O bond and P=—=0 bond decreased with the
increase of ionization degree. The reason was attributed
to the formation of a big conjugative = bond by the
P=0 bond and the ionization O atoms.

However, the C—P bond in HEPA species was
longer than that in SPA. The results in Table 2 suggested
that the C—P bonds in SPA were respectively 1.778,
1.808 and 1.835 A, which were shorter than 1.851, 1.872
and 1.914 A in HEPA correspondingly. It may be due to
the effect of alkyl group. The conjugative effect between
phenyl group and ethylene made the C5 atom of SPA
owned much more electronics (Table 3), enhancing the
interaction between C5 and P atoms. Therefore, the C—P
bond of SPA was stronger and shorter than that of HEPA.

In terms of bond angle, the big conjugative z bond
formed by the P=0 bond and the ionization O atoms
resulted in an enlargement of O1—P—O02 bond angle for
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Table 1 Optimized geometries of phosphonic acid molecular and their ionic species
Collector Molecule Monoanion Dianion
HEPA
SPA
Table 2 Selected optimized geometrical parameters for HEPA and SPA
Collector State Bond length/A Bond angle/(°)
P=0O1 P—02 P—03 C—P O01—P—02 O1—P—03 02—P—03
Molecule 1.498 1.616 1.624  1.778 115.349 114.018 102.159
SPA Monoanion 1.521 1.517 1.664  1.808 120.129 108.915 105.959
Dianion 1.551 1.55 1.546  1.835 112.991 113.855 113.918
Molecule 1.499 1.612 1.625  1.851 117.563 113.372 101.977
HEPA Monoanion 1.529 1.513 1.666  1.872 121.681 108.138 105.679
Dianion 1.569 1.544 1.544 1914 113.035 113.670 113.901
Table 3 Mulliken charge of atoms in HEPA and SPA
Collector State 01 P4 02 03 Cs
HO /_Q Molecule —0.779 1.574 —0.640 —0.654 —0.514
10\ 3 { lo\ 5 SPA  Monoanion —0.871 1.459 —0.866 —0.704 —0.503
H0;P§OH HO£P€30H Dianion  —0.959 1.335 —0.958 —0.960 —0.491
Molecule —0.783 1.547 —0.645 —0.636 —0.217

Fig. 6 Numbering scheme of HEPA and SPA

monoanions. All the bond angle of O—P—O0 of dianions
approximated 113°.
3.4.2 Mulliken charges of SPA and HEPA

The Mulliken charge analysis results of SPA and
HEPA species were shown in Table 3. The data indicated
that the Ol atom in P=—=0O owned more electronics
compared with the O2 and O3 atoms in P—O bond for
both of these two molecules. However, the charge
difference between O1 and O2 became insignificant for
both SPA and HEPA monoanions. Above all, the negative

HEPA Monoanion —0.884 1.443 —0.861 —0.693 —0.224

Dianion —0.967 1.343 —0.954 —0.936 —0.226

charges of SPA and HEPA monoanions were mainly
focused on the O1 and O2 atoms, suggesting that these
two atoms were of electron-donating center, i.e.,
chemical reactivity center. In addition, the charges of O1,
02 and P atoms in HEPA monoanion were respectively
—0.884, —0.861 and 1.433, while the charges for
corresponding atoms in SPA were —0.871, —0.866 and
1.459. It was obvious that the group “O=—P—O” in
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HEPA monoanions had a negative charge of —0.312,
which was more negative than —0.278 in SPA
monoanions. Hence, HEPA monoanions owned stronger
electron-donating  ability = compared with  SPA
monoanions. HEPA and SPA dianions had more negative
charges, meaning that these two dianions should have
strong electrostatic repulsion with mineral surfaces.

3.4.3 Frontier molecular orbital analysis

According to the Klopman perturbation energy
equation of chemical reactivity, which incorporates the
effect of an external electrostatic field in both charge and
orbital contributions, the energy of reaction is primarily
determined by the electrostatic effect and the frontier
molecular orbital (FMO) of reactants [30,31]. The
electrostatic effect is proportional to the net charge at
reactive center of reactants, which has been discussed in
Refs. [31,32]. In the reaction between minerals and
collectors, the HOMO of collectors donates electrons to
the LUMO of mineral, while the HOMO of minerals
back donates electrons to the LUMO of collectors if the
metal atoms in mineral surface have rich d-orbital
electrons [17]. However, in this study, the Sn was main
group element. There were not rich d-orbital electrons in
the LUMO of Sn atoms, resulting in the fact that the
LUMO of collector has little impact on the interaction.
Hence, only the HOMO of collectors was discussed. The
collector which owns the higher HOMO value had a
more powerful electrons-donating ability and was easier
to react with the metal atoms in minerals surfaces.

The calculated FMO eigenvalues of HEPA and SPA
were given in Table 4. It can be observed that both the
molecular and monoanion species of HEPA had higher
HOMO values than corresponding species of SPA.
Hence the molecular and monoanion of HEPA owned
higher activity than corresponding species of SPA. The
results are consistent with the flotation experimental
observation that HEPA had stronger collecting ability
compared with SPA. While the comparison between SPA
dianions and HEPA dianions was opposite to above.

3.5 Flotation behavior of HEPA

According the solution chemistry, the species
distribution of molecular was primarily determined by its
ionization constant and the pH wvalue of solution
environment. The ionization constants of SPA have been
reported in many previous studies. However, the
ionization constants of HEPA have not been reported yet.

Table 4 Calculated frontier orbital eigenvalues for HEPA and SPA

The ionization constants of HEPA calculated by ilab of
ACD/labs were 1.7 for pK, and 6.6 for pK,,
respectively. The species distribution diagram of HEPA
as a function of solution pH is shown in Fig. 7.

To expound the mechanism responsible for
adsorption of HEPA on cassiterite surface, the
dependence of the flotation recovery, zeta potential and
the species distribution diagram of HEPA were plotted in
Fig. 7. The variations in flotation recovery, zeta potential
and the species distribution diagram of HEPA with
increasing pH could be divided into four parts for HEPA
solution.

At pH<1.7, molecule species were the dominant
component in solution. The basal planes of cassiterite
were positively charged. The minority of HEPA
monoanions in solution were adsorbed onto the mineral
surface by electronic effect and chemical adsorption.
Hence, the flotation recovery of cassiterite was not high.

In the pH region of 1.7—6.6, monoanions were the
dominant component of HEPA in solution. Meanwhile,
the flotation recovery was also relative preferable in
these range. These results inferred that monoanions of
HEPA were the functional component for flotation. The
adsorption of HEPA made zeta potentials negative shift.
When pH value was around 4.0, the proportion of
dominant component monoanions and flotation recovery
reached the peak. Since the cassiterite was negatively
charged in the pH region of 3.6—6.6, the adsorption of
HEPA monoanions onto cassiterite surfaces have to
overcome the electrostatic repulsion, which further
demonstrated that adsorption behavior of HEPA onto the
cassiterite primarily  attributed to
chemisorption. The chemistry interaction of FMO was
stronger than the electrostatic effect.

In the pH range from 6.6 to 9.1, the proportion of
dianions increased with the increase of pH, in contrast to
that, the monoanion concentration descended. The charge
of dianions was more negative than that of monoanions,
resulting in a stronger electrostatic repulsion. Therefore,
the dianions could hardly adsorb onto mineral surfaces,
hence the adsorption amount and flotation recovery
started to decrease.

When pH values were over 9.1, the monoanions of
HEPA nearly disappeared in solution. The negative
charge of normal mineral surface increased. The
electrostatic repulsion further increased. Flotation
recovery declined rapidly to the bottom in this region.

surface  was

Molecule Monoanion Dianion
Collector
HOMO LUMO HOMO LUMO HOMO LUMO
SPA —0.22090 —0.09463 -0.19513 —0.07442 —0.14604 —0.06061
HEPA —0.20956 —0.03203 —0.18959 —0.01456 -0.15134 0.00107
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Fig. 7 Dependence of flotation recovery, zeta potential and
species distribution diagram of HEPA

3.6 Adsorption mechanism of HEPA

The above discussion demonstrated that monoanion
of HEPA was the functional component of flotation and
HEPA interacted with mineral surfaces through chemical
adsorption. The former report by KUYS and
ROBERTS [27] had suggested that SPA adsorbed onto
the cassiterite surface by a chemisorption process of the
O atoms of phosphate bonding with the metal atoms on
the cassiterite surfaces. LI et al [13] pointed out that HPA
reacted with Sn species by formation of Sn—O—P and
Sn—P bonds.

The DFT calculation results showed that O1 and O2
atoms were of the active center in HEPA monoanions.
Therefore, we proposed the possible chemisorption
process and bonding configuration of HEPA monoanion
with Sn species on cassiterite surfaces in acid conditions,
as illustrated in Fig. 8 and Fig. 9.

In these reactions, step 1 was the key step, which
has been demonstrated by FARROW et al [33] and
KUYS and RORERTS [27]. Based on these reports, the
monoanion of phosphonic acid undergoes slow ion
exchange and reacts with the surface hydroxyl groups of
cassiterite, resulting in the formation of monodentate
complexes in step 1. Simultaneously, the other P—OH of
HEPA reacts with another hydroxyl groups of cassiterite,

3w o
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HO HO
0
N A~ Oy ly
P\ P
g oH / \5*:0
N OH Step3 NS
# = N 7 A N
(0] 0 0 (0]

Fig. 8 Possible chemisorption process of HEPA onto cassiterite
surface

Fig. 9 Bonding configuration of bidentate (a) and binuclear (b)

giving out a H,O molecular, followed by rapid
formation of a bidentate complex or a binuclear complex
(see Fig. 9) [27]. Whatever, the monodentate complexes
that formed by monoanions of phosphonic acid reacting
with the Sn species on mineral surfaces are the foremost
intermediates in these reactions.

To compare the reaction ability of HEPA with that
of SPA, the binding models of monodentate complexes
formed by collector monoanions and cassiterite surfaces
were simulated and calculated. The optimized models
were illustrated in Fig. 10 and the values of binding
energy were calculated as follows:

AE = E, = (Eppasspa + Esno, ) (D

where E,, is the total energy of models a or b, Eygpasspa
is the energy of phosphonic acid monoanions, and Eg,o,
is the energy of cassiterite surface.

The calculation results indicated the binding
energies of HEPA and SPA were respectively —75.35 and
—56.28 kJ/mol, which revealed that the reactive process
of HEPA or SPA with Sn species might take place
favorably since both of these binding energies were
negative. Additionally, the binding energy of HEPA
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model (a) was more negative than that of SPA model (b),
leading to the fact that HEPA exhibited higher reaction
activity to cassiterite than SPA. The theoretically
obtained results by DFT calculation are in highly
accordance with those previously experiment results.

All these results demonstrated that the mechanism
of HEPA adsorption onto cassiterite surface was a
chemisorption process and the HEPA had a better
collecting ability to cassiterite than SPA. However, the
mechanism of HEPA rapidly collecting the cassiterite
without frother was still unknown.

3.7 Flotation mechanism of HEPA

The flotation tests have demonstrated that HEPA
had a much higher surface activity to cassiterite than
SPA. The surfaces activities of collectors have
been proved to have an important relationship with the
surface tension of molecules [34,35]. According to the
calculation results provided by ilab/ACD labs, the
surface tensions of HEPA and SPA were 47.8x10° N/m
and 63.7x107* N/m, respectively.

L%& HEPA
Cassiterite

The HEPA owned much lower surface tension than
SPA. Therefore, HEPA was more efficient than SPA in
decreasing the air—water interfacial tension, which may
be attributed to the steric effect of the alkyl group [35].
There are many reports about the relationship between
the molecular structure and the surface tension [36,37].
The structures of HEPA and SPA have been discussed
in the DFT research. The longer C—P bond and
hydrocarbon group offer more significant contributions
in inducing hydrophobicity when HEPA adsorbed on
cassiterite interfaces.

When phosphonic acid collectors were added to the
solution, the polar group of collectors adsorbed onto
cassiterite surfaces and the hydrophobic group attached
to air bubbles [38]. Since HEPA was more effective in
reducing the air—water interfacial tension than SPA, the
resistance to bubble coalescence and the stability of froth
formed by HEPA were better than that of SPA [39,40].
Hence, HEPA showed great flotation efficiency to
cassiterite. The flotation adsorption model was shown
in Fig. 11. However, SPA molecules which have a high

Cassiterite

S tas

Model a

Model b

Fig. 10 Optimized binding model of collector monoanions and cassiterite surface

O Polar group 8
O—HPA

Orvv Aliphatic alcohol

O Minerals

Fig. 11 Flotation adsorption models of HEPA and SPA on cassiterite surface
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surface tension show a bad flotation performance. With
the addition of aliphatic alcohol, the frother molecules
which have a low surface tension make intermolecular
association with SPA molecules, resulting in the
reduction of air—water interfacial tension. Therefore,
minerals were attached to the bubbles and collected
successfully (Fig. 11) by foam flotation.

4 Conclusions

1) The flotation results indicated that HEPA
presented stronger collecting power to cassiterite
compared with SPA, and the flotation recovery
maintained above 90% over the pH region of 2—9 when
HEPA concentration was 50 mg/L. While the recovery
was around 80% over the pH range of 2—7 when
50 mg/L SPA was used in the presence of frother 2# oil.

2) HEPA and SPA collectors adsorbed onto the
cassiterite surfaces by a chemisorption process were
demonstrated by FTIR spectra and =zeta potential
measurements. The solution chemistry analysis
suggested that the active principle of flotation was
phosphonic acid monoanion, which overcame the
electrostatic ~ repulsion and formed a strong
chemisorption with cassiterite. HEPA showed a better
affinity to cassiterite than SPA.

3) HEPA monoanions owned more negative charge
and higher HOMO values than SPA monoanions, HEPA
more easily donated electrons to the metal atoms of
cassiterite surfaces. The bond configuration models of
collectors with cassiterite surface were established and
the binding energy of model was also calculated. The
binding energy Eygpa Was more negative than FEgpa,
further demonstrating that HEPA exhibited a stronger
collecting power to cassiterite compared with SPA. The
longer C—P bond and hydrocarbon group of HEPA
made HEPA own less surface tension than SPA, resulting
in the fact that HEPA can float out cassiterite without 2#
oil. The theoretical results showed an excellent
agreement with the flotation tests, FTIR spectra studies
and zeta potential measurements.
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