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Abstract: In this paper, a novel collector, dodecyl dimethyl betaine (BS-12), was used in the selective
separation of ilmenite from titanaugite. The flotation performance and associated adsorption
mechanism were studied by micro-flotation experiments, particle size analysis, Fourier-transform
infrared (FT-IR) spectroscopy analysis, and X-ray photoelectron spectroscopy (XPS) analysis.
The micro-flotation results indicated that BS-12 exhibited a stronger collecting ability towards
ilmenite than titanaugite within an acidic pH range, and that the recovery of ilmenite was about
50% higher than that of titanaugite under the optimum flotation conditions. Particle size analysis
demonstrated that BS-12 could selectively agglomerate ilmenite to a certain extent and then contribute
to the flotation difference between ilmenite and titanaugite. FI-IR results showed some characteristic
bands of BS-12 on treated ilmenite, and on titanaugite with BS-12. The XPS analysis further confirmed
that BS-12 chemisorbed onto ilmenite and titanaugite in a similar way, but the limited active sites on
titanaugite in comparison with ilmenite accounted for their differences in flotation.
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1. Introduction

In recent years, the titanium industry has become more and more important, due to the versatility
of titanium and its derived compounds in aviation, navigation, medicine, metallurgy and other
fields [1-4]. Globally, the main titanium resources with industrial utilization value to date, are ilmenite
and rutile. Compared with ilmenite, rutile is more easily utilized and extracted from raw ores, which
has consequently led to the depletion of large quantities of rutile; furthermore, rutile reserves are much
lower than ilmenite reserves. Therefore, the future trend of titanium resource utilization will be largely
reliant on ilmenite [5-7].

Due to different metallogenic mechanisms, it is more difficult to gain comparable benefits from
igneous ilmenite ores in China, for example, than from sedimentary-type deposits, which are of higher
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grade, with gangues mainly being quartz [8]. In such cases where ilmenite-containing ores exist with
characteristics such as low-grade quality, complex mineralogy and fine grains, it is difficult to achieve
effective separation when using traditional physical separation methods such as gravity separation,
high-intensity magnetic separation and electrical separation. Currently, flotation or its usage in
combination with the above-mentioned techniques is mostly adopted for the selective separation of
ilmenite from gangue minerals [9,10].

At present, the main collectors that are being studied in ilmenite flotation are fatty acids or their
salts [11-14]. However, one outstanding issue to be solved is that these collectors are not completely
ionized, and they exist mostly in molecular forms under acidic conditions (the required pH range
for practical yields from ilmenite), which generally leads to a low effectiveness of collector species
in solution, and thus a lower recovery rate or a higher rate of collector consumption in flotation.
Another problem associated with fatty acid-based collectors are their poor performance under low
temperatures and with hard water. Hence, it is important to develop effective collectors that are
suitable for strengthening ilmenite floatability, especially within acidic pH pulps [15].

Dodecyl dimethyl betaine (BS-12, C1,HpsN*(CH3),CH,COO™) is a mild zwitterionic surfactant
with resistance to hard water, and good stability under acid and alkali conditions. It has also been
reported to be easily degraded, environmentally friendly and to have good foaming abilities, and
therefore it is widely used as a detergent, dispersant and emulsifier because of its good compatibility
and synergistic effects [16-19]. In the present study, BS-12 was first introduced as the collector in
an ilmenite flotation system, in the hope of addressing the above-mentioned defects arising to some
extent from fatty acid-based collectors. Its associated mechanisms were investigated by micro-flotation
experiments, particle size analysis, Fourier-transform infrared (FT-IR) spectroscopy analysis and X-ray
photoelectron spectroscopy (XPS) analyses.

2. Materials and Methods

2.1. Materials and Reagents

The ilmenite and titanaugite used in this study were obtained from Panzhihua, Sichuan province,
China. The hand-picked samples were crushed and ground in a laboratory porcelain mill with an agate
ball. Then, impurities were removed by repeated low-intensity magnetic separation, high-intensity
magnetic separation, and gravity separation. Sequentially, samples in the —0.074 + 0.038 mm size
fraction were screened out for the flotation experiment. The purities of ilmenite and titanaugite were
qualified on the basis of the result of X-ray diffraction (XRD) in Figure 1, and they met the criteria
for micro-flotation.
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Figure 1. XRD spectra of ilmenite (a) and titanaugite (b).
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A BS-12 solution, prepared with a solid content of 30% (w/w) in deionized water, was used as
the collector in the micro-flotation experiment, and pure BS-12 was purchased from Saen Chemical
Technology Co., Ltd., Shanghai, China. The chemical structure and equilibrium reaction of BS-12 in an
aqueous solution are shown in Figure 2. As seen in Figure 2, when pH < 4.9, BS-12, which is positively
charged under this condition, was the cationic collector, while when pH > 4.9, BS-12 was ionized to
form a zwitterionic collector [19]. HCl and NaOH solutions were used to adjust the pH of the aqueous
suspensions in the experiments, and distilled water was used throughout all experiments.
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Figure 2. Chemical equilibrium reaction of BS-12 in aqueous solution.
2.2. Flotation Tests

Flotation tests were carried out by using a XFG-1600-type flotation machine (Prospecting Machinery
Factory, Jilin, China; mechanical agitation) with a 40 mL Plexiglass cell and a spindle speed of 1650
rpm. Two grams of the purified mineral particles was added to the flotation cell filled with 35 mL
distilled water in each flotation experiment. The desired amount of collector was added and agitated
for 3 min after the pH of the suspension was adjust to the required value. The flotation was conducted
for 4 min. The froth products and tailings were weighed after filtering and drying, respectively, to
calculate the flotation recovery. Three independent measurements of the flotation tests, run at each
condition, were conducted, and the average value was presented.

2.3. Particle Size Analysis

The particle size test was performed by using a Mastersizer 2000 particle size analyzer (Malvern
Instruments, London, UK). Two grams of purified mineral particles was added to a flotation cell
containing 35 mL of deionized water, then stirred for 5 min at the optimal pH and reagent dosage for
flotation experiments, and then the slurry was transferred to a beaker filled with 1 L deionized water
for particle size testing. In the process of the particle size test, the spindle speed of the particle size
analyzer was set to the same as that of the flotation machine, so that the hydrodynamic conditions
generated by the two kinds of equipment were consistent. Several repeated tests were conducted, and
the results showed good reproducibility.

2.4. FT-IR Spectroscopy Measurements

The FT-IR spectra were obtained by a Bruker Alpha (Waltham, MA, USA) FT-IR spectrophotometer,
using the KBr disk technique. Two grams of pure minerals, ground to 2 pm were added to 100 mL
0.1 M BS-12 solution. After stirring for 30 min, during which the pH of suspension was monitored
continuously, the mineral particles were washed four times with distilled water of the same pH during
filtration, and dried at room temperature under vacuum conditions for 24 h. Then, the infrared
adsorption spectrum was recorded from 400 cm~! to 4000 cm™.

2.5. XPS Experiments

The XPS analyses were carried out using a Thermo ESCALAB 250XI instrument (Thermo Fisher
Scientific, Waltham, MA, USA) with Al K« as the sputtering source, at 16 kV and 14.9 mA. The vacuum
pressure of the analytical chamber was about 10~ Pa. All binding energies were referenced to the
neutral C1 s peak at 284.8 eV, to compensate for surface-charging effects. The preparation of the sample
for XPS measurements was similar to the flotation test, and the collector dosage was kept at the same
level of micro-flotation (6.0 X 10~ mol/L). The mineral sample was conditioned for 3 min with the
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collector after the pH was adjusted to the desired value. Then, the sample was filtered and washed four

times with distilled water of the same pH. The washed sample was dried under vacuum conditions at
40 °C.

3. Results and Discussion

3.1. Micro-flotation Analysis

Figure 3 shows the flotation recovery of ilmenite and titanaugite as a function of pH. As observed,
the recovery of ilmenite increased slightly with the increase of pH from pH 4, and it reached a maximum
at pH 6. The flotation behavior of ilmenite deteriorated greatly at pH > 9, and this may have been
due to the increased degree of hydroxylation on the ilmenite surface within this pH range, which
could hinder the adsorption of the BS-12 species onto the ilmenite surface [20,21]. IImenite showed a
good degree of floatability at pH 4-5, and the foaming ability of BS-12, and the selective flocculation
of ilmenite may be the main reasons for this result [18]. Comparatively, the recovery of titanaugite
decreased continuously over the entire pH range. A pH range of 4 to 6 may thus be the optimum pH
range for the separation of ilmenite from titanaugite when using BS-12 as the collector.
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Figure 3. Flotation recovery of ilmenite and titanaugite as a function of pH.

Figure 4 displays the flotation recovery rates of ilmenite and titanaugite as a function of the BS-12
concentration at pH 6. With the increase of BS-12 concentration, the recovery of ilmenite increased
correspondingly, and it reached over 90% at a concentration of 6.0 X 10~ mol/L, after which the
influence of increasing BS-12 dosage on ilmenite recovery became limited. Hence, 6.0 X 107 mol/L
of BS-12 was used as the optimum concentration in the subsequent experiments. The recovery of
titanaugite did not change significantly with an increasing concentration of BS-12, and the maximum
recovery rate was only 40%. The significant difference in recovery between ilmenite and titanaugite, as
shown in Figures 3 and 4, indicated the selectivity of BS-12 in the flotation separation of ilmenite from
titanaugite (especially within an acidic pH range), showing the preferential adsorption of BS-12 on an
ilmenite surface compared to titanaugite.
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Figure 4. Flotation recovery rates of ilmenite and titanaugite as a function of BS-12 concentration at
pHe6.

The results of the single mineral flotation experiments showed that BS-12 may produce excellent
selective separation of ilmenite from titanaugite. Flotation tests of synthetic mixtures of mineral
samples were performed to further evaluate the selectivity of BS-12. Figure 5 shows the flotation index
of synthetic mixtures of mineral samples (21.2% TiO,) by one roughing flotation, using BS-12 as the
collector, at different pH values. As seen in Figure 5, the grade of TiO, was more than 30%, with high
recoveries with an acidic slurry, indicating that TiO, was enriched in the concentrate. This reflected
that BS-12 was selective in the flotation separation of ilmenite from titanaugite, and that good flotation
indexes could be obtained under acidic conditions.
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Figure 5. Flotation indexes of synthetic mixtures of minerals (21.2% TiO,) using BS-12 (6.0 X 10> mol/L)
as the collector, at different pH values.

3.2. Particle Size Analysis

Figure 6 shows the particle size changes of ilmenite and titanaugite samples before and after
treatment with BS-12. It can be seen from Figure 6a that the particle size of the ilmenite sample
increased significantly after treatment with BS-12: the d(50) and d(90) of the ilmenite particles were
69.789 um and 107.13 um before treatment with BS-12, while the d(50) and d(90) of the ilmenite
particles were 76.144 pm and 132.076 um, respectively, after treatment with BS-12. The d(50) and d(90)
of the ilmenite particles increased by 6.355 pm and 24.914 pm, respectively, which may have been
due to a certain degree of hydrophobic agglomeration forming between the ilmenite particles treated
with BS-12. This could have made the ilmenite particles more easily floated out, resulting in a higher
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flotation recovery. Comparatively, it can be seen from Figure 6b that there was no obvious change in
the particle size of the titanaugite sample before and after treatment with BS-12. It can be thus inferred
that BS-12 induced the selective agglomerate of ilmenite particles, and this may have been a potential
reason for the difference in the flotation recovery rates between ilmenite and titanaugite.
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Figure 6. Particle size distributions of ilmenite (a) and titanaugite (b) in the absence and presence of

BS-12 (c = 6.0 x 10~° mol/L) at pH 6.

3.3. FI-IR Spectra Analysis

Table 1 displays the characteristic bands of the FI-IR spectra of BS-12. The peaks at around
2920, 1457 and 1350 cm~! were attributed to C-H stretching, C-H bending and C-H rocking vibration
absorption, respectively. The peaks of C-N stretching vibration absorption appeared at around 1457
and 1072 cm~!. The peaks at around 1631 and 1600 cm~! were assigned to C=0O functional group
stretching vibrations. The characteristic absorption peak of O-H of the carboxyl group appeared at
around 3368 cm™! [19,22,23].

Table 1. The analysis of the FT-IR spectra results of BS-12.

Functional Group Wavenumbers (cm~1)
C-H 2920, 1457 and 1350
C-N 1457 and 1072
Cc=0 1631 and 1600

O-H 3368
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Figure 7 shows the FT-IR spectra of ilmenite and titanaugite, before and after treatment with
BS-12. BS-12 adsorbed relatively more easily on both ilmenite and titanaugite, as demonstrated by
the appearance of new —CH3 and —CH2- bands for treated ilmenite and titanaugite. However, the
characteristic bands of the carboxyl group were not found in the present study. To further verify the
adsorption behavior (physical or chemical) of BS-12 onto the ilmenite surface, XPS tests were conducted
for clarification.
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Figure 7. FT-IR spectra of ilmenite (a) and titanaugite (b) before and after the addition of BS-12.
3.4. XPS Analysis

The results of the particle size analysis showed that BS-12 can make ilmenite particles display
hydrophobic agglomeration to a certain degree, but the same effect does not occur between titanaugite
particles. The results of the FI-IR analysis indicated that BS-12 could adsorb onto the ilmenite and
titanaugite surface, but the associated adsorption mechanism was still unclear. XPS tests were thus
used to further explore the potential reaction mechanisms between BS-12 and ilmenite/titanaugite.

Table 2 gives details about the changes in binding energy and in the relative contents of different
elements on the ilmenite surface, before and after BS-12 treatment. The binding energy changes
indicated that the chemical environments of titanium and iron on the ilmenite surface had changed
with the addition of BS-12, showing that chemisorption had occurred. The reduced relative contents of
titanium and iron further confirmed that titanium and iron on the ilmenite surface both acted as active
sites when using BS-12 as the collector. After treatment with BS-12, N was detected on ilmenite surface,
and this also supported the adsorption of BS-12 on the ilmenite surface.



Minerals 2020, 10, 116 8of 11

Table 2. Binding energies and relative content changes of different elements on the ilmenite surface,
before and after BS-12 treatment.

Item Binding Energy (eV) Relative Content (%)

Without BS-12 With BS-12 Change Without BS-12 With BS-12 Change
Cls 284.8 284.8 0 19.45 21.85 +2.4
Ti2p 458.5 458.3 0.2 8 7.45 —0.55
Ols 530.6 530.4 -0.2 62.65 59.99 —2.66
Fe2p 711.3 711 -0.3 9.9 9.57 -0.33
N1s - 402.4 - 0 1.14 +1.14

A peak-fitting analysis was further conducted, to explore the potential adsorption of BS-12 onto
the ilmenite surface, and Figure 8 shows the results of the high-resolution spectra of Fe2p3/2 before
and after BS-12 treatment. As shown in Figure 8a, iron on a pure ilmenite surface was composed of
ferrous and ferric species, at about 711 eV and 713.1 eV, respectively [24,25]. As for the iron on the
ilmenite surface treated with BS-12, the peaks at 710.7 eV and 712.7 were assigned to ferrous and
ferric species, respectively, with both showing a decrease in binding energies (0.3 eV for ferrous and
—0.4 eV for ferric). This demonstrated the changes in their respective chemical environments, and that
both ferrous and ferric species can react with BS-12 via chemisorption. Furthermore, the change in the
ferric species was much more obvious than that of the ferrous species, and this showed that the ferric
species were much more easily served as active sites compared with the ferrous species, which was in
agreement with previous findings from ilmenite flotation showing that ferric species can form less
soluble complexes with the collector than can ferrous species [26,27].

Experimental data
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—— Fitting line
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Figure 8. High resolution spectra of Fe2p3/2: (a) pure ilmenite; (b) pure ilmenite+BS-12.

Figure 9 displays the peaking-fitting results of the high-resolution spectra of Ti2p3/2 in the absence
and presence of BS-12. Figure 9a showed that titanium on a pure ilmenite surface consisted of Ti-O-Ti
and Ti-O-Fe linkages at about 458.2 eV and 458.8 eV, respectively [28,29]. After treatment with BS-12, as
shown in Figure 9b, the Ti2p3/2 peaks of the Ti-O-Ti and Ti—-O-Fe linkages shifted by 0.1 eV and 0.2 eV,
respectively to lower binding energies. It seemed that the presence of iron enhanced the potential of
titanium as the active site to some extent. Together with Table 2, this also confirmed that as the active
sites, titanium on an ilmenite surface mainly reacted with BS-12 via chemisorption, which was similar
to iron on an ilmenite surface.
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Figure 9. High-resolution spectra of Ti2p3/2: (a) pure ilmenite; (b) pure ilmenite + BS-12.

As for pure titanaugite, the relative contents of C, Ti, O and Fe on its surface, as detected by XPS,
were 21.05%, 0.13%, 71.37% and 7.45%, respectively. In view of the low relative content of Ti on the
titanaugite surface, Ti could play a limited role even as a potential active site on the titanaugite surface
(the XPS test showed that the shift in binding energy was 0.2 eV after treatment with BS-12). As for
iron on a titanaugite surface, its Fe2p spectra before and after BS-12 treatment are shown in Figure 10.
The associated binding energy shift of iron was —0.5 eV, and this indicated a change in its chemical
environment. It was inferred that BS-12 can also chemisorb onto a titanaugite surface via titanium and
iron as the active sites, but that this process is not effective as its adsorption onto an ilmenite surface,
because of the limited contents of titanium and iron on the titanaugite surface. This would be the
reason why BS-12 had preferential adsorption onto ilmenite rather than titanaugite, which agreed well
with the results of the micro-flotation tests.

Titanaugite+BS-12

Counts/s

|
711.4

Titanaugite

Fe2p

T T T T T T T T T T T T T T T
740 735 730 725 720 715 710 705 700
Binding energy (eV)

Figure 10. High-resolution spectra of Fe2p, before and after BS-12 treatment.

4. Conclusions

This paper studied the performance of BS-12 as a collector in the flotation separation of ilmenite
from titanaugite. Micro-flotation experiments indicated that BS-12 exhibited a stronger collecting
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ability towards ilmenite than titanaugite, and that the optimum pH range for ilmenite flotation was
from 4 to 6. The results of the particle size analysis showed that BS-12 can make ilmenite particles
perform a certain degree of hydrophobic agglomeration, which made it easier to float out, but that
it fails to have the same effect for titanaugite particles, resulting in a flotation difference between
ilmenite and titanaugite (in agreement with the flotation behavior). FI-IR tests showed that BS-12
could adsorb on both ilmenite and titanaugite. XPS tests further demonstrated that BS-12 species
reacted with titanium and iron species on an ilmenite surface via chemisorption at the studied pH, and
that this behavior applied to titanaugite as well. However, because of the lower titanium and iron
contents as active sites on the titanaugite surface in comparison with ilmenite, more BS-12 species
can therefore adsorb onto ilmenite. Therefore, there may be two reasons for the flotation differences
between ilmenite and titanaugite. One is that BS-12 selectively leads to the hydrophobic agglomeration
of ilmenite, making it easier to be floated; the other is that compared with titanaugite, the surfaces of
ilmenite particles have more active sites, and thus can adsorb more BS-12 species.
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