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Abstract: In this study, the flotation separation of rutile from almandine using cationic surfactant
Octadecyl amine polyoxyethylene ether (AC1815) as a new collector was investigated. The adsorption
mechanism of AC1815 on rutile was illustrated through zeta potential measurement, infrared spectrum
and XPS analyses. The flotation experiments demonstrated that AC1815 exhibited an excellent collecting
ability and selectivity for rutile. The results of zeta potential measurements and XPS analysis indicated
that more AC1815 was adsorbed on rutile surface instead of almandine. The adsorption mechanism of
AC18150n rutile was mainly attributed to the electrostatic interaction between the positively charged
molecules of AC1815 and the negatively charged rutile surface, and the hydrogen bonding between the
protonated ENH*, =N group of AC1815 and Ti-OH on rutile surface.
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1. Introduction

Titanium (Ti) is a very important strategic metal with extensive application, such as aviation, aerospace,
navigation, machinery, medicine, chemical industry, seawater desalination (Fang et al., 2018). Rutile
(TiO») is the main source of titanium. Hard rock rutile ores account for the large part of total reserve of
rutile resources in China (Bulatovic et al., 1999). Due to the complex in their mineral composition, the
concentration of hard rock rutile ores is very complex. The main beneficiation methods of rutile usually
include flotation, gravity, magnetic and electrostatic separation (Abouzeid et al.,1979, Cui et al., 2002).
Since the mineralogical properties of rocks are very complex, the production cost of rutile rock is high,
thus, it cannot be exploited and utilized industrially. Almandine (FesAlx(SiOs)s) is the main gangue
mineral in hard rock rutile ores. The density and specific susceptibility of almandine are close to that of
rutile, consequently, flotation is considered to be an efficient method to separate rutile from almandine
(Xu et al., 2017, Chen et al., 2018). Many collectors have been applied in rutile flotation, such as fatty
acids (Xiao et al., 2019), various soaps of vegetable oils, and petroleum sulphonate (Liu et al., 1999). The
main challenge of these collectors is the lack of selectivity and specificity for gangue minerals, such as
apatite and almandine among others (Xie et al.,, 2018). For example, flotation study to extract rutile
valuable minerals from copper tailings slurry was conducted using soluble petroleum sulfonate as the
rutile collector and hydrofluoric acid as the depressant, respectively. Low grade concentrate assaying
34.8% TiO, was obtained from a feed containing 0.76% TiO2 (Xu et al., 2017). Nonyl hydroxamic acid
(Wang et al, 2016), arsenic acids, phosphonic acids (Liu et al, 1999), N-benzoyl-N-phenyl-
hydroxylamine (N-BPHA), alkyl succinamates (Bulatovic et al., 1999), and 3,4-(methylenedioxy) benzyl
acrylate acid also have been tried in the flotation of rutile ores (Bertiniet al., 1991, Liet al., 2016).Celik et
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al. (1998) used the hydroxamate as the collector to remove titanium minerals such as rutile and sphene
from a Turkish feldspar ore. The results clearly demonstrated that hydroxamate exhibited better
performance than fatty acids (Celiket al., 1998). In application of hydroxamate was used as collector in
rutile flotation, heavy metal ions Pb2* must be added as an activator although that may cause serious
environmental pollution. Cui et al. (1986) used benzyl arsonic acid (BAA) as a rutile collector, sodium
fluorosilicate (NasSiFe) as a gangue depressant, and a rutile concentrate assaying 84.5% TiO, was
produced with the flotation recovery of 86.4% (Cui, et al., 1986). The flow-sheet and reagent scheme
from this study were employed in the Zaoyang Rutile Mine, China. However, the Zaoyang Rutile Mine
had to be closed because of the high reagent cost and the environmental concerns (Liu et al., 1999).
Phosphonic acids have proven to be highly selective collector for flotation recovery of rutile under
weakly acidic condition, with less toxicity than benzyl arsenic acid (BAA). However, the high reagent
consumption of the expensive phosphonic acids limits its industrial application.

Octadecyl amine polyoxyethylene ether (AC1815) has previously been used as a surface active agent
and antistatic reagent (Li et al., 2013), owing to its excellent stability, emulsifiability, and susceptibility
(Liang et al., 2010). Fatty amine polyoxyethylene ether has been used as mineral collector for quartz (Liu
et al., 2014), kaolinite (Guo et al., 2017), and oxidized coal (Ma et al., 2018) in other literatures. In this
study, AC1815 was employed as a collector for flotation separation of rutile from almandine by micro-
flotation experiments. The selective adsorption mechanism of AC1815 on rutile surface was also as well
investigated by zeta-potential measurements, FTIR and XPS analyses.

2. Materials and methods
2.1. Materials

The sample used in this study was the tabling concentrate obtained from Hainan, China and it contained
98% TiOs. The sample was ground by porcelain ball mill and screened by wet sieving, the size fraction
of -106 +48pum was obtained for the flotation experiments. On the other hand, almandine was obtained
from Donghai country, Jiangsu, China. The sample was firstly processed by dry magnetic separation
and vibration mill, then, the ground sample was screened by 106pm sieve. Finally, almandine single
mineral within the size fraction of -106 +48pm was obtained.

The chemical compositions of rutile and almandine samples were determined by X-ray fluorescence
spectrometry (XRF) respectively, and the results are presented in Table 1. The mineral compositions of
rutile and almandine were also analyzed by X-ray diffraction (XRD). The results are shown in Figs. 1
and 2.

Table 1. Chemical compositions of the rutile and almandine samples (wt%)

Composition Na O  MgO AlLOs SiOz CaO TiO MnO FexO5

Rutile - - - 0.42 0.02 98.03 - 0.41
Almandine 0.729 5.119 17.701 38.591 9.046 1.703 0.497 26.276

2.2. Methods
2.2.1. Micro-flotation experiments

The micro-flotation experiments were carried out in a XFG- Il flotation machine with a 100 cm? hitch
groove flotation cell. The impeller speed was fixed at 1700 rpm. In single mineral flotation experiments,
the mineral suspension was prepared by adding 3.0 g of single mineral to 50 cm? solution (6%). While
in artificial mixed mineral flotation experiments, the ratio of rutile to almandine was fixed at 1:3 (0.75 g
of rutile and 2.25 g of almandine). HCl and NaOH were added to adjust the pH of the suspension. After
adding the desired amount of reagents, the suspension was stirred for 3 min. The skimming time was
fixed at 3 min. The froth products and tailings were weighed separately after filtration and drying. The
flotation recovery was calculated based on the dry weight of the products in single mineral flotation.
For mixed minerals, the concentrates and tails were assayed for TiO. grade which was in turn used to
calculate theTiO; recovery.



655 Physicochem. Probl. Miner. Process., 56(4), 2020, 653-664

8000
®
® Rutile
6000
Z
=
=
(=]
N
. 4000 [
N
‘7
=
2
=
= 2000 -
0 M‘.L
1 1 1
20 40 60 80
Two-Theta (deg)
Fig. 1. XRD pattern of the rutile sample
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Fig. 2. XRD pattern of the almandine

AC1815 (>90 wt%) used as the collector was obtained from Haian Petrochemical factory in Jiangsu
province, China (Fig. 3). The analytical grade hydrochloric acid (HCI) and sodium hydroxide (NaOH)
used as pH modifiers were both purchased from Xinyang chemical reagent factory, China. Deionized
(DI)water was used in the flotation and other measurements (Millipore deionized, resistivity of 18.25
MQ - cm).

(CH;-CH-O)1s-H

CH:-(CH2hi-N

\ (CH,-CH-O)15-H

Fig. 3. Structure of collectors AC1815 (n = 15)

2.2.2. Zeta potential measurements

The zeta-potential measurements for both rutile and almandine samples were conducted with a
Zetasizer Zs90 (England). The ambient temperature was maintained at 25°C, 30 mg of rutile or amandine
sample (-10 pm) was added to 50 cm? aqueous solution. This step was performed in the presence of
desired reagent concentrations at a determined pH regulated through HCl or NaOH stock solutions,
and the pH value recorded. The mineral suspension was magnetically stirred for 5 min and setting
allowed for 10 min. Then, each sample was measured at least three times, and the average recorded as
the final value (mV).
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2.2.3 FTIR analysis

Fourier transform infrared (FTIR) spectra is an analytical method for determining the molecular
structure of a substance and identifying compounds based on information such as relative vibrations
and molecular rotations within the molecule. In this study, FTIR spectra of the samples were recorded
on a Spectrum one (version BM) FT-IR(USA) spectrometer at 25°C. The interaction products were
obtained in the following method. 3.0 g of single mineral sample (<37.4 pm) was added into 50 cm3
aqueous solution with a desired reagent at pH about 6.0, after being filtered 5 min, the treated sample
was washed three times with DI water, and dried in a vacuum oven at 40°C. Then, the interaction
product was used for FTIR analyses.

2.2.4. X-ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) is an important surface analysis technique (Li et al., 2016, Liu
et al., 2019). It can detect the chemical composition of the surface and depth of (<10 nm) sample. In this
study, the XPS results for the samples were obtained using a Thermo Fisher ESCALAB 250 XPS system
(American Thermo Fisher Scientific)

Samples for XPS measurements were prepared as follows: 3.0 g single mineral (rutile or almandine)
was added into AC1815 solution with an appropriate concentration, the slurry was agitated in a
flotation cell for 20 min at the speed of 1700rpm, thereafter, the slurry was filtered and dried in a vacuum
oven at 60°C, the obtained products here were used for XPS analyses.

3. Results and discussion
3.1. Single mineral flotation experiments

To investigate the effect of pulp pH and AC1815 concentration on the floatability of rutile and
almandine, single mineral flotation tests were conducted.

3.1.1 Effect of AC1815 dosage

Fig. 4 shows the effect of collector concentration on the recovery of rutile and almandine. As seen from
Fig. 4, the floatability of rutile increases sharply from 10% to 87% up to concentration 10 mg/dm? with
the increasing collector concentration, and then, the recovery reached a plateau to 93% at 20 mg/dm3
collector concentration, when the concentration reaches 20 mg/L, the recovery can reach 93%. As
known from the previous, when nonyl hydroxamic acid was used as a collector for rutile, the flotation
recovery reached a plateau at about 85%, at a concentration was greater than 40 mg/dm? (Wang et al.,
2016). In a similar study, when Stryl phosphonic acid (SPA) was used as a collector and sodium
fluosilicate as a depressor for rutile flotation, the recovery of rutile reached about 80% only at dosages
800 g/Mg and 300 g/Mg for collector (SPA) and Sodium fluosilicate (NaxSiFe), respectively (Liu et al.,
1999). From those previous studies reported above, then it is obvious that AC1815 shows a higher
collecting performance than any other common collector. In the case of almandine, as can be seen from
Fig. 4 that, while the concentration of the collector increased; especially when the concentration was
lower than 10 mg/dm?, the recovery was below 10%. After the collector concentration was greater than
20 mg/dm?, the selectivity deteriorated. The results show that AC1815 is a powerful collector, and the
concentration between 8 mg/dm? and 20 mg/dm? has the best selectivity for flotation separation of
rutile from almandine.

3.1.2 Effect of pulp pH

Fig. 5 shows the floatability of rutile and almandine as a function of slurry pH. With the increase of the
pH, the floatability of rutile increased from 22.9% at pH 2 to a maximum recovery of 95% at pH 5. When
pH>7, its floatability decreased significantly and reached 5% at pH 10. Compared with rutile, the
floatability of almandine was relatively poor. The highest recovery was about 33% at the pH=6. In the
pH range of 3-7, the floatability of rutile was relatively high. Thus, good flotation selectivity could be
obtained at this pH range.
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Fig. 4. Effect of AC1815 concentration on the floatability of rutile and almandine at pH=6%0.1
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Fig. 5. Effect of pulp pH on the floatability of rutile and almandine in the presence of 20mg/dm3 AC1815

3.2. Flotation experiments for the artificially mixed minerals

The single mineral flotation results showed that AC1815 could be a potential collector for rutile flotation.
In order to investigate the flotation selectivity of AC1815 from rutile to almandine, the flotation
experiments of artificial mixed minerals (the ratio of rutile to almandine was 1:3) were conducted. The
effect of AC1815 concentration on the grade and TiO: recovery of froth concentrate are shown in Fig. 6
(pH=6) and Fig. 7 (pH=4). As seen from Figs. 6 and 7, with the increase of AC1815 concentration, the
grade of froth concentrate gradually decreased, the TiO, recovery of froth concentrate increased
significantly. In Fig. 6, when the concentration of AC1815 was 15 mg/dm? with pH 6, then the TiO,
grade was 41%, and the TiOz recovery of froth concentrate reached 90%. In Fig. 7 when the concentration
of AC1815 was 8 mg/dm3 with pH 4, the TiO, grade was 46 %, and the TiO, recovery of froth concentrate
reached 80%. The results indicated that AC1815 could selectively separate rutile from almandine under
different pH conditions.

3.3. Zeta potential measurements

Zeta potential measurement is a useful method to reveal the adsorption mechanism of reagent on
minerals surfaces (Meng et al., 2015, Liu et al., 2019). The results for Zeta potentials of rutile and
almandine as a function of pH are shown in Fig .8. In the absence of AC1815, the zeta potentials of rutile
and almandine decreased gradually with the increasing pH, and their isoelectric point are located at pH
1.96 and pH 3.3, respectively, which are in good agreement with previously reported studies (Liang et
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Fig. 8. Zeta potential of rutile and almandine as a function of pH in the presence of
AC1815 at 20 mg/dm?3

et al., 2010). After the addition of AC1815, the zeta potentials of both rutile and almandine exhibit a
positive shift within the investigated pH range. The isoelectric point of rutile moved to pH 2.54 and
almandine moved to pH 3.7. This might be due to the fact that the nitrogen in AC1815 has an unshared



659 Physicochem. Probl. Miner. Process., 56(4), 2020, 653-664

pair of electrons, which can be protonated in a weak acid solution and form a strong electrostatic
interaction with rutile and almandine surfaces, when rutile and almandine were negatively charged.
The maximum variation of rutile potentials occurred in the pH range between 4 and 8 where the positive
shift of potential on almandine was much smaller.

It is further noted that under the range of pH 4~8 the adsorption amount of AC1815 on rutile is larger
than that of almandine, under the same pH condition of flotation experiment, therefore, the floatability
of rutile is better than that of almandine with the addition of AC1815.

3.4. FTIR analyses

To investigate the type of interaction mechanism attributed to the adsorption of AC1815 on minerals’
surface, FTIR analyses of rutile and almandine in the presence and absence of AC1815 were equally
conducted.

In Fig. 9 the spectrum of AC1815, the characteristic peaks in the range of 4000-400 cm™ were
assigned based on literature (Whittaker et al., 1974, Li et al., 2013). More specifically, the bands at 2923
cm! and 2855 cm? were attributed to the stretching vibration of methyl and methylene groups (-CHs
and-CHo>-), respectively. The peak at 1464 cm™ and 1250 cm~" with a relatively high intensity belongs to
flexural vibration of methyl and methylene groups (-CHs and -CHo>-), respectively. The band at 1350
cm™! and 1117 cm™ comes from the symmetric stretching of C-N. The bands at 3471 cm™ and
1607 cm?! were attributed to the stretching vibration and deformation vibration of N-H, respectively
(Chen et al., 2020). The peak at 1117 cm™ and 948 cm™ belong to the asymmetric stretching and
symmetric stretching of aliphatic ether groups (C-O-C).
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Fig. 10. The FTIR spectra of rutile before and aftertreatment with 20mg/dm3AC1815
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As was shown in Fig. 10, the band near 526 cm~'in the spectrum of rutile in the absence of AC1815
was caused by the external bending vibration of Ti-O (Yamashita et al.,, 2008). Several new peaks
appeared on the spectrum of treated rutile, even after three times of washing with Milli-Q water. The
peak at 2954 cm™! belongs to the stretching vibration of -CHjs, the peaks space at 2925 cm™, and 2855
cm™! corresponding to the stretching vibration of -CH»-, the peak at 1418 cm™? belongs to bending
vibrations of -CHz-, the peak at 1488 cm! belongs to bending vibrations of -CHs. This indicated that not
just physical adsorption took place on rutile surfaces. The peak at 1367 cm! with a relatively strong
intensity belongs to deformation vibration of C-N of tertiary amine (AC1815), which shifts from 1350
cm?, suggesting a hydrogen bond formed between AC1815 and rutile as well (Somasundaran et al.,
1997).

Figure 11 shows the peaks at 954 cm™, 894 cm™, and 866 cm™ in the spectrum of almandine which
caused by the asymmetric stretching vibration of [SiO4]#* groups (Yamashita et al., 2008). The peak at
634 cm™ and 562 cm™ with a relatively high intensity belongs to in-plane bending vibration of [SiO4]**
groups. The peak at 451 cm™ with a high intensity belongs to the lattice vibration of B3*--O (A]**--O or
Fe3+--O) groups. After treated with AC1815, there were only the peaks of -CHj3 (2925 cm™?, 1488 cm™)
and -CHa- (2925 cm™, 2855 cm™and 1488 cm™) of AC1815 molecules were detected on almandine
surfaces after being washed 3 times with Milli-Q water, suggesting that AC1815 molecules also
adsorbed on the surface of almandine, although the interaction was relatively weaker compare to that
one of rutile.
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Fig.11. FTIR spectra of almandine before and after treatment with 20 mg/dm3 AC1815

3.5. XPS analyses

XPS technique can determine the chemical states of elements, which is valuable to analyze the
adsorption phenomenon on a mineral surface (Wang et al., 2015).

Figure 12 shows the survey scan of rutile and almandine before and after AC1815 treatment. On the
pure rutile surface (Fig. 12a), no obvious impurities other than carbon were detected in the spectrum.
After the interaction with AC1815, the intensity of the Cl1s peaks were slightly higher than that of the
pure rutile surface. And, new peaks of N were found on rutile surface as well. The results indicated that
the adsorption of AC1815 took place on the rutile surface. Figure 12b shows the survey scan of
almandine before and after AC1815 treatment. After AC1815 treatment, the weak N1s XPS peaks were
found on almandine surface, the intensity of the Cls peak was not stronger than that of the almandine
surface.

Element compositions of rutile and almandine before and after treatment with AC1815 are given in
Table. 2. As shown in Table. 2, nitrogen atoms with content of 0.89% was detected on rutile surface after
treatment with AC1815, and, the content of carbon atoms on rutile surface significantly increased from
23.49% to 37.62% after treatment with AC1815. While, no nitrogen atoms were detected on almandine
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surface after treatment with AC1815, and, the content of carbon atoms on almandine surface slightly
increased from 24.03% to 27.78% after treatment with AC1815.

Those results of the survey scan revealed that the adsorption amount of AC1815 on rutile was
obviously larger than that on almandine, thus, the good flotation selectivity could be obtained.
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Fig.12. XPS survey scan of minerals before and after AC1815 treatment (a) rutile, (b) almandine

Table. 2. Element compositions of rutile and almandine before and after treatment with AC1815 (%)

Atomic Cls Ti2p Ols Nil1s Al2p Fe2p
Rutile 2349 20.64 5324 -
Rutile+AC1815 37.62 829 4548 0.89
Almandine 24.03 - 56.82 - 894 523
Almandine+AC1815 27.78 - 4492 - 1045 3.20

In order to get more details for AC1815 adsorption, high resolution XPS spectra of Ti2p, Ols, Cls
and N1s are exhibited in Figs. 13 and 14.
As shown in Fig. 13a, two peaks at 458.34 eV and 464.04 eV were found in Ti 2p3/2 and Ti2pl/2
emission of pure rutile sample in absence of collector (Elechiguerra et al., 2005). After the interaction
with AC1815, the unchanged peaks of Ti2p indicated that no chemical bonding formed between AC1815
and rutile surface. The high-resolution O1s XPS spectra of rutile in the absence and presence of AC1815
are shown in Fig. 13b. The peak at 529.67 eV was ascribed to the lattice oxygen in crystalline TiO» (Yu et
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al., 2005, Lin et al., 2009, Chaturvedi et al., 2017), while the other peak at 531.32eV was attributed to the
surface adsorbed oxygen, such as hydroxyl species Ti-OH (Tang et al., 2018). After the interaction with
AC1815, it is clearly shown that the relative intensity of -OH is more pronounced due to the C-O-C and
C-OH of AC1815. The peak fit of the Cls XPS spectra of treated rutile was obtained, and shown in Fig.
13c. The Cls spectra can be well fitted with three peaks, namely 284.41 eV (C-C/C-
H/CxHy)(Elechiguerra et al., 2005), 285.79 eV (C-N) (Tanget al., 2018), and 286.84 eV (C-OH) (Chen et
al, 2017), indicating that hydrophilic oxygen-containing and nitrogen-containing groups were
introduced on rutile surface.

In order to clearly unravel the selective adsorption mechanism of AC1815, high resolution XPS
spectra of Nls is exhibited in Fig. 14. As can be seen from Fig. 14, two obvious new peaks at 399.33 eV
and 401.42 eV are observed in Fig. 14a. Considering this set of data, the peak at 399.33 eV was assigned
the =N component, hydrogen bonding interaction take place between the =N group of AC1815 and Ti-
OH on rutile surface (Luo et al., 2018). These same references and others therein were used to locate the
protonated =NH* N1s signal at 401.42 eV (Benitez etal., 2011). The electrostatic interaction also took
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place between the positively charged AC1815 and the negatively charged rutile surface. However,
compared to that of rutile, the N1 speaks intensity of almandine was relatively weaker (Fig. 14b),
indicating that less AC1815 could adsorb on almandine surface. The results are in good agreement with
the zeta potential measurements.

4. Conclusions

1. The flotation results indicate that AC1815 is a powerful collector for rutile which could selectively
separate rutile from almandine.

2. The zeta potential measurements revealed that positively protonated AC1815 absorbed on rutile and
almandine surface through electrostatic interaction when rutile and almandine were negatively
charged.

3. FTIR and XPS analyses also indicate that the adsorption of AC1815 on rutile surface was mainly due
to the electrostatic interaction, and the hydrogen bonding interaction between AC1815 and rutile.
The adsorption amount of AC1815 on rutile was larger than that of almandine, thus, the good
flotation selectivity could be obtained.
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