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Abstract: Flotation separation of magnesite and its calcium-containing carbonate minerals is a difficult problem. Recently, new regulat-
ors have been proposed for magnesite flotation decalcification, although traditional regulators such as tannin, water glass, sodium carbon-
ate, and sodium hexametaphosphate are more widely used in industry. However, they are rarely used as the main regulators in research
because they perform poorly in magnesite and dolomite single-mineral flotation tests. Inspired by the limonite presedimentation method
and the addition of a regulator to magnesite slurry mixing, we used a tannin pretreatment method for separating magnesite and dolomite.
Microflotation experiments confirmed that the tannin pretreatment method selectively and largely reduces the flotation recovery rate of
dolomite without affecting the flotation recovery rate of magnesite. Moreover, the contact angles of the tannin-pretreated magnesite and
dolomite increased and decreased, respectively, in the presence of NaOl. Zeta potential and Fourier transform infrared analyses showed
that the tannin pretreatment method efficiently hinders NaOl adsorption on the dolomite surface but does not affect NaOl adsorption on
the magnesite surface. X-ray photoelectron spectroscopy and density functional theory calculations confirmed that tannin interacts more

strongly with dolomite than with magnesite.

Keywords: tannin pretreatment; selective inhibition; flotation separation; magnesite; dolomite

1. Introduction

Magnesite is a primary source of metallic magnesium,
which is widely used in building materials, refractories,
chemical materials, and adhesive materials [1-2]. Magnesite
is a magnesium carbonate mineral usually found in sedi-
mentary rocks with organic components, most of which are
stratified or nodular. Such rocks are often associated with
calcium-bearing minerals [3—5]. The commonest calcium-
bearing gangue minerals in magnesite is dolomite, an essen-
tial component in the ceramics, glass, agriculture, environ-
mental protection, and other industries [6]. By separating
magnesite from dolomite, we could fully utilize both the tar-
get mineral (magnesite) and the gangue mineral (dolomite)
[7].

Foam flotation is a mineral separation method that is more
widely used than gravity separation, magnetic separation,
electrostatic separation, and chemical separation [8—10]. This
method fully utilizes the differences in surface properties
between target minerals and gangue minerals, and can
achieve higher concentrate grades and flotation recovery
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rates [11-12]. At the same time, foam flotation can success-
fully solve the problem of difficult separation of alkaline
earth metal minerals such as magnesite and dolomite due to
similar active atomic spacing, mineral composition, and ad-
sorption mechanism [13-15].

When separating magnesite from its ore, one must first se-
lect the collector. Highly selective long-chain collectors ex-
ert a strong collection effect; therefore, fatty acids and do-
decylamine are often used in flotation tests [16—18]. The se-
lected regulator crucially determines the success of the separ-
ation. Although fatty acid collectors are suitable for positive
flotation separation, an amine collector can be adopted in re-
verse flotation separation [19-22]. To separate magnesite and
dolomite using the reverse flotation method, Yao et al. [18]
applied the regulator sodium dihydrogen phosphate (SDP),
which selectively adsorbs to the dolomite surface. Zhu et al.
[21] found that carboxymethyl cellulose exerts a strong ad-
sorption effect on magnesite but is an ineffective regulator on
quartz. The selective collection of quartz by dodecylamine
(DDA) achieves flotation separation of the two minerals. Sun
et al. [23] demonstrated that adding the chelating agent ethyl-
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enediamine tetra (methylene phosphonic acid) sodium
(EDTMPS) prior to the flotation test selectively inhibits mag-
nesite in a DDA flotation system. Using oleate as the collect-
or and 1-hydroxyethylene-1,1diphosphonic acid (HEDP) as
the regulator, Yang ef al. [24] found that HEDP obviously in-
hibits dolomite and achieves positive flotation separation of
magnesite and dolomite. A regulator is a crucial component
in the flotation separation of minerals. A commonly used
regulator can reduce the cost and expand the application
range of the agent [25-27].

Tannic acid is a weakly acidic, high-molecular-weight
polyphenol derived from plants and trees [28]. As a common
organic regulator, tannic acid has attracted much attention in
various fields [17]. The structure of tannic acid is shown in
Fig. S1. Owing to its numerous adjacent hydroxyl groups,
tannic acid has a strong affinity for metal ions and inhibits
metal minerals [25,29]. Studies on tannic-acid flotation have
reported that larch tannin extract improves jamesonite flota-
tion and that quebracho affects the flotation separation of
scheelite and calcite, celestite and calcite, and fluorite and
calcite [25,30-32]. All of these studies have laid a solid
foundation for investigating the decalcification of tannic acid.

Previously, we showed that when sodium oleate (NaOl) is
used as a collector, magnesite and dolomite have similar
floatabilities and cannot be separated without regulators
[20,33-34]. This study examines the performance of the tan-
nin pretreatment method during flotation separation of mag-
nesite and dolomite in a NaOl system. The pure magnesite
and dolomite minerals are pretreated with tannin regulator
before the flotation test. The flotation test of the pretreated
mineral samples is the highlight of this study. Some studies
have shown that pretreatment changes the mineral properties
such as wettability and charge on the mineral surface, thereby
improving the mineral floatability. Considering the excellent
properties of tannin, we selected tannin as the modifier in
magnesite and dolomite separation. However, flotation tests
of single magnesite and dolomite minerals indicated that tan-
nin inhibits the flotation of magnesite and dolomite;
moreover, the flotations of the two minerals are only slightly
different. To avoid these problems, we added EDTMPS to
the stirred slurry before the flotation test and exploited the
previously reported favorable effect of presedimentation in
limonite flotation. Combined with the pretreatment method,
we learned that EDTMPS addition preferentially changes the
mineral properties such as wettability and the mineral sur-
face charge [23,35-37]. Therefore, this study proposes the
pretreatment of magnesite and dolomite monominerals with
tannin in the NaOl flotation system. The feasibility of this
method was verified through flotation tests on the pretreated
minerals. After confirming good flotation results of the tan-
nin pretreatment method, we investigated the reasons for the
effective magnesite and dolomite flotation separation through
contact angle measurements, zeta potential determination,
Fourier transform infrared spectroscopy (FT-IR), X-ray pho-
toelectron spectroscopy (XPS) detection, and density func-
tional theory (DFT) simulations.

2. Experimental
2.1. Materials and reagents

The test materials were pure minerals of magnesite and
dolomite sourced from Dashigiao, Yingkou (Liaoning,
China). Fig. S2 shows the X-ray diffraction (XRD) spectra of
magnesite and dolomite and Table S1 shows their chemical
compositions determined via X-ray fluorescence chemical
analysis. The purities of magnesite and dolomite were
98.56% (by MgO) and 98.42% (by CaO), respectively [38].
Before the test, a single mineral was prepared via crushing,
hand sorting, grinding, screening, and other processing meth-
ods. The ore sample (particle size = —74+38 pm) was selec-
ted as the flotation feed. NaOl was purchased as a pure chem-
ical reagent from Sinopharm Group Chemical Reagent Co.,
Ltd. (Liaoning, China) and pure tannin was purchased from
Tianjin Kemi Ou Chemical Reagent Co., Ltd. (Liaoning,
China). The pH of the pulp was adjusted using HCI and Na-
OH. All tests were performed in deionized water.

2.2. Tannin pretreatment process

For the tannin pretreatment process, 100 g of the mineral
(magnesite or dolomite) and 400 mL of tannin solution were
added to a 500-mL beaker. After stirring for 5 min with a
magnetic agitator, the pretreated ore sample was washed five
times with deionized water to remove tannin liquid from the
surface of the mineral particles. The pulp was passed through
a vacuum filter and the resulting filter cake was dried at room
temperature and used as the flotation feed; subsequently, the
filtrate was discarded. Fig. S3 is a flowchart of the tannin pre-
treatment process.

2.3. Microflotation test

Flotation tests were performed in an XFG-ii hanging-
trough flotation machine (Jilin Prospecting Machinery Fact-
ory) operated at 1992 r/min [39]. For each test, 2.0 g of the
ore sample was placed in the 30-mL flotation tank and 20 mL
of deionized water was added. After stirring for 2 min, the pH
of the pulp was adjusted with HC1 or NaOH and the pulp was
stirred further for 3 min. Next, NaOl was added and the pulp
was stirred for an additional 3 min followed by 4 min of flot-
ation. The yields of the concentrate and tailings were calcu-
lated after drying and weighing. Fig. S4 shows a flowchart of
the microflotation test.

In this study, the recovery measurements are reported as
the averages of three independent tests. The selectivity of Na-
Ol in the tannin-pretreated magnesite—dolomite system was
quantified using the selectivity index (SI), calculated as

_ R, X J4 )
(100—R,,) X (100 - J4)

where J; and R,, represent the recoveries of dolomite in the

tailings and magnesite in the concentrate, respectively.

SI

2.4. Contact angle measurements

The static contact angle of deionized water on each-
mineral surface was measured using the suspension drop
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method on a JC2000A contact angle measuring instrument
[40]. The pretreated tannin ore sample and the pretreated
sample prepared via the flotation test process were filtered
and air dried at room temperature. The air-dried powdered
ore sample was pressed into dense and smooth slices using a
tablet press. The water was placed on a measuring platform
and the liquid was dropped on its surface through a microsyr-
inge. Liquid-wetting images of the mineral surface were col-
lected to obtain the contact angle on the mineral surface.
Each sample was tested in triplicate and the average was
taken as the final result.

2.5. Zeta potential measurements

The zeta potentials of the mineral samples were measured
under different pH conditions using a zeta potential analyzer
(Malvern, UK) [41]. Prior to measurements, a 50-mg miner-
al sample (particle size less than 5 pm) was dispersed in
50 mL of KCl solution (10~ mol/L) in a 50-mL beaker. The
pH of the slurry was adjusted with HC1 or NaOH solution for
3 min. The slurry was then stirred for 3 min and allowed to
stand for 20 min. Furthermore, 1 mL of the upper suspension
of each group was collected three times and the measure-
ments were averaged to obtain the final result.

2.6. FT-IR tests

FT-IR spectra of the tannin-pretreated samples before and
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after NaOl treatment were obtained using an FT-IR spectro-
meter (Nicolet 460, Thermo Scientific, Waltham, Massachu-
setts, United States) in the range 400-4000 cm™' [42]. The
pretreated mineral samples and the NaOl-treated samples
were air-dried at room temperature and ground to a particle
size of <5 um. A 2-mg portion of each sample was evenly
mixed with 200 mg of spectral grade KBr (mass ratio 1:100)
and pressed for measuring the FT-IR spectrum.

2.7. XPS detection

The chemical compositions of the magnesite and dolo-
mite surface before and after tannin pretreatment (at pH 10.0)
were measured under monochromatic Al Ka X-rays (1486.6
eV) generated by an ESCALAB 250Xi spectrometer
(Thermo Scientific K-Alpha, USA) operated at 150 W [43].
The test samples were prepared following the flotation test
process, washed thrice with deionized water, and dried for
24 h at <50°C. The binding energies were calibrated with the
neutral C 1s carbon peak at 284.8 eV and the spectral results
were processed using Thermo Avantage software.

2.8. DFT calculations

The crystal structures of magnesite and dolomite (see
Fig. 1) were obtained from the Crystallography Open-
Database.

(b) D)

Fig. 1. Crystal structures of (a) magnesite and (b) dolomite.

The DFT calculations were performed on the Vienna Ab-
initio Simulation Package. The long-range interactions
arising from van der Waals forces were treated with the Per-
dew—Burke—Ernzerhof spin-polarized generalized gradient
approximation [44]. To calculate the crystal properties and
optimize the structural geometry, the Brillouin zone integra-
tion was adjusted by applying Monkhorst—Pack with K-point
size of 5 x 5 x 1. The Gamma scheme with a K-point size of 1
x 1 x 1 was adopted for tannin. An original unit cell of mag-
nesite or dolomite was constructed along the (104) direction.
A minimum distance of 20 A along the z direction was set as

the vacuum layer. The plane wave was set with a cut-off en-
ergy of 400 eV and an energy convergence threshold of 107
eVv.

At each ion-optimization step, the
Hellmann—Feynman force was 0.02 eV/A. The oxygen ad-
sorption energy (E,) was determined as

Eats = Etotat — (Emole T Ecrystal) (2)
where E, is the total energy of the adsorption structure, and

Ege and E,,, are the adsorption energies of tannin and the
magnesite (or dolomite) crystal structure, respectively.

maximum
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3. Results and discussion
3.1. Microflotation test

In the microflotation test, we measured the magnesite and
dolomite flotation recoveries before and after tannin pretreat-
ment for different NaOl dosages. The results are plotted in
Fig. 2.

100
80 +
S 60t _
» —a— Magnesite
2 —e— Dolomite
8 40 —a— Tannin pretreated magnesite
& —v— Tannin pretreated dolomite
Tannin pretreated time: 10 min
20l Tannin concentration: 0.075 mol-L™
pH:10.0
P e = = = L

0 20 40 60 80 100 120
NaOl dosage / (mg'L™")
Fig. 2. Effect of NaOl dosage on the flotation recoveries of
magnesite and dolomite before and after tannin pretreatment.

Increasing the NaOl dosage clearly increases the flotation
recovery rates of the magnesite and dolomite single minerals,
but the floatabilities of the two minerals are too close to
achieve flotation separation. After tannin pretreatment in the
NaOl system, the floatabilities of magnesite and dolomite are
well separated because the pretreatment greatly reduces the
dolomite floatability without affecting the magnesite floatab-
ility. The tannin pretreatment with 110 mg-L ™" NaOl maxim-
izes the flotation recovery rate of magnesite at 92.05%,
thereby achieving the maximum float difference (87.01%)
between the two minerals after tannin pretreatment. There-
fore, when exploring the effect of slurry pH on the floatabil-
ities of magnesite and dolomite before and after pretreatment,
the NaOl concentration was set to 110 mg-L™".

As the slurry pH increases, the flotation recovery rate of
the magnesite and dolomite single minerals shows an overall
upward trend but changing the slurry pH does not increase
the small differences between the flotation recoveries of the
two minerals (Fig. 3), so the flotation separation effect re-
mains poor. After tannin pretreatment, the flotation recovery
rate of magnesite first increases and then decreases while that
of dolomite gradually decreases. The difference between the
flotation recovery rates of the two minerals after tannin pre-
treatment becomes obvious in the pH range 9.0-11.0 and is
maximized (86.65%) at pH 10.0. Therefore, when investigat-
ing the effect of pretreatment tannin concentration on the
flotation recoveries of the two minerals, the pH was set to
10.0.

Changing the tannin concentration in the pretreatment
agent little affects the flotation recovery rate of magnesite
and dolomite (Fig. S5). This result indicates that the pretreat-
ment can achieve the separation effect but the recovery rate is
insensitive to tannin concentration. The floating difference

100
80
N —#— Magnesite
; 60 —@— Dolomite
5 —A— Tannin pretreated magnesite
g 40 + —w— Tannin pretreated dolomite
3 Tannin pretreated time: 10 mil
R~ Tannin concentration: 0.075 mbl-L™!
20 F NaOl dosage: 110 mg-L™!
0F
7 8 9 10 11 12
pH

Fig. 3. Effect of pH on the flotation performances of magnes-
ite and dolomite before and after tannin pretreatment.

was maximized (89.65%) at a tannin concentration of 0.075
mol-L™". Therefore, when investigating the influence of pre-
treatment time on the flotation separation of the two minerals,
the tannin concentration was set to 0.075 mol-L™".

Fig. S6 shows the effect of tannin pretreatment time on the
flotation separation performances of the two minerals. The
plots are similar to those of tannin concentration. Notably, the
pretreatment time exerts little influence on the pretreatment
performance. The difference between the recovery rate of
dolomite and magnesite was maximized (89.70%) at a pre-
treatment time of 10 min.

To further verify the sorting effect of the tannin pretreat-
ment in the magnesite and dolomite single-mineral flotation
tests, magnesite (1.6 g) and dolomite (0.4 g) before and after
tannin pretreatment were subjected to a binary artificial
mixed-ore test under the above determined optimal condi-
tions. The results are shown in Table S2.

In the binary mixed ore with untreated magnesite and
dolomite, the MgO and CaO grades in the concentrate were
42.18% and 5.78%, respectively, close to those in raw binary
mixed ore. The low SI indicator (1.65) further indicates that
the NaOl collector alone cannot separate magnesite from
dolomite. In the binary mixed ore of magnesite and dolomite
after the tannin pretreatment, the grade of MgO in the con-
centrate increased to 44.76% while the grade of CaO de-
creased to 2.84%. Meanwhile, the grade of CaO in the tail-
ings increased from 6.10% to 16.21%, reflecting a signific-
ant decrease in the floatability of dolomite after pretreatment.
The high SI (3.46) further indicates that the tannin pretreat-
ment method selectively inhibits the flotation of dolomite,
thus enhancing the flotation separation of the two minerals.

3.2. Contact angle analyses

The contact-angle characteristics of minerals directly re-
flect the wettability properties of flotation agents acting on
the mineral surfaces. A mineral with a large contact angle
will have high hydrophobicity and floatability [45-46]. The
contact angles of magnesite and dolomite before and after ap-
plying the flotation agent are compared in Fig. 4.

The contact angles of magnesite and dolomite as single
minerals were 25.86° and 27.03°, respectively (Fig. 4), in-
creasing to 88.22° and 97.55° after treatment with NaOl, re-
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100 | I Magnesite 97.55
[ Dolomite  88.22

8ol
o
%ﬂ 60
g
g 40
@) 2586 27.03

20 +

0

Mineral

Mineral + NaOl Tannin pretreated
mineral + NaOl

Fig. 4. Contact angles of magnesite and dolomite before and

after flotation-agent action.

spectively. Notably, the values of the two minerals are con-
siderably close, indicating similar floatabilities without tan-
nin pretreatment. For magnesite and dolomite pretreated with
tannin, their contact angles are 59.88° and 41.92°, respect-
ively, which are 28.34° and 55.63° lower than those of mag-
nesite and dolomite only treated with NaOl. This indicates
that after tannin pretreatment, the floatability of dolomite de-
creases significantly, while the floatability of magnesite de-
creases less.

3.3. Zeta potential analysis

Zeta potential measurements analytically explain the flot-
ation trends of different minerals exposed to different re-
agents [47-48]. Therefore, by measuring the zeta potentials
under different pH conditions, we can understand the buoy-
ancy characteristics of dolomite and magnesite mines. The
pH dependences of the zeta potentials of dolomite and mag-
nesite are shown in Figs. 5 and 6, respectively.

40 —=— Dolomite
30 . —— Tannin pretreated dolomite
\*Af Tannin pretreated dolomite + NaOl
|
> 20¢ \
g
= 10 + i
=
2 0r &
é -10} &
,20 L
30} % i
2 4 6 8 10 12
pH

Fig. 5. Zeta potential versus pH of dolomite before and after
flotation-agent action.

As the pH of the dolomite slurry increased, the zeta poten-
tial of dolomite generally decreased both before and after the
action of the flotation agent (Fig. 5). After tannin pretreat-
ment, the potentials became negative over the measured pH
range. Under the flotation test condition (pH = 10.0), the zeta
potential of dolomite changed from —12.60 to —28.64 mV.
This large shift in zeta potential (—16.04 mV) indicates that
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‘\
—40
5\‘
760 L L L
2 4 6 8 10 12

Fig. 6. Zeta potential versus pH of magnesite before and after
the flotation-agent action.

the pretreated tannins are strongly adsorbed on the dolomite
surface. The zeta potentials of dolomite after the addition of
NaOl were similar to those without NaOl but were slightly
shifted to more negative values. Under the flotation test con-
dition (pH = 10.0), the zeta potential of dolomite changed
from —28.64 to —29.91 mV, a decrease of 1.27 mV, indicat-
ing that NaOl is only weakly adsorbed on the dolomite sur-
face after tannin pretreatment.

After tannin pretreatment, the zeta potentials of magnesite
were shifted to negative values across the measured pH range
(Fig. 6). Increasing the pH gradually increases the surface
electronegativity of magnesite. Under the flotation test condi-
tions (pH = 10.0), the zeta potential of magnesite decreased
from —25.68 to —32.23 mV. This small shift in zeta potential
(only —6.55 mV) indicates that the pretreated tannins are
weakly adsorbed to the magnesite surface. In the presence of
NaOl, the zeta potential of magnesite underwent a further
negative shift and the offset increased more significantly un-
der alkaline conditions. Under the flotation test condition (pH
= 10.0), NaOl addition reduced the zeta potential of magnes-
ite from —32.23 to —44.84 mV (a decrease of 12.61 mV). This
large zeta potential offset indicates that NaOl strongly ad-
sorbs to magnesite after the tannin pretreatment.

A comparison of the shifts in the zeta potentials of dolo-
mite and magnesite after tannin pretreatment with NaOl
showed that pretreatment with NaOl considerably enhances
the adsorption capacity of magnesite. This result is attribut-
able to strong adsorption of tannin on the dolomite surface,
which hinders the adsorption of NaOl on dolomite. Con-
versely, as tannin adsorbs weakly to the magnesite surface, it
does not affect the magnesite-acquisition ability of NaOL
Hence, the pretreatment method selectively reduces the float-
ing ability of dolomite in the NaOl system by selectively
blocking NaOl adsorption on the dolomite surface. This res-
ult is consistent with the contact-angle measurements.

3.4. FT-IR analysis

The contact-angle measurements and zeta potentials con-
firm that the tannin pretreatment method reduces the dolo-
mite floatability without affecting the magnesite floatability.
To fully explain the adsorption mechanism of NaOl on the
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magnesite and dolomite surfaces after tannin pretreatment,
the two minerals before and after treatment with the flotation
reagent were analyzed using FT-IR. The FT-IR spectra of
magnesite and dolomite are shown in Figs. 7 and 8, respect-
ively.

NaOl
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[Tannin pretreated magnesite :
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=
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Fig. 7. FT-IR spectra of magnesite before and after the flota-
tion-agent action. The spectrum of NaOl is also shown.
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Fig. 8. FT-IR spectra of dolomite before and after the flota-
tion-agent action. The spectrum of NaOl is also shown.

In the FTIR spectrum of NaOl (Fig. 7), the characteristic
peaks at 1445.87 and 1560.61 cm™ correspond to the sym-
metric and asymmetric vibration peak of —COQO", respect-
ively, and the characteristic peak at 1001.36 cm' is assigned
to stretching vibrations of the C—O group [20,49]. The char-
acteristic peaks at 2921.63 and 2851.74 cm' belong to
stretching vibrations of —CH, and —CH;, respectively
[50-51].

The spectrum of the magnesite mono-mineral shows the
peaks of C—O asymmetric telescopic vibrations peaks
(1436.68 cm™) and C-O bending vibrations (885.23 and
748.10 cm ). After tannin pretreatment, these three magnes-
ite peaks are shifted to 1437.67, 884.68, and 747.28 cm !, re-
spectively. The small peak shifts (all within 2 cm™) recon-
firm the weak adsorption capacity of the pretreatment tan-
nins on the magnesite surface. NaOl treatment induced three
new peaks at 2921.63, 2851.74, and 1019.61 cm'. These
peaks are the characteristic peaks of NaOl, affirming that Na-
Ol is indeed adsorbed on the surface of magnesite treated
with tannin.

The FT-IR spectra of dolomite (Fig. 8) display three char-

acteristic peaks of dolomite at 1431.86, 881.65, and 729.11
cm'. The first peak corresponds to asymmetric stretching vi-
brations of C—O and the latter two are assigned to bending vi-
brations of C-O. After tannin pretreatment, these character-
istic dolomite peaks appeared at 1439.12, 881.79, and 728.47
cm ', respectively. Notably, the peak assigned to asymmetric
C-O stretching vibrations peak shifted widely by 7.26 cm™',
indicating that tannin is strongly adsorbed on the dolomite
surface. In addition, NaOl application on the tannin-treated
magnesite surface induced no new peaks of NaOl but re-
duced the intensity of the characteristic peaks of dolomite, in-
dicating very weak adsorption of NaOl on the dolomite sur-
face after tannin-treatment.

A comparison of Figs. 7 and 8 shows that NaOl can ad-
sorb on the surface of tannin-treated magnesite but not on the
surface of tannin-treated dolomite. Overall, the tannin pre-
treatment method selectively hinders the adsorption of NaOl
on the dolomite surface. In other words, NaOl can select-
ively collect tannin-treated magnesite, thereby promoting the
floating of magnesite and facilitating flotation separation of
the two minerals.

3.5. XPS analysis

The abovementioned analysis shows that tannin pretreat-
ment retains the floatability of magnesite but reduces the
floatability of dolomite. However, the selective effect of tan-
nic acid on the two minerals requires further exploration. Us-
ing XPS, this subsection evaluates the effect of tannin pre-
treatment on the surface elements and chemical composi-
tions of magnesite and dolomite. The XPS spectra will help
to reveal the interaction mechanism between tannin and mag-
nesite or dolomite [52]. The atomic contents of the main ele-
ments on the magnesite and dolomite surfaces before and
after tannin pretreatment are listed in Table S3.

After tannin pretreatment, the relative Mg content on the
magnesite and dolomite surfaces decreased by 0.15at% and
0.11at%, respectively, and the relative Ca content on the
dolomite surface decreased by 0.6at%, indicating a greater
effect of tannin pretreatment on the Ca element than on the
Mg element. As Ca and Mg are the characteristic elements of
dolomite and magnesite, respectively, it was concluded that
dolomite is more strongly influenced by tannin than ma-
gnesite.

To further explore how tannin influences the Mg and Ca
elements of magnesite and dolomite, respectively, the Mg
peak of magnesite and the Mg and Ca peaks of dolomite be-
fore and after tannin pretreatment were scrutinized by high-
resolution scanning XPS. The results are shown in Figs.
9-11.

After tannin pretreatment, the Mg 1s peak of magnesite
shifted from 1304.45 to 1304.47 eV (Fig. 9). This slight shift
(0.02 eV) affirms that tannin pretreatment barely affects the
chemical environment of the characteristic Mg elements on
the magnesite surface. After tannin pretreatment, the Mg 1s
peak of dolomite shifted from 1304.07 to 1304.05 ¢V (Fig.
10). This small shift in peak position (again only 0.02 eV) in-
dicates that tannin pretreatment barely affects the chemical
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Fig. 9. X-ray photoelectron spectroscopy fitting peaks of Mg
1s on the magnesite surface before and after tannin pretreat-
ment.
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Fig. 10. X-ray photoelectron spectroscopy fitting peaks of Mg

1s on the dolomite surface before and after tannin pretreat-
ment.

environment of the characteristic Mg elements on the dolo-
mite surface.

After tannin pretreatment, the Ca 2p bimodal peak of
dolomite shifted from 350.80 to 350.75 eV (Ca 2p,,) and
from 347.20 to 347.15 eV (Ca 2p;p,) (Fig. 11). The shift in the
Ca 2p peak (0.05 eV) was 2.5 times larger than the shift in the
Mg 1s peak of magnesite. Thus, tannin more strongly influ-
ences the Ca 2p peak than the Mg 1s peak, implying a strong
relationship between tannin and the Ca elements on the dolo-
mite surface. The results also prove that tannin is adsorbed on
the dolomite surface through strong interactions with the Ca
sites on dolomite, thus hindering the collection of NaOl on
dolomite and inhibiting the floating of dolomite.
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Fig. 11. X-ray photoelectron spectroscopy fitting peaks of Ca
2p on the dolomite surface before and after tannin pretreat-
ment.

3.6. DFT analysis

As demonstrated in many related studies, the surface
properties of minerals are largely determined by the charac-
teristics of their most commonly exposed surfaces. XRD res-
ults show that the (104) surfaces of magnesite and dolomite
are most commonly exposed during the crushing process
[34]. To further explore the selective properties of the tannin
pretreatment on the mineral surfaces, the interactions
between small tannin molecules and the magnesite (104) and
dolomite (104) surfaces were simulated through DFT calcu-
lations. The simulation results are shown in Fig. 12.

When small tannin molecules interact with the magnesite
surface, the Mg—O bond length is 4.89 A, but when the tan-
nin molecules interact with dolomite, the Ca—O bond length
is 3.91 A. The Mg-O bond is longer than the Ca—O bond, in-
dicating that tannin interactions are weaker at the Mg sites
than at the Ca sites. Additionally, the adsorption capacities of
flotation agents on mineral surfaces can be determined from
their characteristic interaction energies on the surfaces. Gen-
erally, the lower the interaction energy, the more closely the
flotation agent interacts with the mineral surface. Moreover,
the structure becomes more stable as its binding strength in-
creases [53]. The simulated tannin—magnesite and
tannin—dolomite interaction energies are shown in Table S4.

The tannin—magnesite (104) and tannin—dolomite (104)
interaction energies are —0.817033 and —5.218543 eV, re-
spectively. As the interaction energies are negative, the tan-

Fig. 12. Small tannin molecules interacting with the mineral surfaces in the (a) magnesite and (b) dolomite models.
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nin molecules spontaneously adsorb to magnesite and dolo-
mite [54]. The negative interaction energy between tannin
and dolomite exceeds that between tannin and magnesite by
more than six times, implying that tannin more easily com-
bines with dolomite than with magnesite in the same envir-
onment. This result is consistent with the XPS analysis
above.

3.7. Analysis of flotation-separation causes in the tannin
pretreatment method

Fig. 13 illustrates the mechanism of the tannin pretreat-
ment method for the flotation separation of magnesite and
dolomite. This diagram was deduced from the flotation test
results and detection results. In the proposed model, when the

(a)
Tannin + water

Tannin + water + NaOl

pretreated tannins fully contact the magnesite and dolomite
surfaces, the difference between the adsorption capacities on
the two surfaces increases. Considering the measurement res-
ults of the contact angle, the adsorption of tannin on the dolo-
mite surface reduces the floatability of dolomite and inter-
feres with the collection ability of NaOl. According to the
zeta potential and FT-IR analyses, NaOl is better adsorbed on
the magnesite surface than on the dolomite surface. The XPS
analysis and DFT simulations further verified the strong se-
lective adsorption between tannin and dolomite and the
strong affinity of tannin for Ca sites. The tannin pretreatment
method clearly achieves the flotation separation of magnes-
ite and dolomite by hindering the adsorption of the NaOl col-
lector on the surface of pretreated dolomite.

Fig. 13. Possible adsorption model of flotation separation of magnesite from dolomite by tannin pretreatment.

4. Conclusions

This study achieved the flotation separation of magnesite
and dolomite via tannin pretreatment in the NaOl system pri-
or to the flotation test. Based on contact angle measurements,
zeta potential measurements, and FT-IR analyses, the under-
lying mechanism of flotation separation via tannin pretreat-
ment was analyzed. Furthermore, XPS detection and DFT
calculations characterized the tannin interactions on the two
minerals. The main conclusions are summarized below.

(1) The tannin pretreatment method enables high-effi-
ciency flotation separation of magnesite and dolomite. Pre-
treatment with tannin considerably reduces the dolomite
floatability under the NaOl system, but it does not affect
magnesite floatability.

(2) The strong adsorption of tannin on the dolomite sur-
face hinders the harvesting of dolomite by NaOl but not that
of magnesite. The strong adsorption of tannin on the dolo-
mite surface is attributed to the stronger binding ability to Ca
sites on the dolomite surface than to other sites.

(3) When tannin is spontaneously adsorbed on the surface
of magnesite and dolomite, it preferentially bonds to dolo-
mite because tannin—dolomite bonding has a lower interac-
tion energy than tannin—magnesite bonding.
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