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ion of specularite from chlorite
using propyl gallate as a collector

Xiangpeng Gao, a Fugang Zhao,b Mingyang Li *ac and Yiming Hu*a

Separation of specularite from iron-containing silicate iron ore is challenging due to the similar surface

properties of minerals and gangues. In this work, propyl gallate (PG) was applied as a chelating collector to

separate specularite from chlorite. The flotation results indicated that collector sodium oleate (NaOL) shows

little selectivity for the separation of specularite and chlorite. In contrast, the separation of specularite can be

achieved with no depressant required when PG was used as the collector. The optimal separation results

were obtained for single mineral flotation with recoveries of 87.11% and 6.98% for specularite and chlorite,

respectively, and for mixed mineral flotation with 65.13% TFe grade and 76.28% TFe recovery, when the

slurry pH was 8 and PG concentration was 40 mg L�1. FT-IR and XPS analyses indicated that PG could be

favorably adsorbed on specularite via phenolic hydroxyl groups, and molecular dynamic simulation results

further elucidated the adsorption mechanism. This research suggested that the chelating flotation collector

could be effective in the separation of minerals from iron-containing silicate iron ores.
1. Introduction

Iron ores, such as hematite, magnetite, specularite, etc., are the
basic materials of the iron and steel industries.1,2 Due to the fast
development of the economy and urbanization, the consump-
tion of iron and steel requires more efficient separation
methods to improve the grade of the ore.3 Froth otation has
been proven to be one of the most effective processing methods
for the separation of refractory iron ores.4,5

One of the refractory iron ores is iron-containing silicate type
iron ore. It is difficult to separate in mineral processing due to the
existence of the iron element in iron-containing silicates and iron
ores, which leads to similar magnetic and oatability properties of
targeted minerals and gangues.6,7 It has been proven that the
chlorite depressed by starch could not be oated effectively in
reverse otation route using anionic collector sodium oleate, and
the addition of sodium alginate could improve the separation
efficiency.8 Besides, the sodium oleate also is invalid for the sepa-
ration of hematite and aegirite; for example, the recovery of aegirite
maintained around 80% while hematite around 90% with sodium
oleate 1 � 10�4 mol L�1 at pH ¼ 4–9.9 Meanwhile, as for spec-
ularite and aegirite separation, these two minerals showed similar
oatability when cationic collector dodecylamine was used.7,10

Moreover, traditional depressants, including starch and carbox-
ymethyl cellulose, were ineffective of selective depressing iron-
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containing silicates for the otation separation of iron ores from
amphibole or chlorite.1,6,10,11 Hence, effective otation reagents are
urgently needed to solve the vexing beneciation problems.

Chelating collectors can form metal chelates with minerals,
which is more stable with metal than ionic and covalent bonds,
has shown great potential in selective otation.11,12 As shown in
Fig. 1, propyl gallate (PG), as known as propyl 3,4,5-trihydrox-
ybenzoate, is an ester synthesized by condensation of gallic acid
and propanol, which shows excellent solubility in a slurry. It
appears as a ne white crystalline powder and widely used as an
antioxidant to foods to prevent oxidation.13 PG represents both
hydrophobic and hydrophilic properties and has been applied as
a chelating collector in the selective otation of many minerals.
PG can be used to collect scheelite and uorite from calcite
through oxygen atoms on the phenolic hydroxyl groups of PG
binding to Ca atoms on the surface of the two minerals.14,15

Benzene ring in a collector molecule usually contributes to the
Fig. 1 Molecule structure of propyl gallate (PG) (the colour repre-
sentation is as follows: white-hydrogen atoms; grey-carbon atoms;
red-oxygen atoms).

This journal is © The Royal Society of Chemistry 2020
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frontier orbital. It is advantageous for donating electrons to the
polar group, which enhances its reactivity and selectivity in
otation.12 For example, PG was an effective collector separating
diaspore from kaolinite, in which PG chelated with Al atoms on
the diaspore surfaces by forming ve-member rings through its
ortho oxygens.16

Beside chelating with Ca and Al, PG shows excellent chelating
property with Fe.17 Due to that Fe concentration in specularite is
much more than that of chlorite, which should make PG show
more affinity to specularite and a potential collector for
specularite/chlorite otation. The use of PG to separate specularite
from chlorite has not been reported. In this work, PG was applied
as the chelating collector for specularite and chloride separation
via forth otation. The results indicated that PG showed excellent
collecting property and selectivity for specularite through both
hydrogen bonding interaction and chemical adsorption, while the
collecting property for chlorite was quite faint. PG has excellent
potentialities for iron-containing silicate type iron ore otation.
2. Experimental
2.1 Materials

The pure chlorite and specularite samples were recieved from
YuanjiacunMine (Shanxi Province, China) and LilouMine (Anhui
Province, China), respectively. Both minerals were crushed before
dry grinding by a porcelain ball mill. Then the groundedminerals
were dry sieved into two size fractions samples (�74 + 37 mm and
�37 mm).

For otation and XRD analyses, the coarse size fraction
sample (�74 + 37 mm) was used. The ne size fraction mineral
sample (�37 mm) was thereaer grounded to �2 mm for FT-IR,
zeta potential, and XPS analyses.

Analytical-grade propyl gallate (PG), sodium oleate (NaOL),
starch, potassium chloride, sodium hydroxide, and hydro-
chloric acid were purchased from Adamas-beta® (Shanghai
Titan Scientic Co.) and used as received.
2.2 Methods

2.2.1 Microotation experiments. Microotation experi-
ments were carried out using a otation machine (XFG-5) in
a otation cell (40 mL) with a mechanical agitation (1460 rpm).
For single mineral otation, 1 g specularite or chlorite sample
and 30 mL deionized water was added into the otation cell. The
pH value of slurry was adjusted by 0.1 mol L�1 HCl or NaOH
solution to designated value. The collector (NaOL or PG) was
added and conditioned for 3 min, followed by 5 min otation.
Both concentrate and tailings were collected and completely
dried in a drying oven at 80 �C to calculate the recovery. For
mixedminerals otation, 0.5 g specularite and 0.5 g chlorite were
mixed in the otation cell under the same otation condition to
single mineral otation. All products were then dried, weighed,
and assayed to calculate the recovery. All experiments were con-
ducted for three times and average values were recorded.

2.2.2 X-ray patterns measurements. The X-ray diffraction
(XRD) patterns of two minerals were characterized by using
This journal is © The Royal Society of Chemistry 2020
D8ADVANCE XRD equipment (Bruker, Germany) via the radia-
tion (Cu Ka1) in the 2q range of 5–90�.

2.2.3 Zeta potential tests. Zeta potential tests were deter-
mined by a ZetaPALS Zeta potential analyzer (Brookhaven
Instruments Ltd. USA). In a typical set of measurement, 30 mg
of specularite or chlorite sample (�2 mm) and 50 mL of
30 mg L�1 PG solution was added into a beaker with a magnetic
stirrer (1500 rpm). 0.1 mol L�1 HCl or NaOH solution was used
to adjust the pH value of the mixture. The zeta potential of
samples was recorded aer standing for 5 min in background
electrolyte solution (KCl, 1.0 � 10�3 mol L�1).

2.2.4 FT-IR measurements. FT-IR spectrums of specularite,
PG, and specularite aer PG adsorption were measured by a FT-
IR spectrometer (Nicolet 6700, Thermo Fisher Scientic, USA)
via KBr disc method. All measurements were tested at room
temperature in the range of 400.0–4000.0 cm�1. Specularite, PG,
and specularite aer PG adsorption were analyzed by mixing
with potassium bromide powder and pressed into small
pelletized discs before the measurements.

2.2.5 X-ray photoelectron spectroscopy. XPSmeasurements
were conducted via an X-ray photoelectron spectrometer
(Thermo ESCALAB 250XI, Thermo Fisher Scientic, USA) using
monochromatic radiation (Al Ka) with 100 eV pass energy and
1 eV energy step size. The XPS measurements of specularite and
specularite aer PG adsorption were carried out by pressing the
samples on a double side conductive adhesive carbon tape.
High-resolution spectra of C 1s, O 1s, and Fe 2p were recorded
and calibrated to the binding energy of C 1s at 284.8 eV.

2.2.6 Simulation method. Absorption of PG on chlorite and
specularite were both calculated using the methods of molecular
dynamics simulation (MDS). MDS was conducted using COMPASS
force eld and Forcite Plus module in Materials Studio (BIOVIA,
San Diego, CA, USA).18 The (001) surface was the most stable
surface of chlorite and specularite, which wasmodelled for further
adsorption calculation.7,19 The bottom atoms xed mineral face
was geometry optimized using the smart algorithmmethod under
0.001 kcal mol�1 convergence accuracy. The Ewald summation
procession was applied to calculate van der Waals force and
electrostatic energy. The clave fractional depth of the (001) surface
of chlorite and specularite was 3 and 2, respectively. Then these
two surface models with 30 Å vacuum slab were extended to 4� 4
and 5 � 8 unit cells, respectively. The initial velocity of the
conguration was achieved by MDS with NVT ensemble. Then
NVE ensemble was executed for essential MDS with 1 fs time step
and 50 ps total simulation time. At last, MDS was calculated with
NVT ensemble with 1 fs time step and 5000 ps total simulation
time at 293 K.20 The adsorption energy of PG on specularite and
chlorite (001) surface was conducted in the DMol 3 module of
Materials Studio soware. The computational details were adop-
ted as the available published paper.21

3. Results and discussion
3.1 XRD and elemental analysis

Fig. 2 illustrated the XRD patterns of specularite and chlorite
samples. XRD peaks of specularite mainly correspond to the
(012) and (024) Bragg's reections of hexagonal structure of iron
RSC Adv., 2020, 10, 18360–18367 | 18361
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Fig. 2 X-ray diffraction patterns of specularite and chlorite samples.

Table 1 XRF analysis results of specularite and chlorite

Ore sample

Content of each component/%

Fe2O3 SiO2 Al2O3 MgO TiO2 CaO Na2O

Specularite (standard) 95.74 3.36 0.38 0.23 — — —
Specularite (separated) 93.04 2.76 1.79 1.35 0.06 0.07 0.02
Chlorite 30.23 27.18 18.24 13.88 0.61 0.77 0.05

Fig. 3 Recovery of specularite and chlorite by NaOL as the collector
(a) as a function of pH values with NaOL concentration of 45 mg L�1;
(b) as a function of NaOL dosage at pH 8.
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oxide while chlorite peaks are assigned to the monoclinic
structure of (Mg, Fe)6(Si, Al)4O10(OH)8.22 The X-ray uorescence
(XRF) results were shown in Table 1. The results indicated that
both minerals have high purity, only with tiny amounts of
quartz in the chlorite sample.

3.2 Microotation tests

3.2.1 Microotation of single minerals. Flotation separa-
tion of specularite and chlorite was rstly conducted by using
NaOL as the collector. The results in Fig. 3(a) suggested that the
recovery of both specularite and chlorite increases with
increasing pH value from pH 2 to 10 and then decreased when
the experimental pH value was over 10. The low oatability of the
two minerals in acidic conditions are due to that NaOL is less
ionized and the chemical adsorption of NaOL on specularite is
not signicant.20 While the declined recoveries in alkaline
conditions are caused by the increasing hydroxylation of metal
species on the mineral surface, leading to the alternation of
surface hydrophilicity; thus, the adsorption of NaOL on chlorite
is signicantly reduced in higher alkaline condition. Therefore,
the optimum separation of two minerals can be found at pH 8,
with an 89.82% recovery for specularite and a 73.91% recovery of
chlorite. The desirable NaOL concentration for the separation of
specularite and chlorite was studied at pH value 8 with NaOL
concentration from 0 to 60 mg L�1. It is as expected that the
recoveries of two minerals both increased with increasing
collector concentration, and kept steady aer the NaOL concen-
tration higher than 45 mg L�1, in which the recovery of spec-
ularite and chlorite was 90.57% and 53.87%, respectively.
Therefore, the optimumNaOL dosage was selected as 45 mg L�1.

The separation of specularite and chlorite by collector NaOL is
not very effective. Hence, an efficient collector for specularite and
18362 | RSC Adv., 2020, 10, 18360–18367
chlorite separation in the neutral condition is urgently needed.
Fig. 4(a) shows the oatability of twominerals as a function of pH
values with 30 mg L�1 of PG. The recovery of chlorite remains
lower than 15% under all pH conditions, while the oatability of
specularite maintained high position, and the optimum recovery
of specularite (90.17%) can be observed in faintly acid and
neutral conditions (pH 4–8). By careful consideration, the slurry
pH value was better determined as 8. Moreover, the effect of PG
concentration was examined at pH 8 and results in Fig. 4(b)
revealed that the oatability of specularite increased sharply with
increasing of PG concentration from 10mg L�1 to 40mg L�1, and
specularite can be quantitatively recovered at 90.17% with PG
dosage of 40 mg L�1. While the recovery of chlorite remained low
(less than 10%) under experimental conditions, which consisted
with the results in Fig. 4(a).

3.2.2 Microotation of mixed minerals. Flotation experi-
ments of mixed minerals were conducted to evaluate the effect of
PG on the separation of specularite and chlorite. As illustrated in
Fig. 5(a), the total iron (TFe) grade of concentrate decreased
slightly at rst and then dropped sharply in the pH range of 4–12;
in the meantime, the TFe recovery increased rstly then
decreased with increasing slurry pH and the optimal TFe recovery
76.87% was reached at pH 8. It indicated that the relatively high
separation results could be achieved under pH range 8–10.

Fig. 5(b) demonstrated that the TFe grade of concentrate
decreased from 65.52% to 62.17% slightly, and the TFe recovery
increased from 27.44% to 76.20% as the PG concentration
increased. In summary, the optimum otation can be achieved
with a 65.13%TFe grade and 76.28%TFe recovery in concentrate,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Recovery of specularite and chlorite by PG as the collector (a)
as a function of pH values with PG concentration of 40 mg L�1; (b) as
a function of PG dosage at pH 8.

Fig. 5 Flotation of mixed minerals. (a) Effect of slurry pH with
40 mg L�1 PG; (b) effect of PG concentration at pH 8.

Table 2 Results of flotation concentrate with different collectors

Reagents
Concentration
(mg L�1)

TFe grade
(%)

TFe recovery
(%)

NaOL23 60 51.91 62.78
CY-23 (ref. 23) 100 59.78 74.55
PG 40 65.13 76.28

This journal is © The Royal Society of Chemistry 2020
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when the corresponding slurry pH was 8 and PG concentration of
40mg L�1. The XRF analysis results of the concentrate are shown
in Table 1, in which minor of chlorite mixed in the concentrate.
The otation results demonstrated that PG could separate spec-
ularite from chlorite effectively as a collector. The optimum
otation separation results with NaOL, CY-23 and PG as the
collector, respectively, are shown in Table 2. Table 2 reveals that,
compared with NaOL and CY-23, PG shows the best separation
properties with higher TFe grade and recovery and lower
consumption, which indicates PG is an excellent collector for
specularite/chlorite separation.

3.3 Zeta potential measurements

Zeta potential of specularite and chlorite were recorded with and
without PG adsorption (40 mg L�1) to investigate the interactions
between PG and the minerals. As indicated in Fig. 6, the results
suggested that zeta potential values of these two minerals are
highly depended on the pH values in which the surface charge of
two minerals decreases with increasing pH value. Fig. 6(a)
depicted that the iso-electric point (IEP) of specularite was 5.06,
which was coincident with previous studies.7,23 Aer PG was
adsorbed on specularite, the zeta potential value shied towards
Fig. 6 Zeta potentials of specularite (a) and chlorite (b) as a function of
pH in the absence and presence of 30 mg L�1 of PG.

RSC Adv., 2020, 10, 18360–18367 | 18363
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Fig. 7 FT-IR spectra of PG, specularite, and specularite after PG
adsorption.
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the negative direction signicantly, and its extent enlarged in the
pH range of 4–8. The IEP of specularite aer PG adsorption
shied le to 2.54, which revealed that PG could adsorb onto the
specularite surface strongly.

As shown in Fig. 6(b), the IEP of chlorite was 4.72, which was
consistent with previous studies.24 The zeta potential of chlorite
aer PG adsorption coincided with raw chlorite, illustrating
that only a feeble reaction occurred between chlorite surfaces
and PG molecule. In comparison, the involvement of PG
brought the zeta potential of specularite more negative than
chlorite, supporting that more amount of PG was adsorbed onto
specularite than chlorite.

The specularite surface was negatively charged when the pH
value is higher than 5.06, which was due to adsorption of
Fig. 8 XPS spectra of C 1s (a and b), O 1s (c and d), and Fe 2p (e and f)

18364 | RSC Adv., 2020, 10, 18360–18367
hydroxyl on the mineral surface generated from comminution.
When the pH value increased to around 8, ions were the main
existing form of PG due to the protonation of hydroxyl
groups.15,17 In this case, electrostatic forces should not exist
between specularite surfaces and PG. Thus the high recovery of
specularite was mainly due to the chemical or hydrogen bond
adsorption between PG and specularite.
3.4 FT-IR spectra analysis

FT-IR spectra of PG, specularite, and specularite aer PG
adsorption were recorded in Fig. 7.

Characteristic peaks for PG include: O–H stretching vibration
at 3467 and 3331 cm�1;13,16,25 C–H stretching vibrations of benzene
ring at 2968 cm�1;14 1692 cm�1 is assigned to C]O stretching of
ester; several consistent peaks at 1617, 1539 and 1467 cm�1 due to
C]C stretching in phenyl group and phenolic C–H bending
vibration, respectively;26,27 1314 cm�1 attributed to phenol O–H
bending; 1246, 1198, and 1099 cm�1 caused by C–O–C stretching
from aromatic ester;28 994, 868, 770, and 745 cm�1 attributed to
C]C bending and angular deections of the C–H fragment,
respectively.26 For specularite, peaks at 3430 and 1632 cm�1 are
attributed to absorbedwater. Peaks at 550 and 471 cm�1 are due to
the formation of hematite.29 Aer PG adsorption, the –OH
stretching vibration bands (3520–3330 cm�1) of PG becomes
unobvious in specularite aer PG adsorption, demonstrating that
the –OH group deprotonated and formed the O–Fe bonds. The
C]O stretching vibration peak (1670 cm�1) and C–O–C stretching
peaks (1250–1000 cm�1) indicated the interaction of between the
ester group and Fe atoms in specularite did not occur. The C]C
stretching peaks in phenyl group shied from 1617, 1539 and
1467 cm�1 to 1566, 1503 and 1444 cm�1, which wasmainly caused
before and after PG adsorption with their deconvoluted fitting curves.

This journal is © The Royal Society of Chemistry 2020
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by transfers of the conjugative p electrons through aer the
chelation between deprotonated hydroxyl of PG with Fe atoms.17

3.5 XPS analysis

In order to affirm the adsorptionmechanism, XPS analyses were
conducted for specularite before and aer PG adsorption to
evaluate the electronmigration in the adsorption process. High-
resolution spectra of C 1s, O 1s, and Fe 2p with their deconvo-
luted tting curves were illustrated in Fig. 8. C–C peak at
284.8 eV was used to calibrate the binding energy scale for all
measurements. Two other peaks in C 1s (Fig. 8(a)) correspond to
carbon contamination, and their intensity increased aer PG
adsorption in Fig. 8(b), which refers to the ester and carboxyl
groups on PG molecules.30 O 1s exists in two forms on spec-
ularite sample, 530.4 and 532.3 eV for metal oxide and silicate,
respectively.31–33 Aer PG adsorption, two peaks both shied to
lower binding energies, indicating that oxygen atoms act as
electron acceptors during the adsorption process. Two new
peaks at 530.5 and 531.2 eV can be observed in Fig. 8(d), which
are assigned to C]O and C–O, respectively. Fe 2p region
contain split spin–orbit components of Fe 2p1/2 and Fe 2p3/2
with a 13.3 eV difference of binding energy.34–36 Deconvoluted
peaks in Fig. 8(e) correspond to FeO, Fe2O3, and Fe3+ satellite,
which all shied to lower binding energies due to the accep-
tance of electrons from PG. XPS results concluded that oxygen
and iron atoms were the electron acceptors in the adsorption of
PG, which was consisted with the FT-IR results.

3.6 Molecular dynamics simulation

The equilibrium snapshots of PG on the (001) surface of spec-
ularite and chlorite was further studied by MDS. Fig. 9 showed
the equilibrium conguration of PG on each mineral. The
results from Fig. 9(a) indicated that the adsorption of PG on
specularite mainly occurred by the chelate bond between O
atoms in polar components of PG and Fe atoms on specularite
(red line) and hydrogen bond between H atoms in PG and O
atoms on specularite (blue line). As observed in Fig. 9(b), PG
adsorbed on chlorite surface mainly due to the hydrogen bond
between H atoms in PG and O atoms on chlorite. By contrast,
PG was closer to the specularite surface than chlorite. Moreover,
PG was aggregated on the specularite surface and formed
Fig. 9 Adsorption configuration of PG on the surface of (a) spec-
ularite; (b) chlorite (the colour representation is as follows: white-
hydrogen atoms; grey-carbon atoms; red-oxygen atoms; purple: iron
atoms; yellow-silicon atoms; green-metal ions in chlorite).

This journal is © The Royal Society of Chemistry 2020
a compact conguration compared to the adsorption on chlo-
rite. The results suggested that PG was more favourably adsor-
bed on specularite, which was consistent with FT-IR and XPS
analyses.

Fig. 10 presented the relative concentration of PG along the
z-direction, which was normal to the (001) surface of specularite
and chlorite. The distribution of PG on specularite and chlorite
surface was quantied through the relative concentration
calculation of atoms O in the de-protonated hydroxyl in the
para-position and H atoms in benzene ring and hydrocarbon
chain of PG. The nearest atoms to the surface should be the
primary action point.20 Aer PG acted with specularite, atoms O
distributed at a distance of 1–15 Å with the strongest one being
at 2.85 Å than that of H atoms 2.93 Å. The results indicated that
PG adsorbed on the specularite surface via atoms O acting with
surface Fe. While as for chlorite, the most reliable bond
distance of O and H atoms was 3.34 Å and 3.19 Å, respectively,
which means that PG ions adsorbed on chlorite surface mainly
with H atoms. By comparing these two models with the same
kind of atoms, the distance of most atoms O and H in PG on the
specularite surface was smaller than that of chlorite. In other
words, PG had stronger interaction with specularite than
chlorite.

Adsorption energy of PG on specularite and chlorite (001)
surface was further calculated to compare PG's affinity to these
two minerals. The results revealed that the adsorption energy of
PG on specularite and chlorite was �1.03 eV and �0.24 eV,
respectively, which indicates that the affinity of PG to spec-
ularite is much more than to chlorite. The affinity of PG to the
Fig. 10 z-Direction relative concentration profiles of hydrogen and
oxygen in PG on (a) specularite and (b) chlorite.
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two minerals is concordant with the experiments, detection,
and MD simulation results above.

As a phyllosilicate mineral, chlorite is comprised of the
silicon–oxy tetrahedron and metallic oxide with the ratio of
2 : 1. The content Fe of chlorite is less than specularite, and the
high solubility of metallic oxide on chlorite surface in slurry
makes further efforts of the decreasing content of surface Fe.
Due to that, PG adsorbs onto minerals mainly via chemical
adsorption between O atoms in the de-protonated hydroxyl and
Fe atoms on the mineral surface. Therefore, the difference in
surface Fe content causes the selectivity difference for spec-
ularite and chlorite. Based on these ratiocinations, PG also
should be a valid collector for separating specularite or hema-
tite from iron-containing silicates, such as aegirite, grunerite,
ferrodolomite, etc., especially for separating iron oxide from
gangue quartz.
4. Conclusions

Specularite and chlorite were separated by otation using PG as
a facile collector. The results indicated that the optimum
separation could be achieved for single mineral otation with
recovery 87.11% for specularite and 6.98% for chlorite, and for
mixed minerals, the optimum results were obtained with
65.13% TFe grade and 76.28% TFe recovery respectively at pH 8
and PG concentration 40 mg L�1, which is superior to NaOL as
a conventional collector. Zeta potential, FT-IR, and XPS analyses
have demonstrated that PG can be favorably adsorbed on
specularite than chlorite by interactions with oxygen and iron
atoms, resulting in the recoveries difference of two minerals.
Molecular dynamics calculation further elucidated the binding
congurations of PG on specularite and chlorite, which is
highly consistent with characterization results. In conclusion,
PG could be an efficient collector to oat iron ore from iron-
containing silicates.
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