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Preface

Fine mineral flotation is a worldwide problem because fine mineral has a low mass, low

probability of collision and adhesion between particles and bubbles, and is easy to entrain, making

the flotation rate, recovery and concentrate grade low.

What is more, the high surface area of fine particles leads to the inevitable increase in ions in

the solution. The mutual coagulation of fine minerals makes the slime covered and the high surface

area increases the adsorbent dose of mineral particles, resulting in increased reagent loss and low

separation efficiency.

Based on this, many scholars have carried out a large number of experimental studies, and have

found that increasing the apparent diameter of ore particles and reducing the size of bubbles are two

effective methods to solve the above-mentioned problems. This is because increasing the apparent

diameter of ore particles can improve the collision probability between ore particles and bubbles,

reduce the influence of mechanical entrainment and unavoidable ions, reduce the dosage of flotation

reagents and improve the flotation index. When the bubble size is reduced, the gas-liquid interface

area for particle adhesion increases and the mineralization efficiency increases.

Therefore, it is of great significance to increase the flotation efficiency of fine and low-grade

minerals by bubble microfluidization and increasing the apparent diameter of particles.

We hope that “Advances in Fine Particles and Bubbles Flotation” will not only serve as a valuable

resource for academia, but will also inspire curiosity and spark further inquiry into fine resource

recovery theory and application.

Liuyi Ren, Wencheng Xia, Wei Xiao, and Siyuan Yang

Editors
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Editorial

Editorial for Special Issue “Advances on Fine Particles and
Bubbles Flotation”
Liuyi Ren

School of Resources and Environmental Engineering, Wuhan University of Technology, Wuhan 430070, China;
rly1015@163.com or rly1015@whut.edu.cn

The froth-flotation process allows for the separation of solid particles according to
differences in their physical and surface-chemistry properties. It is the most efficient
and cost-effective separation process for particles within a narrow size range, especially
that of minerals ranging from 10 to 100 µm. Since recent advances made in grinding,
allowing for low-grade mineral deposits to be economically exploited, the flotation of fine
particles (−10 µm) has become increasingly relevant. The recovery of fine particles by
flotation is dependent on bubble–particle collisions, the probability of which decreases
with both decreasing particle size and increasing the probability of detachment [1–5]
and increases with increased particle size and decreasing bubble size. Currently, the
most popular practice in froth floatation is particle collection via air bubbles [6,7], though
it has been proven that nanobubbles can be used to improve the fine-particle flotation
effect [8,9]. Many studies have also aimed to solve the fine-particle flotation problem by
exploiting microbubble flotation equipment; for instance, the Reflux™ Flotation Cell was
used to recover and clean fine hydrophobic particles, resulting in the stripping of fewer
hydrophobic particles [10–13]. Further, it is well known that nanobubbles, referring to
bubbles measuring only a few hundred nanometers wide, can extend the lower particle-
size limits for the effective flotation of coal, phosphate, iron ore, and a number of other
typical oxidized minerals [14–18]. With a wealth of research experience in microbubble-
enhanced fine-particle flotation, the author is dedicated to demonstrating how nanobubbles
offer an effective means of enhancing fine-particle flotation recovery, making it a subject of
significant interest.

Thus, this Special Issue focuses on recent advances in fine particles and bubble flotation
that are worth further study and application. Meanwhile, this collection provides guidance
for those engaged in research on fine flotation, featuring studies including, but not limited
to, the following topics: fine-particle flotation, microbubble flotation, nanobubble flota-
tion, particle–bubble interaction, particle–bubble collision and adhesion, particle–bubble
interface science, the aggregation of fine particle and bubbles, and the dynamic study of
fine particles and bubble flotation systems. This Special Issue aims to contribute to the
development of efficient and cost-effective fine-particle-enhanced flotation technologies for
fine and ultrafine particles in the field of froth flotation.

One of the problems involved in fine-particle flotation is fine-gangue entrainment [9].
Mei et al. [19] studied the efficient separation of ultrafine coal using polyvinylpyrrolidone
(PVP) as a regulator. They found that the addition of PVP improved the combustible
recovery of clean coal and decreased the ash content, and that this effect was also presented
by the selectivity index. Their study also revealed that the electrokinetic potential of
minerals was sensitive to varying PVP concentrations, while the particle-size distribution
and surface elemental compositions were also influenced by PVP. The findings of this
research expand our understanding of the role of PVP as a regulator and provide a basis
for the efficient separation of ultrafine coal.

The method of increasing mineral particle size is mostly used to solve problems asso-
ciated with fine particles. Ming et al. [20] studied the sedimentation of fine arsenopyrite
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with polyethyleneimine (PEI), a flocculant, and attempted to enhance fine-particle flota-
tion by increasing its apparent size. They found that at approximately pH 7.5, after the
addition of PEI-2, its recovery could be increased to 90%, while the maximum (D 100)
and median (D 50) particle size of the arsenopyrite increased from 20 and 11 µm to 48
and 28 µm, respectively. The adsorption of PEI-2 on the arsenopyrite surface was caused
by the chemisorption between the imino group and the active Fe/As sites. Applying
PEI-2 to a fine disseminated arsenopyrite-type gold ore, a concentrate containing 36 g/t
Au with a Au recovery of 88% could be obtained. Additionally, Guo et al. [21] studied
the flocculation behavior of ultrafine silica particles in acid-leaching pulp using nonionic
polymeric flocculants, finding that the tannic acid promotes the bridging flocculation of
polyethylene oxide-quartz by forming associative complexes with larger clusters in so-
lution, while montmorillonite electrostatically adsorbs on the quartz surface, enhancing
its bridging with polyacrylamide. The low turbidity benefited from the higher shear re-
sistance of the compact flocs structure, provided by polyethylene oxide/polyethylene
oxide + tannic acid/polyacrylamide + montmorillonite. An efficient solid–liquid separa-
tion was achieved by using the synergistic flocculation of small molecule cofactors and
polymer flocculants.

In the fine-particle separation process, the particle sizes of target and gangue minerals
may be different, despite the lack of research on the flotation separation of two minerals with
different particle sizes. Therefore, it is essential to further research fine-particle separations
of gangue with different particle sizes. In Zhang et al.’s article [22], −10 µm rutile and
−30 µm garnet particles were selected as samples. The authors proved that BHA and SPA
changed the chemical environment of rutile but not garnet, and that SSF slightly affects
the environment in which BHA and SPA interact with rutile. However, various reagents
and reagent combinations have little effect on the surface-chemical environment of garnet,
providing a certain basis for the flotation separation of fine rutile and garnet. In the future,
in addition to flotation reagents, the separation of the two can also be studied in detail
in terms of particle size. Otherwise, because of crystals’ anisotropy, the exposed crystal-
surface types of fine minerals are also important factors affecting fine-particle flotation.
Moreover, as muscovite has a typical dioctahedral crystal structure, the atoms arranged in
different directions of its crystal lattice cause the anisotropy of the physical and chemical
properties of its crystal planes, leading to the anisotropy of these crystal planes in flotation.
Ren et al. [23] studied the adsorption difference of octadecylamine on (002) and (131) crystal
planes of fine muscovite, finding that (002) crystal planes have a higher surface energy
and are more easily exposed than that of (131). Further, compared to Si–O bonds, Al–O
bonds in muscovite had lower covalent-bond compositions and were easier to break, while
O atoms acted as active sites in the flotation of muscovite, and the (131) crystal plane
was more likely to adsorb with ODA than the (002) crystal plane. These results suggest
that flotation efficiency can be improved by exposing more (131) crystal planes in the
grinding stage.

In recent years, most studies in this area have been designed to determine the optimum
conditions for the flotation of very fine minerals. For instance, Batjargal et al. [24] studied
the “Frothing Performance of Frother-Collector Mixtures as Determined by Dynamic Foam
Analyzer and Its Implications in Flotation”, finding that the effects of frother type and
concentration play a particularly significant role in optimizing the flotation conditions,
alongside parameters such as particle size, morphology, and pH. Therefore, one of the
most important issues to address for flotation is the effect of froth stability. Additionally,
it has been found that bubble sizes become finer even at low concentrations of PPG600
and PPG400 frothers, while a significant decreases in bubble size have been found for
collector–frother mixture systems, regardless of the concentration of the frother.

At present, scholars mainly study the relationship between nanobubbles and useful
minerals, often ignoring the influence of bubbles on fine gangue minerals. In real-life
applications, particles of the fine gangue mineral often enter foam products via bubbles,
significantly affecting the quality of the concentrate. Lu et al. [25] studied the role of
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nanobubbles in the flotation behavior of hydrophilic serpentine. They found that the
nanobubbles were stable, with no change in size and only a slight decrease in number as
the resting time increased. When nanobubbles were introduced into a serpentine flotation,
the presence of nanobubbles significantly reduced the flotation recovery of serpentine
and reduced the froth entrainment rate of microfine-grained serpentine, which in turn
reduced its flotation rate. In the depressant group trials, the nanobubbles also reduced the
amount of depressant. In short, the presence of nanobubbles can prevent the floating of
fine hydrophilic gangues during flotation.

Furthermore, process optimization, reagent development, and particle-size control are
all important aspect for minimizing problems relating to fine-particles. Wang et al. [26]
proposed using a scrubbing–desliming and flotation process to enrich vanadium, nickel,
and molybdenum, and in a study obtained Vanadium–molybdenum-rich sludge and nickel-
containing tailings products. The V2O5 and molybdenum grades in the sludge were 4.10%
and 0.44%, respectively, and the recovery levels were 41.31% and 51.40%, respectively, while
the nickel grade in the tailings was 1.49%. These products were roasted and leached. The
vanadium, nickel, and molybdenum in the stone coal were effectively recovered through
the beneficiation–metallurgy combination process, and the comprehensive utilization rate
of the stone coal was improved. Wang et al.’s [27] study proved that sodium silicate
(SS) can effectively improve the flotation-separation effect of bastnaesite and fluorite in
salicylhydroxamic acid (SHA) systems. SS had a strong binding effect with the Ca site on
the fluorite surface but a weak binding effect with the Ce site on the bastnaesite surface.
In turn, SS can be used as an effective depressant in the flotation separation of fluorite
and bastnaesite.

Mineral particle size is an important parameter in the mineral-beneficiation process.
In industrial processes, the grinding process produces pulp with a qualified particle size
for subsequent flotation processes. In this Special Issue, a hierarchical intelligent control
method for mineral particle size based on machine learning is proposed by Zou et al. [28].
They present the method’s practical application in the SAB-production process of an
international mine to demonstrate its automation and intelligence, where the process
throughput is increased by 6.05%, the power consumption is reduced by 7.25%, and the
annual economic benefit is significantly improved.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: The efficient separation of ultrafine coal is a challenging process due to the ultrafine particle
size and gangue entrainment. In this study, a polymer, polyvinylpyrrolidone (PVP), was introduced
as a regulator for ultrafine coal beneficiation. The addition of PVP improved the combustible recovery
of clean coal and decreased the ash content. This effect was also presented by the selectivity index.
The regulation mechanism of PVP was investigated using diverse methods. The adsorption tests
performed demonstrated the adsorption amount of PVP on coal, kaolinite, and quartz, which were
related to the increase in the separation efficiency. A zeta potential analyzer was employed to
elucidate the effect of PVP on the electrical properties of ultrafine particles. The results revealed that
the electrokinetic potential of mineral was sensitive to the varying PVP concentration. The particle
size distribution was observed to value the influence of PVP on the particle behavior, which was
tested by a laser particle size analyzer. X-ray photoelectron spectroscopy was used to investigate the
surface elemental compositions of coal, kaolinite, and quartz, which were regulated by the adsorption
of PVP. This research is beneficial to understanding the role of PVP as regulators and provides a basis
for the efficient separation of ultrafine coal.

Keywords: polyvinylpyrrolidone; ultrafine coal; adsorption; separation efficiency

1. Introduction

As the most abundant fossil fuel in the world, coal accounts for over 50% of China’s
total energy consumption. Coal washing, which results in a large amount of slime, has put
the spotlight on the utilization of coal cleaning technologies [1]. However, coal slime is
difficult to recycle, and the majority of coal slime produced is classified as solid waste. Thus,
the aim of coal slime recycling is not only save energy but also protect the environment [2].
Coal slime generated by coal washing plants usually has a high content of gangue minerals,
with a fine or ultrafine particle size [3]. Fine coal are particles with particle sizes less than
0.5 mm while particles with diameters less than 0.1 mm are defined as ultrafine [4].

Froth flotation is a relatively effective method used to separate fine particles [5] and
is widely used for fine coal separation in many countries, including China. However, the
reprocessing of ultrafine coal by flotation is often not economically viable. The grain size
is an important factor in flotation, especially for ultrafine particles, which need a longer
processing time, higher energy, and more reagent consumption, to obtain a good separation
performance [6]. Since hydrophobic coal particles tend to float on the water surface, partial
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gangue particles can be embedded in coal, causing gangue entrainment. Meanwhile, the
gap between coal and gangue narrows down at ultrafine grain sizes [7]. Attempts have
thus been made to improve ultrafine coal flotation. Methods to enhance flotation can be
divided into physical and physicochemical methods, such as changing the flow pattern of
the air supply [4]; pre-conditioning coal slurry with microbubbles [8], nanobubbles [9], and
high-voltage treatment [10]; carrier flotation [11]; selective oil agglomeration [12]; and the
introduction of a mixed reagent system [13].

For the secondary recycling of carbonaceous resources from coal slime, the intro-
duction of a flotation reagent has been considered as a research hotspot and an effective
antidote to improve the separation efficiency. Traditional hydrocarbon oil collectors, such
as diesel oil and kerosene, are widely used for coal flotation. However, oil consumption
during coal slime separation is very high [14]. The adhesion of reagents on particles is
a complicated process and is affected by the grain size, the type of additives used, and
the pH of the solution [15,16]. It is difficult to obtain good adhesion or adsorption of
non-polar oil collectors on ultrafine coal, wherein a limited efficiency is achieved due to the
ultrafine grain size and particle–bubble attachment [17]. Due to the application of large
machinery and the rapid dissociation rate of coal particles during modern coal processing,
the high surface roughness and high ash content deteriorate the performance of ultrafine
coal flotation [18]. Some surfactants have been proposed to improve the performance of
coal recycling. Xia et al. used a cationic surfactant called dodecyl trimethyl ammonium
bromide to enhance the adsorption of oil collectors on the coal surface, which improved the
collection efficiency of dodecane limited by the oxygen functional groups on the coal sur-
face [19]. Temperature also plays a key role in the adsorption of surfactants: Marsalek et al.
found that the adsorption of cetyltrimethylammonium bromide on coal was influenced
by temperature [20]. The introduction of surfactants plays a similar role in coal surface
modification, adjusting the proportion of coal surface functional groups and reducing the
effect of the coal surface roughness on the adhesion process [21]. It can be concluded that
compound reagents contribute to an improved regulation performance in coal flotation.
Numerous studies have demonstrated the superiority of compound agents, whereas poly-
mer reagents have often been ignored. For fine particles, polymer reagents possess the
advantages of a lower dosage and better adhesion efficiency. Polymer reagents are currently
attracting increasing attention. Zou et al. reported that the introduction of a polymer, such
as hydrophobically modified polyacrylamide, improved the combustible recovery of coal
flotation [22]. Li et al. took advantage of the collaboration between nanobubbles and
polyaluminum chloride to efficiently separate fine coal, with the nanobubbles promoting
the flotation recovery while polyaluminum chloride inhibited entrainment by increasing
the grain size [23]. Lv et al. synthesized a novel pH-sensitive flocculant and studied its
effect on fine particles [24]. Studies exploring the impact of polymer reagents on fine coal
separation are burgeoning. However, it is crucial to improve the floatability and selectivity
of ultrafine coal by developing novel reagents.

As a novel polymer reagent rarely used in coal separation, polyvinylpyrrolidone (PVP)
was adopted in this study. PVP has been adopted in the pharmaceutical and petroleum
industries as an additive for separation, and acts as a carrier of synthetic materials. Pal-
choudhury et al. used PVP nanoparticles as a carrier to separate oil from wastewater and
recycled petroleum wastewater [25]. Alabresm et al. investigated the synergistic effect of
PVP nanoparticles and oil-degrading bacteria for the remediation of oil-water mixtures [26].
To date, only a few studies have explored the impact of PVP on ultrafine coal separation.
PVP plays a key role in many separation scenarios. Through an experimental investigation,
this study proves that PVP can facilitate the separation of ultrafine coal.

To understand how PVP facilitates ultrafine coal separation, laboratory flotation tests
were conducted to observe the influence of PVP on the separation performance. A se-
lectivity index (SI) was introduced to measure the results. Subsequently, an ultraviolet
spectrophotometer (Uv-vis) was used for the adsorption test, wherein the purified minerals
were used to test the adsorption selectivity of PVP on coal, kaolinite, and quartz. The
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agglomeration behavior of the ultrafine particles with the introduction of PVP was investi-
gated using a laser particle size analyzer (LPSA). The electrokinetic potential of the particles
was measured using a zeta potential analyzer, and X-ray photoelectron spectroscopy (XPS)
was employed to analyze the surface energy change of the particles influenced by PVP. We
hope that the results of this study will prove beneficial in terms of understanding the role
polymer reagents play in ultrafine coal separation.

2. Materials and Methods
2.1. Materials

The coal slime (ultrafine coal) and clean coal samples were procured from RecoTech
Co., Ltd. (Tsingtao, China). Kaolinite and quartz were purchased from Beijing Mairuida
Technology Co., Ltd. (Beijing, China). To understand the basic details of coal slime, we
carried out proximate and elemental analyses (Table 1). We observed that the ash content
of coal slime was 55%, and the ash content of clean coal was lower than 8%. The gross
calorific value of clean coal was 24.02 MJ/kg, and its vitrinite reflectance was less than
0.5%. It could thus be classified as sub-bituminous coal according to ISO 11760. To identify
the primary gangue mineral composition in coal slime, the ultrafine coal was scanned by
X-ray diffraction (XRD, Rigaku Smart Lab, Tokyo, Japan). The results showed that the
main gangue components were quartz and kaolinite (Figure 1). An LPSA (Beckman, LS
13320, Brea, CA, USA) was used for the particle size distribution analyses (Figure 2). The
results showed that the mean size (D50) of coal slime was 23.73 µm, with the size of 90%
of the fine particles (D90) being 76.91 µm, which was much lower than 0.1 mm. Thus,
the coal slime was ultrafine coal. To further explore the adsorption and agglomeration
properties of the ultrafine particles, clean coal, kaolinite, and quartz were also ground to
the ultrafine grain size. Correspondingly, the size distribution of clean coal, quartz, and
kaolinite is shown in Figure 3. The D50 of clean coal, quartz, and kaolinite is 24.11, 6.52,
and 5.51 µm, respectively.

Table 1. Proximate and elemental analyses of coal slime (ultrafine coal).

Industrial Analysis/% Elemental Analysis/%

chemical Mad Aad Vdaf FCdaf Cdaf Hdaf Ndaf Sdaf Odaf *
results 2.03 55.0 23.41 64.58 65.19 5.34 1.04 1.61 26.82

Note: M—moisture; A—ash; V—volatile; FC—fixed carbon; ad—air-dry basis; daf—air-dry ash free basis;
* by difference.
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All the reagents used in the experiments (purchased from Shanghai Macklin Biochem-
ical Co., Ltd., Shanghai, China) are listed in Table 2. The solvent used in this study was
deionized water (Milli-Q Integral 5, France), with a resistivity of less than 18.2 MΩ cm.

Table 2. List of reagents.

Name Purity Molecule Weight Abbreviation

dodecane ≥99% 170 DD
polyvinylpyrrolidone 27,000 PVP

2-octanol ≥99% 130 2-octanol

Polyvinylpyrrolidone (C6H9NO)n is a non-ionic polymer The average molecule weight
of PVP used in this paper was 27,000. Its partial macromolecular structure is shown in
Figure 4.

2.2. Laboratory Flotation Test

The laboratory flotation tests of ultrafine coal were carried out in an XFD flotation cell
purchased from Wuhan Exploration Machinery Co., Ltd. (Wuhan, China). The flotation
cell volume was 1 L. In total, 80 g of coal slime and 800 mL of water were added to prepare
the suspension (8 wt%). Dodecane (DD) was used as the collector, 2-octanol was used as
the frother, and PVP (used as the regulator) was dispersed into the slurry before flotation.
The PVP solution was introduced at several concentrations (1, 3, 6, 10, 15 mg/L) to test its
effect on recovery. PVP was added for 1 min of preset mixing, then DD (0.064 mg/mL)
and 2-octanol (0.04 mg/mL) were added to the flotation cell. For all the flotation tests,
the stirring speed of the agitator was maintained at 1500 rpm and the air supply rate was
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set to 0.15 m3/h. The flotation cell was filled to the level of the standard waterline with
tap water (pH = 6.8). All the tests were conducted at 25 ◦C. The separation products were
collected, filtered, and dried in a ventilated drying oven at 95 ◦C. Proximate analysis was
then conducted to clear the ash content of the samples.

The recovery of flotation was calculated using Equation (1):

R =
M f

Mt
·100% (1)

where M f is the dried weight of combustible matter (mainly coal) or ash (mainly quartz
and kaolinite), Mt is the weight of the total feedstock of flotation cell (weight of coal slime),
and R is the flotation recovery.
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The flotation recovery can reflect the yield of clean coal. However, some further
explanation is required for the separation selectivity. Thus, we first calculated the flotation
rate. Some scholars have assumed that the flotation process can be described as a first-order
reaction [28]. The first-order dynamics equation assumes that all matter floats at the same
rate. In fact, due to differences in the grain size and mineral species, particles should have
different flotation parameters. This study used Kelsall’s model to calculate the flotation
rate as shown in Equation (2) [27]:

R = Rmax − [R f ast·e−k f t +
(

Rmax − R f ast

)
]·e−kst (2)

where Rmax is the maximum theoretical recovery, R f ast is the maximum recovery of the
fast floating fraction, and k f and ks are the rate constant of the fast float and slow float
components, respectively. For practical purposes, flotation separation is often carried out
using multi-stage circulation. The fast-float stage often plays the reference role for the
particle cycling duration time in the flotation circuit while the slow stage is not worth saving.
Thus, we mainly analyzed the parameters of the fast stage, which was more reasonable.
Therefore, the rapid stage is usually more important, where Rmax and k f determine the
efficiency. The solver tool in Excel was used for mathematical analysis of the fitting process,
and the constraints for the parameters were added (R f ast ≤ 100, R f ast > Rslow, k f > ks).
The rate function was set such that the operation represented the true physical process with
the fast and slow stage. The modified rate constant (Km, min−1) was introduced to value
the response of different components as shown in Equation (3) [29]:

Km =
Rmax·k f

100
(3)
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We used the SSQ function to fit the results. The formula is Equation (4):

SSQ = ∑ (R − Ř)2 (4)

where R is the real recovery and R̆ is the fitted value.
Finally, we introduce the selectivity index (SI) to compare the flotation selectivity of

serial tests. The SI was calculated using Equation (5) [30]:

SI
(

combustible
ash

)
=

Km,com

Km,ash
(5)

where Km,com and Km,ash represent the modified rate constants of the combustible matter
(mainly coal) and ash materials, respectively.

2.3. Adsorption Amount and Equilibrium Test

This study employed Uv-vis (UV-2600, Shimadzu, Japan) to test the adsorption char-
acteristics of PVP. Before conducting the test, PVP was prepared as solutions with different
concentrations (1, 3, 6, 10, 15, and 30 mg/L). Subsequently, 4 g of clean coal, quartz, and
kaolinite were dispersed in 50 mL of PVP solution (8 wt%). The PVP solutions with a
concentration of 6 mg/L were used to analyze the rate of adsorption. Pure PVP solutions
without the solid samples were first scanned from 150–500 nm using Uv-vis to achieve the
maximum absorbance value. The value of the peaks was consistently located at 194 nm. At
the same time, the absorbance of PVP solutions with different concentrations was recorded
to draw the calibration curve. Thereafter, the clean coal, kaolinite, and quartz particles
were added to the PVP solutions. These mixtures were stirred at 500 rpm for 3 h to ensure
sufficient adsorption of PVP on particles, which were then transferred into the centrifuge
tube for a 10 min centrifugation at 10,000 rpm by High-Speed Centrifuge (Sorvall LYNX
6000, Thermo Fisher Scientific, Waltham, MA, USA). Then, the supernates were then ex-
tracted using a syringe and used for the Uv-vis test. The residual amount of PVP in the
supernates was calibrated using the calibration curve, and the adsorption quality of PVP on
the particles was deduced by subtraction. The adsorption amount of PVP on the particles
was calculated by Equation (6):

A = [(co − cr + cb)·V·1000]/m (6)

where A (mg/g) is the adsorption mass of PVP on the particles, co (mg/L) is the original
concentration of the PVP solution used for the adsorption test, cr (mg/L) is the residual
concentration of PVP in the supernate after centrifugation, cb is the dissolved matter of
the solid particles in the supernate, V (mL) is the volume of the PVP solution, and m (g) is
the corresponding net weight of the particles in the supernate. This method is called the
subtraction method [31].

2.4. Zeta Potential Test

A zeta potential analyzer (Malvern Instruments, Malvern, Britain) was used to evaluate
the properties of the ultrafine particles in terms of the surface charge and zeta potential
value. Deionized water was used as a solvent, and 0.01 mol/L of KCL solution was
prepared as the background electrolyte [32]. The pH during zeta potential measurement
in this study was maintained at 6.8. PVP was completely dissolved in water and no
flocs were observed. To understand the effects of the PVP concentration on coal, quartz,
and kaolinite, we prepared eight different concentrations of the PVP solution (1, 2, 3, 6,
10, 15, 20, and 30 mg/L). Considering the increase in the self-aggregation and decrease
in the water solubility of PVP with higher concentrations, concentrations greater than
30 mg/L were excluded from the test range. On the other hand, this study focused on the
effects of the selective adsorption of PVP on ultrafine particles. Excessive PVP may induce
supersaturated adsorption, thus reducing its adsorption selectivity and changing the role of
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PVP in ultrafine coal separation. In total, 4 g of the solid sample (clean coal, kaolinite, and
quartz) was added to 50 mL of the PVP solution and stirred for 3 h at 25 ◦C. Subsequently,
5 mL of the mixture was transferred into the centrifuge tube and centrifuged for 10 min at
10,000 rpm using the high-speed centrifuge (Thermo Fisher scientific, Sorvall LYNX 6000,
Waltham, MA, USA). Thereafter, the supernate in the centrifuge tube was filtered and the
filtrate was used for analysis. For each filtrate sample, tests were conducted several times
with n repetition, and the standard error(y) of the zeta potential value was calculated by
the STDEV function, given in Equation (7):

y =

√
∑(x − x)
(n − 1)

× 100% (7)

where x is the test value and (x) is the average value for one point, and n is the number of
test repetitions for one point. The value of y was set as the depth of the error bars and used
to analyze the validity of the data.

2.5. Particle Size Distribution Test

The LPSA was used to evaluate the flocculation behavior of the ultrafine particles.
The test system worked well in the wet method. Regarding the optical parameter of the
analysis system, the real part of the medium refractive index was set to 1.8, 1.6, and 1.5 for
coal, kaolinite, and quartz, respectively. Deionized water was used for sample dispersion
and circulation, and an 8 wt% ultrafine particle suspension with 6 mg/L PVP was stirred
at a rotation speed of 500 r/min for 3 h. Afterward, the dispersed sample was injected
into the test system of the LPSA with a syringe. Agitation and ultrasonic defoaming were
continued during the measurement [27].

2.6. XPS Test

XPS was used for the elemental analysis of clean coal, kaolinite, and quartz. To prepare
the test samples with the PVP treatment, 4 g of clean coal, kaolinite, and quartz were added
to 50 mL of PVP solution and stirred for 3 h at 25 ◦C. Then, 5 mL of the mixture was
centrifuged and dried. To detect the surface changes, XPS was performed at 25 ◦C (ULVAC
PHI 5000 VersaProbe III, Chigasaki, Japan). From a monochromatic X-ray source, the Al Kα

radiation (hν = 1486.6 eV) and a light spot size of 200 µm were set [33]. The spectra were
recorded and stored at the pass energy of 26 eV in steps of 0.05 eV.

3. Results and Discussion
3.1. Laboratory Flotation

The mass recovery and flotation rate are used to evaluate flotation performance. We set
up a series of flotation tests with different PVP concentrations and collected their separation
products to calculate the recovery and flotation rate parameters. The results (Table 3 and
Figure 5) revealed a difference in the flotation performance induced by PVP. The recovery
and kinetic parameters (Rmax, k f , and Km) were calculated and fitted by Equations (1)–(5).
As seen in Table 3, the results indicated an increase in the combustible recovery of froth
products with the introduction of PVP. Low dosages of PVP can relieve the constraints
for ultrafine coal flotation recovery and can prove beneficial for reducing the number of
oil collectors and energy consumption. The increase in the flotation rate proved that PVP
facilitated the flotation of ultrafine particles, which can be attributed to the regulating
role of PVP in particle behavior [27]. Meanwhile, the change in the ash recovery in the
froth products was more complicated. In the tests with 1, 3, and 6 mg/L of PVP, the ash
content appeared to be lower than the value in the test without PVP (blank control group).
This seems to suggest that a low dosage of PVP is more likely to increase the flotation of
combustible matter compared to the ash component. However, the maximum ash recovery
of the flotation test with 20 mg/L PVP tended to approach the results of the blank control
group. This difference could be attributed to the adsorption characteristics of PVP. Excessive
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PVP can lead to the heterogeneous coagulation of coal and gangue particles. The modified
rate constant Km takes both the maximum recovery and flotation rate into consideration,
which is considered fair regarding process evaluation. The value of Km,com increased with a
higher PVP concentration; on the contrary, Km,ash was reduced with a higher PVP addition.
The increase in the flotation rate constant can be attributed to the enhancement in the
collision probability between the particles and bubbles [29]. The role of the reagents in this
process was mainly focused on the surface modification of particles [34]. The agglomeration
and adsorption behavior also provide evidence for the regulating role of PVP later in this
study. Notably, when PVP exceeded a reasonable amount, the increase in the combustible
recovery and ash recovery occurred simultaneously. More ash components disseminated
in the froth products, limiting the further increase in Rmax,com and Km,com. To describe the
changes and measure the impact of PVP on the separation efficiency, we calculated the SI
(Equation (5)) of the flotation tests, and plotted it against other flotation indexes.

Table 3. Flotation kinetic parameters (Rmax, k f , and Km) with varying PVP concentrations.

PVP (mg/L)
Combustible Matter Ash

Rmax kf Km,com Rmax kf Km,ash

0 41.36 3.13 1.29 28.37 0.14 0.04
1 43.93 3.28 1.44 23.88 0.11 0.03
3 59.77 4.16 2.49 21.51 0.08 0.02
6 84.58 3.23 2.73 22.08 0.08 0.02
10 78.76 3.67 2.89 28.54 0.12 0.03
20 80.01 3.62 2.90 35.69 0.10 0.04
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Figure 5 shows the results of the combustible recovery and ash content of the froth
products, and the calculated SI of various tests. As a blank control group, the tests with-
out PVP yielded the highest ash content (18.02%) in the froth products, and the lowest
combustible recovery (38.71%) and SI (70.22). Compared to the blank control group, the
lowest ash content (12.08%) was achieved with 1 mg/L PVP. However, the combustible
recovery and SI did not yield perfect results (70.53% and 106.21, respectively). The best SI
(159.03) was obtained in the test conducted with 6 mg/L PVP; the ash content (13.17%) and
combustible recovery (87.89%) were also great. The best maximum combustible recovery
(88.81%) was obtained by the test performed with 20 mg/L PVP; however, the SI (85.26)
was poor due to the increased entrainment of ash content (16.27%). Both the selectivity and
recovery need to be considered when improving efficiency. Relatively good results were
achieved with the 1 and 3 mg/L PVP concentrations. In general, particles tend to be coated
by reagents, and the radius of particles and the length of the reagent play important roles

12



Minerals 2022, 12, 725

in flotation [35]. As a type of polymer, PVP has an advantage regarding the length of its
molecular chain, which is effective in enhancing ultrafine particle flotation.

3.2. Adsorption Amount and Equilibrium

Uv-vis was used to test the adsorption capacity of PVP on the clean coal, kaolinite,
and quartz particles. A hydration film typically exists on the surface of particles to prevent
the collision or adhesion of particles, bubbles, or reagents. Effective adhesion is achieved
only if the film is ruptured. Once stable adsorption is achieved, the amount of adsorption
reflects the adsorption capacity. The results in Figure 6 prove that PVP adsorbed a less
amount on coal than quartz and kaolinite regardless of the scale of the initial concentration
of PVP (Figure 6a) or the equilibrium time (Figure 6b). In addition, the saturated adsorption
amount of PVP on the particle surface, which is a critical parameter for determining the
adsorption property, was closely related to the specific surface area of the particle. Although
the saturated adsorption amount of PVP on kaolinite and quartz was greater than that
on clean coal, the specific surface areas of kaolinite and quartz were much higher than
on coal. It is worth mentioning that when the time increased, the adsorption of kaolinite
and quartz increased correspondingly. At this moment, the initial concentration of PVP
(6 mg/L) was more beneficial to the adsorption of PVP on coal. One explanation is that
the adsorption strength of PVP could be stronger than that of gangue minerals, and the
saturation adsorption amount was limited by the specific surface area of coal. However,
the contact of the reagents with the particles in flotation was more complicated, wherein
the adsorption efficiency was also influenced by the hydromechanical characteristics. Thus,
the saturation adsorption of kaolinite and quartz was hardly achieved in the suspension
adjustment process during flotation due to the process duration time. This could be the
main reason for the improvement in the combustible recovery for low PVP dosages, and
the increase in gangue entrainment can be attributed to the increase in PVP adsorption for
high PVP dosages. Finally, it can be deduced that the enhancement in flotation was mainly
related to the adsorption of PVP on the particles.
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3.3. Zeta Potential

The measured zeta potential values of the clean coal, kaolinite, and quartz suspensions
at different PVP concentrations are shown in Figure 7, where the error bars represent the
standard deviation of the three replicate tests. As a widely used metric for analyzing the
interaction of particles or macromolecules in the field of surface chemistry, the zeta potential
explains changes in the electrostatic attraction or repulsion induced by PVP [36]. With
0.01 mol/L KCL, the mean value of the initial zeta potentials of kaolinite and quartz were
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−37.68 and −42.41 mV, respectively, both of which were much higher than the −28.88 mV
of clean coal. With an increase in the dosage of PVP, the zeta potential of clean coal
fluctuated from −26.95 to −28.88 mV. The response was much weaker than the change
noticed in gangue minerals. The zeta potential of kaolinite increased to −27.41 mV, whereas
the zeta potential of quartz increased to −31.25 mV and then remained constant at the
PVP concentration of 30 mg/L, which caused a strong electrostatic attraction between
the gangue minerals. Kaolinite and quartz tended to agglomerate from the analysis of
the homogeneous system. However, the zeta potential was measured under relatively
ideal conditions of pure matter. In a real system of ultrafine coal separation, competitive
adsorption of PVP can occur between different particles, and particle behavior is associated
with the dosage of reagents. The ideal separation effect will only be maintained when the
right range of reagent concentrations is used.
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3.4. Particle Size Distribution

To explain the effect of PVP on the particle size distribution of clean coal, kaolinite, and
quartz, we chose the PVP solution of 6 mg/L for the LPSA measurement, corresponding
to the group that yielded the best SI results in the flotation test. The LPSA functions
through light diffraction and scattering of particles. After eliminating the effect of the test
environment and sample characteristics, an agglomeration tendency was noticed in all
three types of particles with the assistance of PVP, as shown in Figure 8. The median size
(D50) was often used to describe the feature size of a particle swarm. On the one hand,
the D50 of the clean coal particles increased from 24.11 to 36.56 µm after PVP adsorption,
which was beneficial for combustible recovery. On the other hand, the D50 of the kaolinite
and quartz particles was below 10 µm (Figure 9). In comparison, the coal flocs tended
to float upward after the adsorption of PVP, and the entrainment of kaolinite and quartz
was depressed. This condition was consistent with the flotation behavior of ultrafine coal
with the 6 mg/L PVP addition. Apart from D50, D90 represents the maximum diameters of
90% particles, which also presented growth. All the changes observed in the particle size
distribution prove the effect of PVP adsorption on the particle behavior. By observing the
adsorption amount of PVP on the surface of clean coal, kaolinite, and quartz, we formed
the opinion that the addition of a low PVP dosage improves the selectivity during the
flotation of ultrafine coal.
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3.5. XPS

Figure 10 shows the wide energy spectrums of the clean coal, kaolinite, and quartz
surfaces tested by XPS. On the one hand, the results (Figure 10a) illustrate that C (75.6%),
O (19.0%), N (2.1%), Si (2.3%), and Al (1.0%) elements occupied the surface of clean coal.
It was reported earlier that the proportion of N on the surface of PVP was higher than
on coal [27]. Thus, the adsorption of PVP changed the elemental composition of the coal
surface, mainly increasing the proportion of N from 2.1% to 3.6% (Figure 10b); on the other
hand, the maximum peak of N1s also appeared on the kaolinite (Figure 10d) and quartz
(Figure 10e) surfaces after PVP absorption, which can be attributed to the lactam group
of PVP. The Si and Al content decreased with the absorption of PVP. The increase in the
proportion of N observed on the surfaces of kaolinite and quartz was much lower than
in coal [37,38]. In terms of the detection method, Uv-vis tends to analyze the adsorption
amount of PVP while XPS tends to detect the surface adsorption form. Although the
adsorption equilibrium amount of PVP in the gangue minerals was higher than in clean
coal, XPS is a test that can be conducted for flat surfaces, excluding the influence of the
grain size. In conclusion, PVP could be adsorbed on the coal, kaolinite, and quartz surfaces,
resulting in better selectively in coal flotation.
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4. Conclusions

This study investigated the influence of PVP on the efficient separation of ultrafine
coal. The poor flotation performance of ultrafine coal can be attributed to the initial high
ash content and ultrafine grain size. PVP was used to adjust the process before flotation and
improve the flotation performance. The adsorption, zeta potential, particle size distribution,
and an XPS test were investigated to illustrate the mechanism of the adjusting role played
by PVP. The supporting analyses and the main conclusion are summarized as follows:

(a) PVP could be adsorbed on the surface of ultrafine coal. The adsorption amount
of PVP was affected by the initial concentration of PVP and the adsorption time. The
adsorption amount of PVP could be used to adjust the zeta potential of the particles and
influence the attraction between them.

(b) The adsorption characteristics of PVP affected the flocculation of clean coal, kaolin-
ite, and quartz, forcing more particles to float upward. The flotation rate and combustible
recovery were significantly improved, and the SI value revealed an increase in the selectivity
at low PVP concentrations.

(c) The separation process of ultrafine particles was highly sensitive to the polymer
reagents. The addition of low concentrations of PVP led to an improvement in the separa-
tion efficiency, whereas excessive amounts of PVP were not conducive to separation.

(d) Polymer agents have wide application prospects and can be used to solve problems
that are not proficient for the short-chain molecule. As polymers are easy to load or modify,

16



Minerals 2022, 12, 725

the influence of the long chain length of PVP can be further researched to achieve more
efficient separation.
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Abstract: The flotation of fine mineral particles is always a difficult problem. The flotation of fine
arsenopyrite particles (−20 µm) in a sodium butyl xanthate (SBX) system was studied by using
polyethyleneimine (PEI) as a flocculant. The flocculation properties of PEI on fine arsenopyrite were
studied using sedimentation tests. The results showed that the optimum pH for the sedimentation
of PEI was approximately 7.5; the higher the molecular weight (M.W.) of the flocculant, the better
the sedimentation effect. In the flotation experiments, it was found that the flotation recovery of
PEI-3 with high M.W. as flocculant was only 57%, while the flotation recovery of PEI-2 with medium
M.W. was 90% under respective optimum conditions. The contact angle tests showed that the
natural contact angle of arsenopyrite was 37◦; the addition of moderate PEI-2 had a slightly negative
influence on the hydrophobicity of arsenopyrite in the SBX system. From the size analysis results,
the maximum particle size (D100) and median size (D50) of the arsenopyrite increased from 20 and
11 µm to 48 and 28 µm after treatment with 40 mg/L PEI-2, a size more conducive to bubble capture.
From the combination of these results, it can be concluded that PEI-2 improved the flotation of
fine arsenopyrite mainly by increasing the particle size to a suitable range through flocculation.
The XPS results indicated that the adsorption of PEI-2 on the arsenopyrite surface was due to
the chemisorption between the imino group and the active Fe/As sites. Applying PEI-2 to a fine
disseminated arsenopyrite-type gold ore, a concentrate containing 36 g/t Au with a Au recovery of
88% can be obtained.

Keywords: flocculation; arsenopyrite; particle size; adsorption; flocculant

1. Introduction

The Wulonggou gold mine is located in Qinghai Province, Western China. It is one
of the largest ore concentration areas in the east Kunlun metallogenic belt [1]. The ore is
mainly disseminated and veined disseminated and has a brecciform, fine-grained structure.
The main mineral assemblage is sericite, (white) mica, quartz, pyrite and arsenopyrite.
Gold elements mainly exist in metallic sulfides, such as arsenopyrite and pyrite, in an
ultra-microscopic state, and the distribution ratio of Au in arsenopyrite is approximately
70% [2]. Since the disseminated size of arsenopyrite and pyrite in ore is becoming finer, the
grind fineness must be finer so that Au-bearing minerals can be liberated from gangues;
now, the flotation indexes are deteriorating, highlighted by the decrease in the flotation
recovery of Au (arsenopyrite) and the increase in the Au grade of tailings. The main
approach under consideration at present is to seek new effective flotation reagent regimes
that can improve the recovery of fine particles, as the existing flotation equipment must be
adequately utilized.

Fortunately, researchers have a number of methods to make fine particles grow, by
which the flotation of fines would become relatively easy [3,4]. Suitable electrolytes can

19



Minerals 2022, 12, 824

make fine particles grow to large sizes through the mechanism of compressing double-
layer particles (agglomeration) [5]; some long-chain polymers can make fine particles
grow to large sizes through the mechanism of the bridging effect (flocculation) [6]; some
hydrophobic organics can make fine particles grow to large sizes through the mechanism
of the hydrophobization of the mineral surface (hydrophobic attraction) [7]. Among them,
the flocculation of fine particles through long-chain polymers is the most frequently used
method. The linear polymer polyacrylamide (PAM) is freely soluble in water, so it is widely
applied in mining and environment industries, etc. [8]. PAM can be grafted in different
groups to form cationic polyacrylamide (CPAM) or anionic polyacrylamide (APAM), by
which the chemical interaction between the grafted group of PAM and mineral surface
becomes possible [9]. However, the depression of such PAM-based flocculants is relatively
strong, which would negatively affect the recovery of other valuable minerals. For example,
a PAM-based flocculant was used in fine copper sulfide mineral flotation to improve Cu
recovery, but the Mo recovery showed a significant decrease [10].

Therefore, it is important to search for new flocculants. Polyethyleneimine (PEI), a
cationic flocculant, is often used to remove metal cations in wastewater through chelation,
so it has the potential to be used as a flotation reagent because the interaction of a reagent
with a mineral also takes place through the adsorption between the special groups of the
molecule and the active sites (metal sites) on the mineral surface [11]. Here, it is employed
as a new reagent in a fine arsenopyrite flotation system to mainly reflect its flocculation
effect. The adsorption of PEI on the arsenopyrite surface and its effect on the flotation
performance of sodium butyl xanthate (SBX) are studied through flotation tests, and the
improving mechanism is also discussed.

2. Experimental Procedure
2.1. Materials

The arsenopyrite used in the experiment was obtained from Dulan Jinhui Mining
Co., Ltd. Parts of the ore samples were handpicked and then ground in a ceramic ball
mill. Finally, −20 µm arsenopyrite was obtained through the elutriation method and
was used for sedimentation, flotation, size analysis and X-ray photoelectron spectroscopy
(XPS) tests. The X-ray diffraction (XRD) spectra (Figure 1) of the samples showed that the
purity of arsenopyrite met the requirement through comparison with the corresponding
PDF cards in Jade (version 6.0, Materials Data, Inc., Leominster, MA, USA) [12]. The high
purity of the arsenopyrite sample was also demonstrated by the chemical element analysis
results of 43.46% As, 19.64% S and 32.44% Fe, which were very close to the stoichiometric
ratio of arsenopyrite. A massive arsenopyrite was cut into a 3 cm × 3 cm × 1 cm cube,
with one of the 3 cm × 3 cm surfaces being polished using an automatic target surface
processor (EM TXP, Leica Microsystems, Wetzlar, Germany), which was used for the contact
angle measurement.

NaOH and H2SO4 stock solutions were used as the pH regulators, except for bench
scale flotation, where Na2CO3 was the pH modifier. Sodium butyl xanthate (SBX) was used
as the collector in the micro-flotation tests, while in the bench-scale flotation of the real ore,
s mixture of ammonium dibutyl dithiophosphate (ADD) and SBX was employed. PEIs
with different M.W. (PEI-1, 3500; PEI-2, 10,000; PEI-3, 50,000) were used as the flocculants.
Methyl isobutyl carbinol (MIBC) was used as the frother for all the flotation tests. The
monomer molecular structure of PEIs is shown in Figure 2. Deionized water (18.25 MΩ·cm)
was used for pure mineral tests; tap water was used for bench-scale flotation tests.
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2.2. Sedimentation Tests

Sedimentation characteristics could be used to understand the flocculation properties
of fine arsenopyrite under different flocculation conditions. In the sedimentation tests
of arsenopyrite, 5 g of powder, together with 90 mL of deionized water, was added to
a 100 mL beaker. After adjusting the slurry pH to the desired value, the corresponding
reagent(s) were added. Each interaction time was 2 min for the reagent with arsenopyrite
particles under magnetic agitation. Then, the slurry was transferred to a 100 mL graduated
cylinder and agitated vigorously to remain fully suspended. After the stirring was stopped,
the settling behavior of the slurries was observed after a specified time by recording the
solid–liquid interface. The fraction over the interface was then pored off, and the remaining
part was filtered, dried and weighed to calculate the sedimentation yield [13].

2.3. Flotation
2.3.1. Micro-Flotation

Floatability tests were conducted in a 60 mL micro-flotation cell. Pure mineral particles
(2.0 g) were placed in a plexiglass cell for 2 min to be conditioned, and then, a pH regulator
was added to adjust it to the required pH. Under this desired pH, PEI flocculant was added,
followed by SBX collector, with 3 min of stirring time after each addition. After all of the
above was finished, the flotation process was performed for 4 min. After being filtered
and dried, the froth products together with the tails were separately weighed. Then, the
recovery was calculated in accordance with the dry weight of the products (Equation (1)).
The researchers established three flotation tests in the same conditions to report the average
values of the three methods.

R = WC/(WC + WT) (1)

where Wc is the weight of the concentrate and WT is that of tailings.
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2.3.2. Bench Scale Flotation

The bench-scale flotation experiments of the actual ore were carried out in an XFD-63
flotation cell, with 1500 mL rougher–scavenger flotation and 500 mL cleaner flotation. The
impeller speed was 1650 rpm. Froth products were collected using an automatic froth
scraping device. In the flotation stage, the required reagents were successively added to
the flotation cell with an interval of 3 min and a flotation time of 6 min. The final products
of concentrate and tailings were filtered, dried, weighed and analyzed with Au. The bench-
scale locking cycle test process is shown in Figure 3. The experimental system of the real
ore used the SBX + ADD as the collector.
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2.4. Particle Size Distribution Analysis

Particle size distribution could directly reflect the flocculation behaviors between
arsenopyrite and PEI-2. The −20 µm samples were treated with different concentrations of
PEI-2 for 3 min to obtain the flocculated suspension. The laser-based particle size analysis
was carried out on the treated and untreated samples with a Master-size 2000 instrument
(Malvern Panalytical Ltd., Malvern, UK). Ultrasonics were not applied to all the suspensions
to prevent damage to the flocs.

2.5. Contact Angle Measurement

The contact angle was measured using a Rame-Hart goniometer (Model 590, Rame-
Hart, Succasunna, NJ, USA) through the sessile drop method [14]. The cube arsenopyrite
(3 cm × 3 cm × 1 cm cube with one polished 3 cm × 3 cm surface) was conditioned
with different reagents by immersing it in the corresponding reagent solution for 3 min.
After, the washing and drying of the tablets were conducted. The contact angle value was
determined by recording the image of the prepared sample with the water droplet. For
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each specific measurement, at least three tests were conducted at different locations on the
surface. The reported value was the average of these measurements.

2.6. XPS Detection

A 1.0 g sample of −20 µm arsenopyrite powder was added into the 60 mL micro-
flotation cell together with 40 mL distilled water. The pH was adjusted to 7.5, upon which
the desired amount of PEI-2 was added and stirred for 10 min at 1900 r/min. After filtration
and vacuum drying, the XPS spectra for arsenopyrite samples treated with or without PEI-2
were recorded using a K-Alpha 1063 spectrometer (Thermo Scientific Co., Waltham, MA,
USA), which employs Al Kα as a sputtering source at 12 kV and 6 mA with 1.0 × 10−9 Pa
pressure in the analytical chamber. The curve was fitted using XPSPEAK 4.1 software
(version 4.1, Taiwan, China).

3. Results and Discussion
3.1. Sedimentation Tests

PEI dosage, pH and sedimentation time were the key factors affecting the settling.
The influence of these factors on arsenopyrite (−20 µm) settlement was studied using
systematic sedimentation tests. The experimental results are shown in Figure 4. As could
be seen from Figure 4a, except for PEI-1, the sedimentation efficiency increased with the
increase in the dosage of flocculant. According to the curve trend, PEI-3 had the best effect,
with the highest sedimentation yield of 96% when the dosage was 200 mg/L. When the
dosage surpassed 120 mg/L, the sedimentation yield increased slowly, and it was selected
for further tests.
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The influence of pH on PEI sedimentation efficiency is shown in Figure 4b. The
sedimentation efficiency of minerals in PEI-2 and PEI-3 systems increased first and then
decreased with the increase in pH. The optimal value of PEI-3 was 90%, while the sedi-
mentation yield without flocculant was only 12.6%. When pH exceeded 7.5, the decrease
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in sedimentation efficiency may have been caused by the decationization of the PEIs un-
der alkaline conditions [15,16]. Therefore, the pH of 7.5 was determined as the optimum
condition for the sedimentation tests.

If the sedimentation time was set as the independent variable, it was found that re-
gardless of PEIs, the sedimentation efficiency increased with the increase in time (Figure 4c).
When the sedimentation time was 60 s, the sedimentation yield was only 18.66% without
flocculant, but it was as high as 95% with the addition of PEI-3.

In conclusion, under the same conditions, the higher the molecular weight of the
flocculant, the better the sedimentation efficiency. In flotation experiments, however, a
different result was achieved.

3.2. Flotation Tests
3.2.1. Micro-Flotation

A single mineral flotation test was conducted to explore the effects of PEI dosage, pH
and SBX concentration on the flotation recovery of arsenopyrite with SBX as the collector,
and the results are shown in Figure 5. As shown in Figure 5a, without PEI, the flotation
recovery of arsenopyrite was lower than 50% and decreased with the increasing pH,
especially when the pH was higher than 7.5. The addition of PEI-1 slightly improved the
recovery of arsenopyrite in the pH range of 4–11, while the addition of PEI-2 and PEI-3
significantly improved the flotation recovery of arsenopyrite. At pulp pH 7.5, the recovery
of arsenopyrite was only 44% without flocculant, while the optimum recovery increased to
80% with 120 mg/L PEI-2 as the flocculant in 8 × 10−5 M SBX solution.
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Fixing the pH to 7.5, the influence of the PEIs dosage on mineral recovery was investi-
gated. As illustrated in Figure 5b, with the increasing PEI dosage, the flotation recovery
increased first and then declined. The best dosage of PEI was 40 mg/L at the conditions
of pulp pH 7.5 and SBX dosage 8 × 10−5 M. When the dosage of flocculant exceeded
120 mg/L, the recovery of arsenopyrite decreased. Evidently, adding moderate flocculant
could improve the flotation of fine arsenopyrite particles, which was consistent with the
previous study [17]. Additionally, in the two flotation tests, moderate PEI-2 showed the
best improvement in the flotation of arsenopyrite.

With different dosages of PEI-2, the influence of SBX dosage on the recovery of
arsenopyrite was researched, and the results are shown in Figure 5c. The recovery increased
with the increasing SBX dosages. When the dosage of PEI-2 was 40 mg/L, its addition
improved arsenopyrite flotation, while with 150 mg/L PEI-2, the recovery was even lower
than that without additives, which was ascribed to the excessive flocculant, resulting in a
particle agglomeration size that is too large, thus causing bubble rupture [18].

In the settlement experiment, the best settlement effect was PEI-3 (maximal M.W.).
However, in the micro-flotation experiment, the best flotation recovery of arsenopyrite
was PEI-2 (medium M.W.). The reason for this phenomenon was that the high molecular
weight of PEI-3 resulted in the optimal flocculation ability and made the particle size of the
flocculated fine particles of arsenopyrite too large, which would increase the probability of
particle desorption from the bubble [19].

3.2.2. Bench-Scale Flotation

Based on the results of micro-flotation tests and the subsequent flotation condition
tests on the real ore, locked cycle testing was carried out at batch scale using SBX + ADD as
a mixed collector in weakly alkaline pulp (pH 7.5). The closed flotation circuit included
one roughing, three scavenging, and two cleaning steps (shown in Figure 3), and all the
reagent dosages and grinding fineness presented are the optimum values. The flotation
results achieved with and without PEI-2 are displayed in Table 1. A concentrate containing
31.44 g/t Au with the Au recovery of 77% was achieved without PEI-2 in the flotation
process at pH 7.5. When PEI-2 was added into the pulp before collectors in the roughing
and scavenging stage, a concentrate with the Au grade of 36 g/t and Au recovery of 88%
was obtained. For the fine-grained disseminated refractory gold ore, the flocculant PEI-2
improved the flotation of the gold-bearing arsenopyrite-type ore, and with PEI-2, a higher
grade and recovery of gold concentrate could be obtained in the weak alkaline pulp. It is of
great industrial application potential in fine particle flotation.

Table 1. Values of closed flotation circuit.

System Products Ratio (w/%) Au Grade (g/t) Au Recovery (%)

Without PEI-2
Au concentrate 5.39 31.44 77.28

Tailing 94.61 0.53 22.72
Feed 100 2.19 100

With PEI-2
Au concentrate 5.35 35.99 87.92

Tailing 94.65 0.28 12.08
Feed 100 2.19 100

3.3. Size Analysis Results

The addition of PEI-2 could increase the particle size of fine arsenopyrite according
to the results of sedimentation tests. Here, the size testing was conducted on the particles
treated with 0, 40 and 150 mg/L PEI-2 using a laser particle sizer.

The results shown in Figure 6 provide intuitive data. The maximum particle size
(D100) and median size (D50) of the arsenopyrite without PEI treatment were 20 and 11 µm,
which were far below the sizes that can be effectively floated [20], while the corresponding
data increased to 48 and 28 µm after treatment with 40 mg/L PEI-2. This increase in
particle size was responsible for the improvement in sedimentation yield (Figure 4) and
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flotation recovery (Figure 5). When the PEI-2 dosage was 150 mg/L, the flocculated
arsenopyrite suspension presented the D100 and D50 of 116 and 69 µm, respectively. These
values increased to approximately six times those of the original ones, which resulted
in a greater sedimentation yield but lower flotation recovery [21]. These size analysis
results further demonstrated the conclusion regarding the size increase according to the
sedimentation tests.
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3.4. Contact Angle Measurement

Enhancing the recovery of fines can be accomplished by increasing the particle size to
a suitable range or improving the hydrophobicity of the particle surface [3]. The contact
angles of the arsenopyrite surface under different conditions were measured, which, com-
bined with the size analysis results, are shown in Figure 6 to determine the relationships
between the good flotation recovery and the two factors.

The contact angle results are shown in Figure 7. The natural contact angle of arsenopy-
rite was 36◦, which is close to some of those reported in the literature [22]. When it was
treated with distilled water of pH 7.5, the contact angle decreased slightly, mainly due
to the formation of hydrophilic metal hydroxyl compounds [23]. For the surface treated
with 8×10−5 M SBX (pH 7.5), the contact angle shifted to 62◦, showing that SBX could
greatly improve the hydrophobicity of arsenopyrite. At this condition, the recovery was
only 44%, as shown in Figure 5a. However, when the arsenopyrite surface was treated with
40 mg/L PEI-2 solution, the contact angle dropped to 28◦, indicating that it resulted in a
decrease in the hydrophobicity of the surface due to its hydrophilicity. When the surface
was treated with 40 mg/L PEI-2 solution first and 8 × 10−5 M SBX after, the contact angle
of 57◦ was obtained, slightly lower than that with a single SBX. However, the flotation
recovery was 79% under this condition (Figure 5). Therefore, the improvement of PEI-2
upon arsenopyrite flotation in the SBX system was not due to increasing the hydrophobicity
of the arsenopyrite surface but due to increasing the particle size to a suitable range via the
flocculation effect.
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Figure 7. Contact angle measurement results under different conditions (1—natural; 2—treated with
aqueous solution at pH 7.5; 3—treated with 8 × 10−5 M SBX at pH 7.5; 4—treated with 40 mg/L
PEI-2 at pH 7.5; 5—treated with 40 mg/L PEI-2 then 8 × 10−5 M SBX, at pH 7.5).

3.5. XPS Analysis

As shown by the size analysis and contact angle results, with moderate PEI-2 flocculant
(40 mg/L), the arsenopyrite size had a modest increase (D50 28 µm), while the contact angle
had only a very mild decrease in the SBX system. This is the reason for the improvement in
PEI-2 upon the xanthate flotation of fine arsenopyrite. Studies on the adsorption interaction
between SBX and sulfides are relatively abundant [24], but those on the PEI/arsenopyrite
are few. Therefore, the XPS data of the arsenopyrite surface before and after treatment with
PEI-2 were detected and analyzed. The As 3d and Fe 2p spectra are shown in Figure 8.
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Figure 8. The (a) As 3d and (b) Fe 2p spectrum before and after interaction with PEI-2.

According to previous reports, the As and Fe atoms on the arsenopyrite surface were
all likely to be the active sites for flotation reagent adsorption [25]. Without PEI interaction,
the As 3d 3/2, As 3d 5/2, Fe 2p 1/2 and Fe 2p 3/2 peaks occurred at 41.37, 44.82, 711.6 and
725.7 eV, respectively. The corresponding BE shifted by 0.66, 0.56, 0.4 and −0.3 eV (all
over the instrumental error of 0.2 eV), indicating the occurrence of chemical changes in the
Fe and As active sites, i.e., the chemisorption of PEI-2 on the arsenopyrite surface. In the
treatment of wastewater containing heavy metal ions, PEIs have been used as flocculants
to collect these cations through coordination with the imino groups [26]. The minerophilic
group of PEIs is the imino group. Different imino groups in the polymer can coordinate
with the Fe/As atoms on the mineral surface, and some of the remaining imino groups are
adsorbed with the active sites into other particles, leading to the bridging flocculation of
the fine arsenopyrite particles.

27



Minerals 2022, 12, 824

3.6. Interaction Mechanism Model

Figure 9 shows the possible mechanism of flocculant PEI-2 in the flotation of fine
arsenopyrite (−20 µm, D50 11 µm) with collector SBX. The mineral particles with small
sizes had a low collision probability with bubbles and thus had a low recovery (Figure 5),
which was the reason to consider adding flocculants. When PEI-2 was added, these fines
would form bigger particles through the bridging action of PEI-2 molecules. The adsorption
of PEI-2 on the arsenopyrite surface was due to the coordination adsorption between the
imino group and the active Fe/As sites. Different agglomerations can also further grow via
the hydrophobic force between the hydrophobic group of different PEI-2 molecules. These
resulted in an appropriate particle (agglomeration, D50 28.23 µm) size for flotation. The
hydrophobicity of the arsenopyrite surface did not reduce to a large extent (Figure 6), so it
still had enough active sites for the collector SBX adsorption. Hence, the flotation of fine
arsenopyrite in the SBX system could be improved by the addition of PEI-2 (Figure 5).
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Abstract: Sedimentation of ultrafine silica particles that exist in acid leaching pulp and their separa-
tion from Pregnant Leach Solution largely determines the efficiency of a hydrometallurgical process
utilizing copper oxide ore. Thickener on a larger scale can allow longer sedimentation, generating low
overflow turbidity but high economic input. In this paper, the flocculation behavior of quartz particles
in sulfuric acid solution using nonionic flocculants polyethylene oxide (PEO) and polyacrylamide
(PAM), as well as ionic cofactor montmorillonite (MMT) and nonionic cofactor tannic acid (TA), were
investigated, with the dynamic size of flocs and counts of fines being monitored using an in situ
particle size measurement technique, namely the focused beam reflectance measurement (FBRM),
under turbulent conditions. Attention was paid to variables affecting quartz flocculation properties
from both physicochemical and hydrodynamic aspects such as shear intensity. The flocculation
mechanism was investigated using zeta potential and dynamic light scattering measurements. It was
found that the TA promotes the bridging flocculation of PEO-quartz by forming associative complexes
with larger clusters in solution, while MMT electrostatically adsorbs on the quartz surface, enhancing
its bridging with PAM. Low turbidity benefited from the higher shear resistance of the compact flocs
structure provided by PEO/PEO + TA/PAM + MMT. Efficient solid–liquid separation was achieved
by using the synergistic flocculation of small molecule cofactors and polymer flocculants.

Keywords: acid leaching; thickening; quartz; flocculation

1. Introduction

Solid–liquid separation in mineral processing/hydrometallurgy/wastewater treat-
ment is frequently performed using gravity sedimentation. In the typical Solvent Extraction-
Electrowinning (SX-EW) process utilizing oxidized copper ore, the Pregnant Leach Solution
(PLS) is usually acquired by dense sedimentation of the acid leaching pulp, including
thickening and the efficient Counter Current Decantation (CCD) [1]. However, the de-
composition of silicate minerals introduces colloidal silica formed by the disordered con-
densation, seriously deteriorating solid–liquid separation. Kazadi found that the silica
content of PLS can be minimized by controlling silica solubilization and polymerization,
but the economic viability of the process still needs to be ascertained [2]. In addition, the
easily argillized silicate minerals with low hardness, especially quartz, may generate a large
fraction of ultrafine particles. Ultrafine particles settle slowly and incompletely, and their
entrainment into the overflow can lead to the formation of third-phase crud during solvent
extraction [3,4]. Therefore, polymeric flocculants with high molecule weight, typically
polyacrylamide, are used to aggregate small, suspended particles into larger flocs for more
efficient sedimentation. The electrostatic forces between particles are responsible mostly for
repulsion and, consequently, suspension. Aggregation of fine particles can be achieved by
neutralizing the electrical charge of the interacting particles, which is coagulation, in addi-
tion to bridging the particles by nonionic polymeric flocculants, which is flocculation [5–7].
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High-molecule-weight flocculants can be extremely effective in promoting floc growth in
previously stabilized suspensions [8]. Ionic polymeric flocculants play the dual roles of
coagulation and flocculation.

In acid leaching pulp, most of the minerals’ particle surfaces are positively charged as
a result of protonation. By adding coagulants to the isoelectric point, usually by adjusting
the solution pH, the suspension system can be destabilized. Zinc hydrometallurgy benefits
from the neutralization of acid leaching pulp to pH 5.0~5.2, where coagulation occurs
between silica particles and iron hydroxide particles, the solution purification method
before the electrolysis process [9,10]. By using the “neutralization-coagulation” strategy,
researchers attempted to remove the crud silica/clay particles in a raffinate solution, which
is recirculated to the leaching process in copper hydrometallurgy [11]. However, the prob-
lem of fine particles dragged from the feed still exists. Solvent extraction as a downstream
circuit operation in acidic media prevents neutralization afterwards. Cationic surfactant
cetyl trimethyl ammonium bromide addition could disturb the stability of kaolinite sus-
pensions to some extent in copper hydrometallurgy conditions, as a result of surface
charge neutralization [12]. Nonionic TX 100 surfactants were also found to improve the
settling rates of kaolinite in combination with nonionic polyacrylamide due to the mutual
interaction of polymer and surfactants [13]. Polystyrene sulfonate was also suitable for
charge neutralizing in polyethylene-oxide-induced flocculation [14]. However, the applica-
tion of surfactants usually requires either excessive dosage levels or tedious operation to
avoid overcharging.

In this paper, we report an operative combination of high-molecular-weight polymer
flocculants and low-molecular-weight cofactors to improve the sedimentation of acid
leaching pulp. The small molecules not only play the role of coagulants, but also enhance
the functionality of flocculants, borrowing the idea of the flocculation cofactor that has
been extensively investigated in the papermaking industry [15,16]. The performance of
nonionic flocculants polyethylene oxide (PEO) and polyacrylamide (PAM), ionic cofactors
montmorillonite (MMT), and tannic acid (TA) were studied in quartz–sulfuric acid system,
and different flocculation models were proposed.

2. Experimental
2.1. Materials

Quartz is typically a major component within residues from the digestion of copper
oxide feeds. Herein, quartz was used as a synthetic substrate to represent leaching residue
in this work, the source varying in terms of the particle size. One source of quartz sample
was the product of closed-circuit grinding, and its particle size distribution was measured
using a Malvern Mastersizer 2000, as shown in Figure 1a. The ground sample had a
D90 of 54.690 µm and D50 of 19.588 µm, while 31.98% of the mass was attributed to fine
particles (≤10 µm). The deviation from the Normal Distribution indicated that significant
argillization had occurred, raising a problem for solid–liquid separation. As this study
sought to emphasize the impact of the flocculation efficiency of fine particles, a quartz
sample source of 2000 mesh was also used. The X-ray diffraction in Figure 1b confirmed
the crystalline phase of the quartz samples.

The molecular structures of nonionic flocculants polyethylene oxide (PEO, from Mack-
lin) and polyacrylamide (PAM, commercially provided as 6003s from SNF) as well as
cofactor tannic acid (TA, from Aladdin) are shown in Figure 2. Their molecular weights
are listed in Table 1. Concentrated (0.10 wt.%) stock solutions were prepared no more than
7 days prior to use: Powder flocculant (0.2 g) was added slowly into the vortex of deionized
water (200 mL), with the stirring speed at 600 rpm for 5 min. Afterwards, the stirring speed
was reduced to 250 rpm and maintained for another 12 h. The stock solutions were sealed
in a glass beaker using parafilm at room temperature before use. The dosage of flocculants
added into the quartz slurry is expressed as g/t (grams of flocculant per ton of quartz
solids), and it varies from 10 to 100 g/t.
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Table 1. Flocculants/Cofactors used in this study.

Molecular
Weight, g/mol Type

PEO 7 million Powder
PAM 10~12 million Powder
MMT low Powder

TA 1701.20 Powder

Montmorillonite (MMT) is a nanolayered phyllosilicate mineral that consists of two
O-Si-O tetrahedral sheets sandwiching one O-Al(Mg)-O octahedral sheet, as shown in
Figure 3. Isomorphic substitutions always exist. For example, Si4+ in the tetrahedral sheet
can be replaced by Al3+; Al3+ in the octahedral sheet can be replaced by Mg2+ [17]. Due to
such an isomorphous substitution, the MMT nanolayer exhibits inherent negative charges,
which can be compensated for by cations (Na+, Ca2+) in the interlayer space [18,19]. It
is noted that these negative charges are permanent, differing from carboxylic acid which
cannot be dissociated below its pKa. In particular, the van der Waals force and electrostatic
force holding the MMT nanolayers together can be overcome by certain methods. For
example, MMT particles disassembled in aqueous dispersion, leading to reduced particle
size. Ultimately, the fine MMT particles can be exfoliated to an individual nanolayer [20].
Figure 4a shows the PSD of the MMT sample. It was found that the water dispersed sample
had a D90 of 4.521 µm and D50 of 0.842 µm, indicating the presence of single or multiple
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nanolayers. Larger particles may be attributed to MMT aggregates or the presence of
impurities, including quartz and albite. As shown in the XRD pattern in Figure 4b, the
MMT sample had a d(001)-spacing of 14.579 Å (2θ = 6.057◦), which is a mixture of Ca2+

-MMT and Na+ -MMT [21]. The MMT slurry was stirred for at least 12 h prior to use for
ample hydration and exfoliation.
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2.2. Flocculation Sedimentation Tests

Slurries were prepared by adding a known amount of the quartz sample to 100 mL of
water in a 150 mL glass beaker (diameter 5.8 cm, height 8.8 cm) fitted with a C50 stir bar
(diameter 8 mm, length 5 cm). The pH of the slurry was adjusted to 1.5 using sulfuric acid,
then it was preconditioned at a high mixing intensity (600 rpm) for 15 min. In this work,
10 g of the closed-circuit ground 200-mesh quartz sample was added to make a 10 wt.%
slurry, while 1 g of the 2000-mesh quartz sample was added to make a 1 wt.% slurry.

After the high intensity mixing, the stirring speed was decreased to 200 rpm prior to
the addition of the flocculants, then stirring was continued for 1 min. Where applicable,
cofactors were added 1 min prior to the addition of flocculants at a constant stirring rate.
The flocculated slurry was then poured into a 100 mL measuring cylinder and settled
naturally. Settling was allowed to proceed for various selected durations, then 2 mL of
supernatant was carefully syringed 1 cm underneath the water surface. The sampled
supernatant was diluted where necessary for the turbidity measurement (LEI-CI WZB-175).
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2.3. FBRM Measurement

The particle and aggregate size at different stages of flocculation were examined in
situ using the FBRM, the principle of which has been described previously by Fawell, P.D.
et al. [22,23]. All FBRM measurements were carried out using a Mettler Toledo G400 field
unit fitted with a laboratory probe. The probe has a flat sapphire window of 9.5 mm diame-
ter located at the tip of the stainless-steel body (136/70 mm long, 14/9.5 mm diameter).

A polytetrafluoroethylene container (internal diameter 7.0 cm, height 7 cm) was
custom built to accommodate the FBRM probe in a horizontal position near the inner wall
of the container, 1 cm above the bottom and away from the C50 stir bar. The probe had a
45◦ angle to the tangent direction of the flow speed to avoid flocs adhering to the sapphire
window, as shown in Figure 5. Such configuration of the probe tip not only ensures good
sample presentation but also allows slow-stirred slurry to be measured. This is due to
excessively large flocs settling down to the bottom of the container easily during slow
stirring; however, obvious breakage of flocs occurs once sped up.
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The FBRM data was processed and analyzed using Version 4.4 acquisition software.
It was continuously scanned with a 2 s duration over the full range of chord lengths (1 to
4000 µm). Chord Lengths Distributions are expressed as line graphs for simplicity. Both
unweighted and square-weighted chord lengths were acquired using the software. The
unweighted chord length distribution is number-sensitive, providing an implication for the
fine particles that are suspended in the slurry. Square-weighted chord length distribution
represents the volumetric and mass contribution of the large flocs in the slurry.

Primary mode and macro mode measure flocs in a different way. The primary mode
is suitable for detecting the suspended fine particles, while the response of macro mode is
too slow to capture fine particles. With respect to the primary mode, each section of the
porous large floc is considered as a single chord length, while the slower macro response
tends to detect each floc as a single particle with a single chord length. When we are
aiming to monitor the growth and breakage of flocs (flocculation kinetics), the macro mode
with volumetric weightings is recommended. Alternatively, unweighted chord length
distributions in primary mode are preferred if we need to measure the counts of fine
particles [24].

2.4. Zeta Potential and Effective Diameter Measurements

The zeta potential of quartz dispersions was measured using a NanoPlus3 (Micromerit-
ics Instrument, Norcross, GA, USA). The quartz dispersion was prepared by adding 5000-
mesh fine particles to 10−3 mol/L KNO3 solution at a solid concentration of 0.5 mg/mL,
sonicating for 30 min, and allowing it to stand for 24 h. Afterwards, the supernatant was
transferred into a disposable cell for zeta potential measurement. The cell was kept at
25 ◦C and equilibrated for 120 s prior to measurement. The pH of dispersion was regulated
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by adding a suitable amount of 10−1 M NaOH or HNO3; a desired amount of MMT was
added, followed by conditioning for 30 min.

The effective diameters of the flocculant’s molecule and their associated complexes
in aqueous solution were determined using a Malvern ZS90. The effective diameter is the
hydrodynamic diameter of a polymer molecule conformation. For a polydisperse system,
the effective diameter measured is a value calculated from the averaged intensity of the
scattered light for each particle. The 0.1 wt.% PEO/PAM stock solutions were prepared,
as described above, 12 h before being added into the cuvette. The 0.1 wt.% TA was mixed
with PEO stock solution and stirred at 200 rpm for 1 min before measurement.

3. Results and Discussion
3.1. Flocculation Sedimentation

The settling behaviors of quartz slurry were investigated to examine the flocculation
efficiency of the proposed polymers–cofactors system. The supernatant turbidity of 10 wt.%
-200-mesh quartz slurry during sedimentation is shown in Figure 6. These sedimentation
curves can be described using the exponential decay of turbidity as a function of time.
The use of PEO at a dosage of 10~100 g/t settles significantly faster, with 10-min turbidity
reduced to 94.4 NTU (100 g/t), compared to 834 NTU (100 g/t) at the same dose of PAM.
Low turbidity indicated a better clarity of the supernatant, containing a smaller number of
suspended particles. In the simulated acidic leaching pulp, PEO was proved to be more
efficient to flocculate quartz particles. On the other hand, PAM might be good at accelerating
settling rate, but it was not capable of controlling the turbidity of the supernatant, even
with an excessive dosage.
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Figure 6. Supernatant turbidity of 10 wt.% -200-mesh quartz slurry during a 30-min sedimentation:
(a) high molecule flocculants; (b) PEO and cofactor; (c) PAM and cofactor.

It is seen from Figure 6b that the combination use of TA-PEO gave a clearer supernatant
with further decreased turbidity compared to that of PEO alone. It suggested that TA could
promote the formation of larger quartz flocs using PEO, causing faster settling rates and
entrapping more fine suspended particles. Such a synergistic effect was, however, not
found for the combination use of MMT-PAM. The turbidity was even higher after the
addition of MMT into the PAM system, as seen from Figure 6c. These extra suspended fine
particles were probably contributed by the slow settling MMT nanolayers.

The settling behaviors of 1.0 wt.% 2000-mesh quartz slurry were also studied to
examine the flocculation efficiency of fine particles, mimicking the clarification of turbid
thickener overflow. The results in Figure 7a show that PEO was still very effective in
flocculating fine particles. A lower supernatant turbidity can be obtained with only 10 g/t
PEO than its PAM counterpart at the same dosage. The effect of TA addition to PEO was
identical to that of a -200-mesh quartz system, significantly decreasing the turbidity. For
example, the addition of 10 g/t TA to 10 g/t PEO exhibited lower turbidity (470 NTU at
5-min sedimentation). It is noted that settling accelerated after the first several minutes for
PEO and PEO-TA systems, indicating a longer incubation time for floc formation than other
flocculants. It is seen from Figure 7c that adding any amount of MMT did not accelerate
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the settling of fine quartz particles based on 10 g/t PAM. On the other hand, the addition
of 10 g/t MMT prior to 100 g/t PAM dramatically accelerated settling with much lower
turbidity of the supernatant (402 NTU at 10-min sedimentation). The possibility of failure
in the PAM-MMT in 200-mesh quartz slurry because most of the MMT was consumed by
coarse particles which settled easily.
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3.2. Flocs Formation and Breakage

Figure 8 shows the mean particle size (MPS) and particle size distribution (square
weighted, macro mode) evolution as a function of time for 10 wt.% 200-mesh quartz slurry
at 400 rpm. As can be seen, a dramatic increase of MPS was observed upon the addition
of flocculants (100 g/t PEO at 90 s). During the flocculation stage (90~106 s), the flocs
rapidly grew to reach a maximum size. The maximum MPS was about 230 µm under the
tested condition. The floc size soon experienced a continuous decrease upon exposure to a
longer reaction time at a constant shear rate. At the end of the measured period (300 s), the
mean floc size decreased to ~118 µm, not far from its original value without any addition
of flocculants.
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Figure 8. The trend of Mean Particle Size and PSD (square weighted, macro mode) as a function of
stirring time: 100 g/t PEO, 400 rpm.

Figure 9 demonstrates the FBRM results of different flocculants/cofactors systems
that used quartz flocculation at a stirring speed of 200 rpm. The cofactors (TA/MMT) were
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added 60 s prior to flocculant (PEO/PAM) additions, and all reagents were used at a dosage
of 100 g/t. As can be seen, the particle size did not change in the period from 0 s to 90 s,
indicating that cofactors alone were incapable of flocculating quartz particles without the
presence of high molecule weight flocculants.
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The maximum floc size reached ~410 µm by adding PAM, which was slightly larger
than that formed by PEO. Upon the addition of MMT, the MPS increased sharply to more
than 450 µm, enhancing the flocculation of quartz particles by PAM. Additionally, the
addition of TA leads to larger floc size as a result of the synergistic effect between TA and
PEO. The floc size in all situations then experienced a continuous decrease upon exposure
to a longer reaction time, and the slope of the decrease was calculated and listed in Table 2.
It was found that PEO and PEO-TA systems exhibit a much smaller slope (absolute value)
compared to their PAM and PAM-MMT counterparts. It means that PEO and PEO-TA
systems experienced a weaker degree of aggregate rupture during longer reaction times
after the peak magnitude.

Table 2. Slopes of MPS decrease and CFP increase.

PAM PEO PAM-MMT PEO-TA

200 rpm MPS −2.08 −0.76 −2.25 −1.27
CFP 4.92 0.45 1.42 0.49

400 rpm MPS −1.98 −0.87 −2.09 −0.59
CFP 13.66 7.89 14.13 7.31
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Counts of Fine Particles (CFP) (≤10 µm, no weighted, primary mode) were calculated
using FBRM software and the results for quartz flocculation at 200 rpm were also presented
in Figure 9. Particles finer than 10 µm contributed to most of the turbidity after settling
and their counts sharply decreased to a very low level upon the addition of any type of
flocculant (from more than 2000 to less than 200). However, the CFP soon increased to
much higher values in the case of PAM, as shown in Figure 9a. The addition of MMT can
be helpful to keep the low number of fine particles for PAM with only a small increase after
2~3 min of shear action. During conditioning with PEO and PEO-TA at 200 rpm, the CFP
were almost constant at a very low level, reflecting the stability of flocs. For comparison,
the slope of the CFP increase was also calculated and listed in Table 2.

The results of the FBRM corresponded well with flocculation behaviors based on
turbidity measurement. It indicated that PEO-TA and PAM-MMT acted synergistically to
create more stable flocs from the quartz suspension with high resistance to floc breakage
when subject to shear force. It is seen from Figure 9 that the flocs formed quickly but broke
quickly under the use of PAM alone. In practice, the mixing reaction time of slurry and
PAM in the feed pipe and feed well can last longer than 1 min, resulting in significantly
broken flocs. The PEO and its combination with TA, as well as the PAM-MMT combination,
help the flocculation of quartz slurry due to their higher shear resistance.

In addition to the molecule type and their combination, the flocculation process can
also be affected by hydrodynamics, especially turbulence intensity. Figure 9 also shows
full profiles for quartz flocculation switching to a higher stirring rate after the initial
200 rpm. Generally, higher shear rates (400 rpm and 600 rpm) can give a faster rate of floc
breakage, together with the sudden release of fine particles. Such degradation of flocs at
high turbulence occurs following such an order: PAM > PAM-MMT > PEO > PEO-TA.

When the lower shear rate (200 rpm) was restored, the floc size remained unchanged.
This indicated that nonionic PAM/PEO-induced flocculation was irreversible upon high
shear, and the flocs did not regrow after breakage. After resuming the initial lower shear
rate, the CFP slightly reduced. Reflocculation may occur but not in the form of floc
size regrow.

This was consistent with expectations that high-weight-molecule-flocculating solid
particles can be effectively deactivated as a result of breakage and unable to bridge these
particles again. These results shed light on the critical differences between coagulation
and flocculation [25]. Aggregates are produced as a result of charge neutralization for
coagulation, and a reduction in shear intensity usually leads to the regrowth of aggregate
while a new equilibrium can be restablished. In contrast, flocs formed by polymer-bridging
does not lead to a new equilibrium once the bridging ruptures, and the dismantlement of
fine particles is irreversible without any additional flocculant dosage.

Applying a cycled shear scheme as shown in Figure 9 is a good tactic to study the
floc strength and floc reversibility under different turbulent conditions [26,27]. The above
results indicate that only fine flocs can be partially reflocculated after breakage. In order to
calculate the MPS decrease slope and CFP increase slope at higher shear strength, FBRM
test work was conducted for freshly prepared quartz slurry at a constant stirring speed
of 400 rpm, and the results are shown in Figure 10. The corresponding slopes in Table 2
further indicate that PEO and its combination with TA outperformed PAM and PAM-MMT,
in terms of floc strength. However, it is better to avoid either intense turbulent condition
or long reaction time. Judicious feed well optimization allows aggregate growth to take
place under the milder shear experienced immediately below the feed well exit. The
implementation of the FBRM online particle size measurement allows design options or
flocculant addition points to be identified that produce the optimal residence time and
flocculation response [28,29].
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3.3. Mechanisms of Flocculation

To achieve the synergistic function of the flocculants/cofactors dual reagents system
in quartz flocculation, several pathways were possible. One way is that cofactors adsorb
onto the quartz surface acting as the bridge and facilitating the adsorption of flocculants.
Another possible pathway is that cofactors act as coagulant, neutralizing surface charge.

Zeta potential is an important parameter of the stability of colloidal suspensions.
Figure 11 shows the zeta potential of quartz at pH 1.5 and pH 7, respectively. Quartz
particles were negatively charged at pH 7 (−36.95 mV), but positively charged at pH 1.5
(11.04 mV). It has been reported that the point of zero charge (PZC) for quartz suspension
is pH 2, below which silanol groups (-Si-O−) are dominant, rendering its surface nega-
tively charged, while these silanol groups can be protonated at acidic pH, resulting in a
positively charged surface [11,26]. It is generally accepted that the stability of colloidal
dispersion depends on surface charge, with zeta potential of ≤±10 mV corresponding to
unstable dispersion, and ≥±30 mV corresponding to a stable dispersion as a result of the
electrostatic repulsion [6]. The present quartz suspension should be relatively unstable
without flocculants; however, it naturally settles slowly, which is still inadequate for high
throughput thickening performance.

A reduction in the magnitude of the zeta potential was observed with the increasing
MMT concentration in acidic conditions (2.74 mV for 10 g/t and −0.63 mV for 100 g/t).
The absence of electrostatic repulsion would cause the system to aggregate under van der
Waals attractive forces. The quartz suspension can then be destabilized to some extent by
MMT adsorption, due to a reduction in the magnitude of the surface charge.
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The addition of MMT significantly improved the flocculation efficiency by PAM.
However, the authors believed that coagulation caused by MMT’s charge neutralization
might not be the main contributor for an improvement. Ionic sulfonated salts, SDBS or
AMPS, can also neutralize surface positive charge in acid media; however, a very large
amount of these sulfonated salts (more than 1000 g/t) has to be used and the flocculation
performance is still not as good as 10 g/t MMT in the PAM system (results not shown
here). Considering the magnitude of the zeta potentials (11.04 mV) of the quartz suspension
was not a characteristic of a highly stable system; the surface modification upon MMT
adsorption and its interaction with PAM could be the dominant contribution for a better
flocculation efficiency.

The PAM molecule was nonionic and linear, and bridging flocculation by PAM for the
quartz suspension was generally driven via hydrogen bonds formed between the PAM’s
amide oxygen and quartz surface silanol groups. Due to the low binding energy, they could
not stand the high shear rates such that PAM molecules detached from quartz particles.
Once broken, these bonds may not be able to be reformed, so the broken quartz flocs could
no longer be held together. Compared to the adsorption energy of PAM on the (101) face of
quartz crystalline (−16.93 kJ/mol), the adsorption energy of PAM on the (001) face of MMT
crystalline (O-Si-O tetrahedral sheets) is −49.16 kJ/mol [30]. Therefore, the interaction
of MMT-modified quartz surface with PAM was greatly enhanced. Sedimentation tests
carried out for the 1.0 wt.% 2000-mesh MMT suspension using PAM as flocculants is shown
in Figure 12. It can be seen that the MMT suspension was easily flocculated with a much
faster settling rate and much lower supernatant turbidity, in comparison with quartz under
the same condition. Therefore, the improved flocculation behavior of the MMT addition to
the PAM system was due to the stronger hydrogen binding between MMT and PAM than
that of quartz and PAM, together with electrostatic attraction between MMT and quartz.
Adding SDBS/AMPS can also lead to their adsorption on a quartz surface; however, the
van der Waals force existing between these organic small molecules and PAM was much
weaker than MMT’s hydrogen binding.
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Figure 12. Supernatant turbidity of 1 wt.% -2000-mesh montmorillonite slurry during a 30-min
sedimentation.

The synergistic function of the PEO-TA system can be different from that of the
PAM-MMT system. The PEO itself behaved better than the PAM because of the stronger
hydrogen binding of PEO’s ether oxygen with the silanol-bearing surface [31–33]. The PAM
has a higher molecule weight than the PEO, possibly associated with higher viscosity. In
this work, adsorption is a more determining factor, compared to molecule weight, in the
process of fine silica particle flocculation. The TA had a negligible affinity for quartz, and in
such circumstances, previous research has proven that TA barely adsorbed on quartz [27].
It was proposed in the literature that TA interacted with PEO to form associative polymer
complexes which then adsorbed onto a mineral surface through PEO [15,16]. Polymeric
flocculant dissolved in aqueous solution has a measurable particle size due to molecule
structure conformation. Figure 13 shows the molecule size of flocculants measured by
dynamic light scattering. It is seen that the formed PEO-TA complexes were larger in size
compared to PEO alone, and such a complex structure was more efficient to increase the
floc size. In addition, the PEO-TA complexes were comparable with PAM in size, indicating
that the formed complexes might have a molecule weight of around 10~12 millions.
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The bridging and sweeping between quartz particles can be further promoted by
a higher molecule weight flocculant, thus promoting flocculation. A similar conclusion
was made in the previous publication for a quartz suspension, particularly in neutral
and alkaline suspensions [27]. The present work expanded the application of PEO-TA
complexes to more acidic media that could be helpful for acid leaching pulp. It was also
proposed that phenolic compounds can increase the stiffness of PEO molecule chains and
make them adsorb more easily onto fine particles [16]. Regarding the structure of the
TA-PEO associative complex, the initially flexible linear PEO chains may become rigid due
to their association with TA. Complexes consisting of well-dissolved PEO entanglements
clustered by cofactors ensure the large size of the complexes. As can be seen from Figure 11,
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quartz has a low charge density; therefore, its affinity is strong for neutral polymers such
as PEO, resulting in adsorption with more trains and loops [34]. The result was that these
complex molecules were bonded more firmly with quartz particles (or less likely to desorb),
developing large flocs that were more resistant against shear force. The mechanisms
underlying the synergistic function of a flocculants/cofactors dual reagents system in
quartz flocculation were schematically illustrated in Figure 14.
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4. Conclusions

The flocculation behaviors of quartz in simulated acid leaching pulp using nonionic
flocculant poly(ethylene oxide) (PEO) with a combination of tannic acid (TA) as the cofactor
and another combination of nonionic polyacrylamide (PAM) and a negatively charged
montmorillonite (MMT) nanosheet were investigated in this study, with dynamic floc size
monitoring using the in situ focused beam reflectance measurement technique.

In terms of polymeric flocculants, PEO outperforms PAM by lowering the turbidity of
the suspension after flocculation sedimentation, because of the stronger affinity to quartz
by the hydrogen bond between the ether oxygen and silanol group. The addition of TA
significantly improves the flocculation efficiency of quartz by PEO, and MMT improves
the flocculation efficiency by PAM. Flocs breakage upon turbulent conditions plays an
important role in the flocculation performance. The higher shear resistance provided by
PEO/PEO + TA/PAM + MMT leads to a more compact floc structure with less reduction in
floc size and less release of fines upon shear force and, subsequently, clearer suspension
upon sedimentation.

However, mechanisms underlying the increase of floc strength by cofactors between
TA and MMT can be different in the combinations of PEO + TA and PAM + MMT, respec-
tively. Dynamic light scattering and adsorption measurements confirm that the pathway
of the PEO + TA flocculation is via the initial formation of associative complexes between
tannic acid and PEO in a solution with the formation of entangled and large-sized clusters,
and then bridging of quartz particles by the associative complexes more effectively. The
zeta potential measurement and molecule simulation indicate that the pathway of the PAM
+ MMT flocculation is via MMT nanosheet adsorption on quartz by electrostatic forces, and
then bridging of the surface-modified quartz particles more effectively by PAM, due to the
more negative adsorption energy of the acrylamino group on tetrahedral sheets. Coagula-
tion might not play a dominant role in PAM + MMT flocculation; although, neutralization
of positively charged quartz by a negatively charged MMT nanosheet occurs to some extent.
Furthermore, reformation of broken flocs was difficult for both flocculation systems.
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Abstract: In this paper, −10 µm rutile and −30 µm garnet particles were selected as samples. The
effects of different reagents on the flotation of rutile and garnet single minerals were studied, and the
mechanism was analyzed by the contact angle, zeta potential, and Fourier transform infrared (FTIR)
measurements. The flotation results show that an optimal recovery is obtained with benzohydroxamic
acid (BHA) as the collector for rutile and sodium silicofluoride (SSF) as the inhibitor for garnet. Even
with BHA having a good collecting performance for both rutile and garnet, there are still some
differences. BHA greatly improves the hydrophobicity of rutile and garnet, and changes the chemical
environment of rutile but not garnet. SSF significantly reduces the hydrophobicity of rutile and
garnet, and slightly affects the environment in which BHA interacts with rutile. However, the above
reagents and combinations have little effect on the surface chemical environment of garnet.

Keywords: flotation; rutile; fine particle; separation; collector selectivity

1. Introduction

Garnet is the main associated gangue mineral of rutile, affecting its efficient recovery.
The specific gravity of the two minerals is similar [1]. The iron isomorphism in the rutile
lattice makes the surface of rutile easily contaminated with iron, and reduces the magnetic
difference between rutile and garnet [2]. Therefore, flotation has become the main research
direction for rutile and garnet separation.

Recently, there was renewed interest in the research on flotation separation of rutile
and garnet, especially with respect to flotation reagents. Huang et al. [3] studied the
flotation separation of rutile and garnet using the cationic surfactant octadecylamine poly-
oxyethylene ether as a collector, proving that the adsorption of AC1815 on rutile surface is
mainly due to the electrostatic interaction and the hydrogen bonding; Richard et al. [2,4]
studied the flotation separation of rutile and garnet using the cationic surfactant octade-
cylamine polyoxyethylene ether as the collector, Na–CMC as the inhibitor, sodium sulfite
as a regulator, and octadecylamine polyoxyethylene ether-styrene phosphonic acid mixed
as a composite collector, discovering that sodium sulfite acting in the form of SO3

2− is
more selectively adsorbed on garnet surface compared to that of rutile, leading to a high
selectivity for the flotation of rutile; Chen et al. [1] investigated the flotation of rutile from
garnet using sodium fluorosilicate as an inhibitor and styrylphosphonic acid as a collector,
finding that there is a strong interaction between sodium fluorosilicate and active Fe sites on
garnet surface, reducing adsorption sites for the collector, thereby strongly depressing the
flotation of garnet. The above studies are mainly aimed at the mechanism of conventional
particle size rutile and garnet flotation reagents, but the studies on the reagents for the
flotation separation of fine particles of the two minerals still needs to improve.

According to all of the above researches, rutile and garnet can be effectively separated
using phosphate, oleate, hydroxamic acid, and benzylarsinic acid as collectors, and sodium
fluorosilicate, sodium hexametaphosphate, and Pb2+ as regulators. While carboxylic acid
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collectors have a strong collection performance, but poor selectivity, phosphonic acid
collectors have a better flotation effect but a high cost; arsonic acid collectors have good
collection performance and selectivity, but are highly toxic [5–8]. It was indicated that the
selection of proper reagent is very important for separation [9,10]. The current research on
flotation separation experiments pays more attention to hydroxamic acid collectors [11]
because of their better selectivity, and lesser toxicity, while due to its low cost, styrene
phosphoric acid is a common collector in industrial applications.

At present, the research on the flotation separation of rutile and garnet mainly focuses
on the reagents [12,13], while there are fewer studies on fine particles and various reagent
combinations. In addition, in actual flotation, due to factors such as disseminated mineral
particle size and hardness, the particle size of target and gangue minerals may be different,
while the research on the flotation separation of two minerals with different particle sizes is
rare. Therefore, it is essential to further research the relation between inhibitor, activator,
and collector, as well as their effects on the separation of rutile and garnet with different
particle sizes.

This paper focuses on the effects of styrene phosphoric acid and hydroxamic acid
collectors, sodium fluorosilicate inhibitor, and activator lead ions on the flotation of rutile
and garnet. Referring to the properties of the Zaoyang rutile deposit in Hubei, China,
−10 µm rutile and −30 µm garnet were selected as the research objects, which provided a
certain basis for the flotation separation of rutile and garnet of different particle sizes in
actual minerals.

2. Experimental Section
2.1. Sample and Reagents

The rutile and garnet samples used in this paper were from Hubei Province, China.
According to the chemical analysis results of rutile in Table 1, the grade of rutile is 96%. The
sample is of high purity from the X-ray diffraction analysis of the garnet sample in Figure 1.
Both rutile and garnet samples meet the pure mineral flotation standard. According to
the dissemination size of the two minerals in the rutile deposit in Zaoyang City, Hubei
Province, the particle size fraction of rutile was selected to be −10 µm, and for garnet
was −30 µm. After crushing with XPC-60 × 100 jaw crusher (Produced by China Henan
Jiufu Machinery Equipment Co., Ltd., Zhengzhou, China), wet screening, and grinding
with MJ-2A stirring mill at 500 rpm for 40 min, the D90 of the final rutile sample is 7 µm
(−10 µm), and the D90 of the garnet sample is 25.38 µm (−30 µm).
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Table 1. Analysis results for the chemical composition of rutile/%.

TiO2 ZrO2 Nb2O5 SiO2 Fe2O3 Al2O3 Cr2O3 CaO ThO2

96.21 0.73 0.61 0.51 0.44 0.31 0.22 0.19 0.19

The reagents used in this paper included benzohydroxamic acid (BHA), salicylic hy-
droxamic acid (SHA), styrene phosphoric acid (SPA), sodium fluorosilicate (SSF), (NaPO3)6,
Pb(NO3)2, NaOH, H2SO4, and terpineol oil. All reagents except SPA were purchased from
Shanghai Aladdin Reagent and all of analytical grade, while SPA was purchased from an
industrial production site, and was technical grade pure. The test water was ultrapure,
with a conductivity of 18.25 MΩ.cm.

2.2. Microflotation Tests

For microflotation tests, a XFGII flotation machine with a 50 mL cell was used at
1902 rpm. BHA, SHA, and SPA were used as collectors, SSF and (NaPO3)6 as inhibitors,
Pb2+ as activator, and terpineol oil as frother. Except for terpineol oil, the reagents used at a
concentration of 1 mg/mL 3 g of sample were examined in each experiment. Following pH
adjustment (pH = 5~9), after each reagent addition (regulator, inhibitor, activator, collector),
the mixture was stirred for three minutes. Afterwards, terpenic oil was added and the pulp
was conditioned for 2 min, followed by 2 min flotation with the air flow rate of 0.1 m3/h.
The detailed flow of the flotation experiment is shown in Figure 2. The effects of collectors
on rutile and garnet flotation were studied, then the effects of inhibitors under different
collector conditions were explored, and finally, the effect of activators was determined.
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2.3. Zeta Potential Measurement

A nano-ZS90 zeta potentiometer was used to measure the electrophoretic mobility of
rutile and garnet to examine the effect of different reagents on the electric surface potential
of the two minerals. The test temperature was kept at 25 ◦C, the sample particle size was
−5 µm, and the reagent concentration was 50 mg/L. After the reagent was added, the
slurry was stirred for 15 min and then allowed to settle for 5 min, before the supernatant
was taken for measurement. Each group of tests was performed in triplicate, and the
average results were used for analysis.

2.4. FTIR Tests

A Nicolet 6700 Fourier transform infrared spectrometer was used to study the ad-
sorption of the reagents on the surface of the two minerals, and the rutile and garnet
samples before and after the conditioning with collectors, inhibitors, activators, and their
combinations. A total of 1 g of the sample was used to prepare the slurry with the same
concentration as the flotation concentration. After adding the reagent, it was stirred for
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15 min, and then filtered and dried for testing. The adsorption performance of each reagent
on the sample surface was compared and analyzed by the test results.

2.5. Contact Angle Measurements

To study the effect of the reagents on the contact angle of the two minerals, the rutile
and garnet samples were conditioned with each reagent and then dried at low temperature,
and each group of samples was pressed into a tablet shape by a tablet machine for testing.
The contact angles of the rutile and garnet before and after each reagent’s action were
measured by a JC2000D. A droplet of 0.3 µL volume was produced and the stage carrying
the tablet-pressed sample was raised to contact the droplet, and then lowered, and the
contact angle of the droplet on the surface of the sample was measured. Each surface with
or without reagent was tested 3 times.

3. Results and Discussion
3.1. Flotation Results of Different Types of Collectors

The effect of pH on flotation is shown in Figure 3. With BHA as the collector, the
recoveries of rutile and garnet both reach their maximum at pH = 7, and simultaneously the
largest difference (34.67%) between the recoveries of the two minerals is obtained. When
using SHA as the collector, the recovery of garnet reaches its maximum at pH = 6, while
that of rutile reaches its maximum at pH = 7. The difference between the recoveries of the
two minerals at pH = 9 is larger, namely, 20.80%. With SPA as the collector, the recoveries
of the two minerals reach their maximum values at pH = 8, and the difference of this is
also the largest (21.95%). It is demonstrated that BHA probably works best for flotation
separation of rutile and garnet in the above collectors.
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Figure 3. Effect of pH on the flotation of rutile and garnet with different types of collectors. (Concen-
tration of collectors = 40 mg/L).

The effect of collector concentration on the flotation recovery is shown in Figure 4.
With BHA as the collector, the increasing trend of the recoveries of rutile and garnet is
linear with a low inclination when the concentration is 50 mg/L and 30 mg/L, and the
recoveries are constant at 89.92% and 59.27%, respectively. When using SHA as the collector,
the recoveries of rutile and garnet tend to be stable when the collector concentration is
40 mg/L, and are constant at 67.14% and 63.1%, respectively. With SPA as the collector, the
recoveries of rutile and garnet also tend to be constant when the collector concentration is
40 mg/L, and are constant at 45.37% and 31.44%, respectively. In the BHA flotation system,
the flotation recovery of the two minerals are maximum at different concentrations, which
may be due to their selectivity to the two minerals resulting in more interaction sites with
rutile [11].
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Figure 4. Effect of concentration on the flotation of rutile and garnet. (pH = 7 with BHA, pH = 9 with
SHA, pH = 8 with SPA).

The selectivity and hydrophobization of BHA are better, while the hydrophobization
and selectivity of SHA for fine particles are both poor, and the collecting ability of SPA was
the worst, and the selectivity better than SHA, lower than BHA. With BHA as collector, the
recovery difference between the two minerals is the largest when the concentration is 20 at
pH = 7. However, it is difficult to achieve a great separation effect by using only a collector.
Therefore, the effect of inhibitors on the flotation of two minerals was further studied.

3.2. Flotation Results of Inhibitors

Flotation results of inhibitors are as follows. Figure 5 shows the effect of pH on
flotation under different inhibitor conditions. When SSF and BHA are used as reagents, the
recoveries of rutile and garnet reach their maximum at pH = 7, and the difference between
the recoveries of the two minerals is the largest at pH = 7, namely, 38.9%. The recovery
of rutile in (NaPO3)6 and BHA flotation systems reaches the maximum at pH = 7, while
the recovery of garnet reaches the maximum at pH = 8. The difference is the largest at
pH = 7, but only 7.35%. (NaPO3)6 has a great inhibitory effect on the flotation of rutile, and
has no obvious selectivity. This may be because (NaPO3)6 acts as a dispersant to disperse
the fine rutile particles in the pulp, and it is difficult to achieve hydrophobic flocculation
even under the action of the collector, which reduces the collision probability between the
mineral particles and the bubbles, thus, affecting the floating effect.
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Figure 6 shows the effect of inhibitor concentration on flotation. The recovery of the
two minerals decreases with the increase in inhibitor concentration. In the SSF and BHA
flotation systems, the recoveries of rutile and garnet are constant at 63.11% and 30.47%
when the SSF concentration is 50 mg/L and 30 mg/L, respectively. In the (NaPO3)6 and
BHA flotation systems, when the (NaPO3)6 concentration is increased to 30 mg/L and
50 mg/L, the recoveries of rutile and garnet are stable at 17.85% and 35.76%, respectively.
The difference in inhibitor concentration for the two groups of minerals to achieve constant
recovery may be due to the finer particle size of the rutile, the high specific surface area, and
more action sites of the reagent. The inhibitory effect of (NaPO3)6 on rutile even exceeds
that of garnet, proving that (NaPO3)6 is not available as an inhibitor for the flotation
separation of rutile and garnet.
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3.3. Flotation Results of Activator

According to the above experiments, BHA was selected as the collector and SSF as
the inhibitor, and the effect of Pb2+ as the activator on the flotation behavior of rutile and
garnet was studied. As shown in Figure 7, the flotation recovery for both minerals reaches
maximum at pH = 7. The best recoveries of rutile and garnet are 72.51% and 49.44%,
respectively, while without adding Pb2+, the recoveries of the two minerals are 67.4% and
31.5%, respectively (Figure 6). Pb2+ can activate both rutile and garnet, but the difference
between the two recoveries after activation is reduced to 23.07%, indicating that Pb2+ has
a stronger activation effect on garnet and could not improve the separation effect of the
two minerals.
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The effect of the concentration of Pb2+ on the flotation of rutile and garnet is shown in
Figure 8. The recovery of both minerals increases with the increase in Pb2+ concentration.
When the Pb2+ concentration is 15 µg/mL, the recovery values tend to be stable. The
recovery of rutile increases from 65.96% to 72.74%, and the recovery of garnet increases
from 31.4% to 45.95%, showing that the activation effect of Pb2+ on garnet is greater than
that on rutile.
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Figure 8. Effect of concentration on Pb2+ activation of rutile and garnet (pH = 7, concentration of
BHA and SSF = 40 mg/L).

The addition of Pb2+ does not lead to better separation of garnet and rutile. Therefore,
BHA was selected as the collector and SSF as the inhibitor, and the 1:1 artificial mixed
ore of rutile and garnet was used for mixed flotation. The results of mixed flotation are
shown in Figure 9. It can be seen that the index does not meet the separation standard, and
the separation of the two is not achieved. This may be because the particle size of rutile
and garnet is different, and the rutile particle size was too fine, meaning it was seriously
entrained in the mixed flotation [14]. In addition, the use of terpineol oil, a foaming agent,
may also increase the recovery of garnet in mixed flotation.
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3.4. Contact Angle Measurements Results

Figure 10 shows the measurement results of the surface contact angle of rutile and
garnet under the action of different reagents at pH = 7. The contact angles of pristine
rutile and garnet samples are 32◦ and 24.5◦, respectively. Compared to the contact angle of
pristine mineral samples, the contact angle of rutile and garnet after the action of BHA is
the largest, which is 50.5◦ and 38.5◦, respectively, and the hydrophobicity is the maximum,
followed by SHA, and SPA has the smallest change in the hydrophobicity of the two
minerals. The contact angle difference between rutile and garnet after SHA is the largest,
which is 12◦, indicating that the selectivity of SHA is better. Among the two inhibitors, SSF
has a greater effect on the contact angles of the two minerals, and significantly reduces
their hydrophobicity, while the inhibitor (NaPO3)6 and the activator Pb2+ have few effects
on the contact angles of the two minerals.
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Figure 10. Effects of reagents on the hydrophobicity of rutile and garnet.

The effects of different chemical combinations on the surface hydrophobicity of rutile
and garnet are shown in Figure 11. In the absence of the activator Pb2+, the chemical
combination of SSF and SPA has the greatest difference in the influence of the contact
angle of rutile and garnet, which is more conducive to the separation of the two minerals.
The contact angle of rutile and garnet after the action of BHA and SSF is the largest,
and the hydrophobicity of minerals improves the most. With the addition of Pb2+, the
hydrophobicity of the two minerals does not change. This may be because Pb2+ affects the
floatability of the minerals through other modes, which is also consistent with the results of
the previous set of experiments and flotation experiments [8]. In addition, the results of the
contact angle measurements may be smaller than that of the flaky mineral samples. This
may be because the samples for the contact angle test are pressed from mineral powders,
which affects the wettability of the samples under the action of capillary force, but has few
effects on the study of the overall trend of hydrophobicity.

3.5. Reagent Adsorption Results

Figures 12 and 13 show the infrared test results of the interaction of reagents and
minerals. After conditioning rutile with BHA, the adsorption bands appearing at 3434,
1714, and 1646 cm−1 are related to the stretching vibration of –OH, C=O, and the benzene
ring in BHA [15,16]. The chemical environment of rutile is altered by BHA. Compared
with the absorption bands 3434, 1714, and 1646 cm−1 under the action of BHA only, the
absorption bands of each functional group under the action of BHA and SSF (3519, 1734,
and 1643 cm−1) have a slight shift and are very weak. This indicates that SSF affects the
adsorption of BHA on rutile. Compared with the infrared spectrum of rutile treated with
BHA, the absorption peaks of each functional group in the infrared spectrum of rutile
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under the action of Pb2+ and BHA show slight shifts. In addition, more complex absorption
bands appear in the infrared spectrum, and the transmittance also changes, which indicates
that Pb2+ has obvious changes on the chemical environment of rutile.
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Figure 13 shows the adsorption results of reagent on the surface of the garnet. After
conditioning with BHA, the absorption bands at 3444, 1700, and 1450 cm−1 have only
slight changes in transmittance, which are related to the stretching vibration of OH, C=O,
and benzene rings, respectively [17]. It suggested that there is little change in its chemical
environment. Compared with the garnet treated with BHA, the infrared spectrum of the
garnet treated with SSF and Pb2+ and then treated with collectors has only a difference in
transmittance, and the change in transmittance is slight. It shows that both SSF and Pb2+

cause slight changes in the chemical environment of BHA, but due to the little environment
alteration of BHA on garnet, the influence of inhibitors and activators is small.

3.6. Zeta Potential Measurement Results

The zeta potential test results of rutile and garnet before and after the action of each
reagent are shown in Figure 14. The zeta potential of rutile shifts negatively with the
increase in pH, because with the increase in OH− concentration, the surface of rutile
adsorbs OH− to form a TiOH interface, which hydroxylates the surface of rutile [18]. When
pH > 9, the adsorption of H+ on the surface of garnet to the anionic active sites in the
pulp exceeds the adsorption of the cationic active sites (Ti+) and OH−, causing the zeta
potential to shift positively [19]. With the addition of BHA, the zeta potential of rutile shifts
negatively, resulting in instability of the system, and the possibility of agglomeration of
rutile particles. The garnet has a small negative shift, which may be because BHA does
not change the chemical environment of garnet much and has little effect on zeta potential.
With the addition of SSF, in comparison to the BHA action environment, the zeta potential
of the rutile under the action of BHA shifts slightly positively, while that garnet shifts
negatively. This indicates that either BHA and SSF compete for adsorption on the rutile
surface, so the addition of SSF has little effect on the zeta potential of the rutile [20], or that
SSF hinders the adsorption of BHA, leading to a lower negative shift in the zeta potential
in the presence of both reagents. While SSF is adsorbed in garnet, the positively charged
ions (the active site Fe2+, Fe3+, Al3+) on its surface are adsorbed with negative ions in the
solution, so that the surface of the garnet is negatively charged. SSF competes with anionic
collectors for adsorption, which reduces the adsorption of BHA on the surface of the garnet,
so SSF has an inhibitory effect on the garnet [21].
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4. Conclusions

(1) Among the collectors used in this paper, BHA has a better collection performance,
and the difference in recovery between flotation rutile and garnet is the largest;

(2) SSF reduces the contact angles of rutile and garnet from 32◦ and 24.5◦ to 25◦ and
19◦, respectively, significantly reducing their hydrophobicity. Among the collectors, BHA
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increases the contact angles of the two minerals to 50.5◦ and 38.5◦, which greatly improves
their hydrophobicity;

(3) BHA has little effect on the surface potential of garnet, but negatively shifts the
surface potential of rutile. The potential of rutile and garnet are adversely affected by the
addition of SSF, and the effect on rutile is less;

(4) BHA and SPA change the chemical environment of rutile but not garnet. SSF slightly
affects the environment in which BHA and SPA interact with rutile. However, various
reagents and reagent combinations have little effect on the surface chemical environment
of garnet. This provides a certain basis for the flotation separation of fine rutile and garnet,
In the future, in addition to flotation reagents, the separation of the two can also be studied
in terms of particle size.
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Abstract: Muscovite has a typical dioctahedral crystal structure. The atoms arranged in different
directions of the crystal lattice will cause the anisotropy of the physical and chemical properties of
the muscovite crystal planes, which also leads to the anisotropy of these crystal planes in flotation.
In this study, Materials Studio 7.0 software was used to optimize muscovite crystal cells, and some
properties of the (002) crystal plane and (131) crystal plane were calculated to obtain the anisotropy
of these two crystal planes in some aspects, so as to further analyze their influence on flotation
behavior. The differences of adsorption between these two crystal planes and octadecamine (ODA)
were analyzed by XRD and flotation. The results showed that (002) has higher surface energy and
was more easily exposed than (131). Compared with Si-O bond, Al-O bond in muscovite had lower
covalent bond composition and was easier to break. O atom was the active site in the flotation of
muscovite, and the (131) crystal plane was more likely to adsorb with ODA than (002) crystal plane.
Through the simulation results, more (131) crystal planes can be exposed in the grinding stage to
improve the flotation efficiency.

Keywords: muscovite; crystal plane; octadecylamine; flotation; adsorption; simulation

1. Introduction

Muscovite is a typical tetrahedron-octahedral-tetrahedral (TOT)-layered silicate min-
eral [1–3], usually in plate or sheet form. It has excellent dielectric properties and high
thermal stability, and is widely used in construction, metallurgy, and cosmetics indus-
tries [4–8]. Flotation plays a very important role in muscovite beneficiation. Among many
flotation agents, the interaction mechanism between cationic collector and muscovite is
widely studied. It was concluded that the longer the carbon chain of alkyl primary amines
is, the better the surface hydrophobicity of muscovite can be improved [9]. Many scholars
have demonstrated this view by combining molecular dynamics simulations. Due to the
differences in chemical and physical properties of muscovite crystals, such as surface elec-
trical properties and wettability and adsorption properties [10–14], the anisotropy of each
crystal plane of muscovite results in different consequences when it interacts with reagents.

Many complex studies have now become readily available using simulation methods. Ma-
terials Studio software enables the inexpensive simulations of certain properties of crystals, and
molecular dynamics (MD) simulations [15–21] are a valuable tool for studying the adsorption
of surfactants on solid surfaces at the microscopic level. The molecular dynamics simulation is
based on density functional theory. After calculating the electronic properties of mineral crys-
tals by density functional theory, the related properties of mineral crystals and their surfaces
can be studied more simply and accurately on this basis, as well as the interaction mechanism

57



Minerals 2023, 13, 519

between different crystal planes and chemical substances. Gao et al. [22] simulated the total
energy of scheelite crystals and the surface energy of different surfaces. The results show that
the order of surface energy of scheelite crystal planes is (001) < (112) < (111) < (110) < (100).
According to the summary of the crystal anisotropy of phyllosilicate minerals and its relation-
ship with flotation, the order of the fracture bond density of phyllosilicate minerals surface is
NAl-O (100) > NAl-O (010) > NAl-O(110), NSi-O (100) > NSi-O (010) > NSi-O(110), and the order
of hydrophobicity is (110) plane > (010) plane > (100) plane [23]. MD simulations are also used
to simulate and calculate the fracture bond density and surface energy of the different crystal
planes of smithite [24], so as to obtain the relationship between them. The simulation results
show that the surface energy increases with the increase in fracture bond density. Not only
that, MD simulations are also used [25] to research the adsorption equilibrium structure of
octadecamine(ODA) on chlorite (001) and plane (100); the results show that chlorite (001) has
a strong adsorption on ODA, while chlorite (100) has a weak adsorption on ODA. Although
many scholars have simulated the adsorption mechanism of muscovite and agents, most of
them focus on a common crystal surface of muscovite crystal, and few people have conducted
comparative studies on the effect of a certain agent on different crystal surfaces of muscovite.
Before flotation, different media or parameters can be selected for the grinding of muscovite
samples [26], so that more crystal planes with strong adsorption of reagents can be exposed,
thus improving the flotation efficiency of muscovite. In this study, the surface energy and
fracture bond density of the (002) crystal plane and (131) crystal plane of muscovite were
simulated by Materials Studio 7.0, and the properties of muscovite crystal were calculated
to obtain the difference between the physical and chemical properties of these two crystal
planes. The adsorption process of ODA on two crystal planes of muscovite was simulated by
molecular dynamics and the differences in ODA adsorption between the two crystal surfaces
were verified by flotation tests.

2. Theoretical and Experimental Sections

In the theoretical part, a series of operational processes for calculating muscovite using
Materials Studio software are shown in Figure 1. For details, see Sections 2.1–2.3.

Figure 1. Flow chart of the theoretical part.

2.1. Models

The structural formula of muscovite is KAl2(AlSi3O10)(OH)2, and its crystalline struc-
ture is a compound silico-oxygen layer with two silico-oxygen tetrahedrons sandwiched by
an alumino-oxygen octahedron [27]. The crystal structure of monoclinic C2/C muscovite
(Figure 2), which serves as the initial input structure for the MD simulation, was obtained
by analyzing the single crystal diffraction data. Muscovite primitive cell parameters were
as follows: a = 5.212 Å, b = 9.042 Å, c = 20.084 Å, alpha = 90◦, beta = 95.78◦, gamma = 90◦.

ODA was used as the collector in the flotation test of muscovite. The molecular formula
of ODA is CH3(CH2)16CH2NH2. The optimized structure of ODA is shown in Figure 3.
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Figure 2. Original unit cell model of muscovite (the color of yellow, pink, red, purple, and white
represents silicon, aluminum, oxygen, potassium, and hydrogen atoms, respectively).

Figure 3. Molecular structure of octadecamine(ODA).

2.2. Crystal Structure Optimization

MD simulation was performed using Material Studio 7.0 software. Firstly, the CASTEP
module was used to optimize the crystal structure of muscovite, and three
parameters—function, energy cutoff, and k-points—were tested. The energy cutoff was
400 eV, the k-points were 3 × 2 × 1, the mass was fine precision, and other parameters were
not changed. For the generalized gradient approximation under the five density functions
optimization calculation of muscovite lattice parameters, the results are shown in Table 1. It
showed that when the function was GGA-PBESOL, muscovite phase had the lowest energy
and the structure of muscovite was the most stable. Therefore, the function was selected as
GGA-PBESOL.
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Table 1. Lattice parameters and total energy of muscovite optimized by different functions.

Function a/nm b/nm c/nm β/◦ Energy/eV Maximum Error/%

GGA-PBE 5.241 9.073 20.934 95.423 −26,269.677 4.232
GGA-PBESOL 5.197 8.989 20.603 95.389 −26,315.327 2.584

GGA-WC 5.200 8.997 20.696 95.289 −26,228.042 3.047
GGA-PW91 5.232 9.058 20.764 95.430 −26,300.069 3.386
GGA-RPBE 5.287 9.162 21.292 95.667 −26,294.096 6.015

With other parameters unchanged, GGA-PBESOL was selected as the function, and
different energy cutoffs were selected to optimize the calculation of muscovite cells. The
cell parameters and total energy of muscovite obtained are shown in Figure 4. It shows that
the muscovite phase always decreased with the increase in energy cutoff. When the energy
cutoff was 550 eV, the total energy of muscovite reached the lowest value and then began
to decline. When the energy cutoff was higher than 500 eV, the lattice constant error of
muscovite also tended to be stable, at about 0.7, so the optimized energy cutoff of muscovite
was selected as 550 eV.

Figure 4. Total energy and lattice constant errors of muscovite with different energy cutoffs.

The function was selected as GGA-PBESOL, and the energy cutoff was 550 eV. The
k-points convergence tests were conducted, and the obtained muscovite parameter error
and total cell energy are shown in Figure 5. After determining the exchange correlation
function and truncation energy, the change in k-points had little influence on the total
energy of muscovite crystal. The energy changes were all within 0.1 eV, and the lattice
constant errors were all less than 1%. When the k-points were 4 × 3 × 1, the total energy of
muscovite was the lowest, but when the k-points were 5 × 3 × 1, the lattice error was only
0.642%, and the lattice constant was the closest to the experimental value. Therefore, the
k-points chosen for calculating the relevant properties of muscovite were 5 × 3 × 1.

Under these conditions, the calculated total energy of the system was −26,194.856 eV,
and the error between the lattice constant and the experimental value was 0.642%. The
calculation was reasonable. The method adopted and the parameters selected were reliable.
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Figure 5. Total energy and lattice constant errors of muscovite at different k-points.

2.3. Calculation Quantity
2.3.1. Population Analysis

Mulliken population analysis is a data method for analyzing the extranuclear distribution
of electrons in atoms, molecules, and crystals, which can be analyzed by atom population
valence bond properties, orbital hybridization, and electron transfer in chemical changes [28].
The Mulliken population consists of two parts: the overlapping population and atomic
population. The overlap population is a parameter to characterize bond covalence and the
Mulliken charge in an atomic population is a parameter to characterize atomic ion properties.

The CASTEP module was used to calculate the performance of the optimized mus-
covite crystal structure. Properties were selected in the task bar for calculation, and popula-
tion analysis was selected for specific properties. Other parameters remained unchanged.

2.3.2. Surface Energy and Fracture Bond Density

The number of unsaturated bonds per unit area is called the fracture bonds density [29],
which can reflect the degree of mineral cleavage along the direction of a crystal plane. The
lower the fracture bond density, the more easily the mineral cleavage along a crystal plane
direction. Surface energy [30] is the energy required to break the crystal cleavage into two
independent surfaces along the direction of a crystal plane under the action of external forces.

The surface energy and fracture bond density of muscovite were calculated using the
CASTEP module. The surfaces were selected for cleaved surfaces in the build to cut the
(002) and (131) crystal planes of muscovite. Before the calculation of surface energy, the
convergence of layer thickness was tested and the appropriate thickness was selected for
surface energy calculation. The calculation methods of fracture bond density and surface
energy are shown in Formulas (1) and (2) [31,32].

Db = Nb/S (1)

Esur = [Eslab − (Nslab/Nbulk)Ebulk]/2A (2)

where Db is the number of unsaturated bonds in the area of 1 nm2, Nb is the number of
unsaturated bonds in the range of unit cell, and S is the area of unit cell. Esur is the surface
energy, Eslab represents the total energy of the surface structure, Ebulk is the total energy of
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the unit cell, Nslab is the number of atoms of the surface structure, Nbulk is the number of
atoms of the unit cell, and A is the area of the surface structure along the Z axis.

2.3.3. State Density

State density represents the quantity of electrons allowed per unit energy range, that
is, the distribution of electrons in a certain energy range. It shows how atoms interact with
each other and how electrons are distributed in different orbitals. It also reveals information
about chemical bonds. The CASTEP module of Materials Studio was used to select and
calculate the state density of muscovite while conducting lattice optimization.

2.3.4. Electron Density

After the cell parameters and atomic coordinates of the crystal model of muscovite
were optimized using the CASTEP module, the electron density of muscovite was analyzed.
Its computational convergence accuracy was fine. Among electronic parameters, the
sampling point setting (k-points set), SCF iteration error (SCF tolerance) and integration
accuracy were all set to fine. The core treatment was set as all electron, the basis set as DND,
and the atomic orbital radius (orbital cutoff quality) as medium.

2.3.5. Adsorption Energy

When one or more molecules move above the adsorption interface, a certain amount
of energy will be released in the process of its velocity changing from large to small and
finally will be adsorbed on the adsorption interface. The energy is called adsorption energy.
The adsorption energy of different mineral surfaces interacting with the agent varies. As a
result, the strength of the combination between the agent and different mineral surfaces can
be judged by the adsorption energy. In the Forcite module, the adsorption configuration of
ODA on the crystal planes of muscovite (002) and (131) were constructed and optimized. The
adsorption energy calculation method of muscovite surface is shown in Equation (3) [33]:

∆E = Ecom − Esur f − Erea (3)

where ∆E is the adsorption energy; Ecom, Esurf, and Erea are the optimized adsorbed complex,
surface structure, and total energy of adsorbed substance, respectively. If the adsorption
energy is spontaneous, the adsorption energy result is negative, and the smaller the ad-
sorption energy is, the more stable the adsorption is. When the adsorption energy is 0 or
positive, the adsorption cannot be spontaneous.

2.4. XRD

After weighing 0.5 g of muscovite raw ore and muscovite concentrate after flotation
under different conditions, an XRD test was carried out to analyze the intensity changes in
the (002) crystal plane and (131) crystal plane before and after flotation. The analysis was
performed on a Netherlands Empyrean D8 Advance X-ray powder diffractometer with Kα

radiation (λ = 0.15406 nm) at a scanning rate of 10◦/min.

2.5. Flotation Test

An XFGC suspension flotation machine was used for a single mineral flotation. The
mixing speed was kept at 2000 rpm. A total of 2 g muscovite was weighed for each experiment.
After adding samples, the pulp was stirred for 3 min until fully mixed. The pH was adjusted
and the pulp was stirred for 3 min; then, ODA was added and the pulp was stirred for another
3 min. Finally, the bubbles were aerated and scraped for 4 min. Finally, the concentrate and
tailings obtained by flotation were dried, weighed, and the recovery was calculated.

The particle size of muscovite used for flotation is shown in Figure 6. The average of
the sample is 4.02 um and P80 is 8.45 um. The particle density of the muscovite sample is
2.86 g/cm3.
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Figure 6. Grain size of muscovite.

3. Results and Discussion
3.1. Population Analysis and Electron Density of Muscovite

The population analysis of the optimized muscovite atoms is shown in Table 2, in
which H, Al, and K atoms had two configurations, O atom had seven configurations, and
Si atom had three configurations. Although there were many kinds of configurations, the
charge changed little and the law was the same. H, Al, Si, and K atoms lost about 0.4, 1.7,
1.9, and 1.5 electrons, respectively, and were electron donors. O obtained about 1.1 electrons
and was an electron acceptor.

Table 2. The Mulliken population analysis of muscovite atoms.

Species Ion s/e p/e d/e f/e Total/e Charge/e

H 1 0.59 0.00 0.00 0.00 0.59 0.41
H 2 0.60 0.00 0.00 0.00 0.60 0.40
O 1 1.84 5.25 0.00 0.00 7.09 −1.09
O 2 1.85 5.29 0.00 0.00 7.15 −1.15
O 3 1.84 5.16 0.00 0.00 7.00 −1.00
O 4 1.86 5.30 0.00 0.00 7.16 −1.16
O 5 1.83 5.31 0.00 0.00 7.14 −1.14
O 6 1.84 5.29 0.00 0.00 7.13 −1.13
O 30 1.87 5.31 0.00 0.00 7.18 −1.18
Al 1 0.50 0.81 0.00 0.00 1.31 1.69
Al 2 0.47 0.85 0.00 0.00 1.33 1.67
Si 1 0.67 1.34 0.00 0.00 2.01 1.99
Si 5 0.68 1.36 0.00 0.00 2.04 1.96
Si 6 0.66 1.31 0.00 0.00 1.97 2.03
K 1 2.02 5.48 0.00 0.00 7.50 1.50
K 3 2.02 5.49 0.00 0.00 7.51 1.49

The ionic and covalent properties of the interatomic bonds of muscovite can be re-
flected by the Mulliken bond population value. If the population value is greater than 0,
the atoms form bonds. The larger the population value, the more covalent components of
the bonds, and the smaller the ionic bonds, the more components. Table 3 illustrates that
only Al and Si atoms in muscovite bond with oxygen, and the population value between O
and Si was 0.61, indicating more covalent components, while the population value between
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O and Al was 0.30. More O-Al ionic bonding components compared to O-Si, so when
muscovite was destroyed, O-Al was more likely to fracture than O-Si.

Table 3. The Mulliken bond population analysis of muscovite atoms.

Bond Population Length/Å

Al-Al −0.37 2.9872
Si-Si −0.17 2.9872
O-O −0.03 2.9902
O-K −0.04 2.9660
H-Si −0.01 2.9480
Al-Si −0.19 2.9379
H-Al −0.02 2.8398
H-O −0.01 2.8384
O-Al 0.30 1.9618
O-Si 0.61 1.5213

Figure 7 shows the electron density diagram of muscovite simulated by CASTEP.
The blue part indicates that the atom lost electrons, while the grey part indicates that the
atom gained electrons. As can be seen from Figure 7, in the alumino-oxygen tetrahedron and
silico-oxygen octahedron of muscovite, only the oxygen atom has charge and presents a state
of negative charge, indicating that the oxygen atom was a relatively active atom in muscovite.
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Figure 7. Electron density of muscovite (the color of yellow, pink, red, purple, and white represents
silicon, aluminum, oxygen, potassium, and hydrogen atoms, respectively).

3.2. Anisotropy of Fracture Bond Density and Surface Energy at (002) and (131) Planes of Muscovite

After the convergence test of layer thickness, the atomic layer thickness of 3.877 nm and
vacuum layer thickness of 1.400 nm were selected to calculate the surface energy of (002)
crystal plane. For (131) crystal plane, an atomic layer thickness of 1.793 nm and vacuum layer
thickness of 1.200 nm were selected to calculate the surface energy, as shown in Figure 8. The
crystal plane models of (002) and (131) are shown in Figure 9, and the surface energy and
fracture bond density calculated according to Formulas (1) and (2) are shown in Table 4.

The energy required to dissociate a mineral crystal along a crystal plane and split
into two separate planes under the action of external forces is called surface energy. The
smaller the surface energy, the more stable the crystal plane. Cleavage usually occurs along
surfaces with relatively low surface energy. According to Table 4, the surface energy of
the (002) crystal plane of muscovite was 1.349 J/m2, lower than that of the (131) crystal
plane, indicating that the (002) crystal plane was the normal texture plane of muscovite.
There was a positive correlation between the fracture bond density and the surface energy
of the crystal. The higher the fracture bond density was, the higher the surface energy was.
According to the analysis of surface energy and fracture bond density, compared with the
(131) crystal plane, the (002) crystal plane of muscovite was more easily exposed when
damaged by an external force.
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Figure 8. Surface energy calculation models of muscovite (002) and (131) crystal planes.

Figure 9. Calculation model of the fracture bond density of muscovite (002) and (131) crystal planes.

Table 4. Surface energy and the fracture bond density of muscovite (002) and (131) crystal planes.

Crystal Planes Surface Energy/J·m−2 Fracture Bond Density/nm2

(002) 1.349 8.581
(131) 1.426 8.642

3.3. State Density of Muscovite

Figure 10 shows the total state density of muscovite crystal and the splitwave state
density of each atom. It can be seen that each atom contributed to the total state density of
muscovite. In combination with Figure 10b–d, and comparison with Figure 10a, the valence
band is mainly composed of the p orbitals of oxygen atoms, and the orbitals of aluminum
and silicon atoms contribute less. The conduction band was mainly composed of the p
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orbitals of silicon and aluminum atoms, and the s and p orbitals of oxygen atoms had little
contribution. The main contribution of the adjacent region of the fermi level consists of the
p orbital of the oxygen atom, so the oxygen atom had strong activity and was the active
part of flotation beneficiation.

Figure 10. Muscovite state density ((a) total state density diagram (b) Al state density diagram (c) Si
state density diagram (d) O state density diagram).

3.4. Adsorption Energy of Muscovite (002) and (131) Crystal Planes

The simulated adsorption energy results of the (002) crystal plane and (131) crystal
plane with ODA are shown in Table 5. It indicates that the adsorption energy between the
two crystal planes and ODA was negative, explaining that ODA can be adsorbed on both
crystal planes, and the adsorption energy of the (131) crystal plane was much lower than
the (002) crystal plane, showing that compared with the (002) crystal plane, the (131) crystal
plane was more likely to adsorb ODA.

Table 5. Adsorption energy of muscovite (002) and (131) crystal planes.

Crystal Plane
Adsorbed Complex

Energy
/kJ·mol−1

Energy at the Bottom
of the Crystal Plane

/kJ·mol−1

Energy of
Agent

/kJ·mol−1

Adsorption
Energy/kJ·mol−1

(002) 86,164.948 85,905.960 391.248 −132.259
(131) 49,649.868 50,185.722 22.052 −557.906

3.5. Adsorption Difference of ODA on (002) and (131) Crystal Planes of Muscovite

In order to obtain the adsorption morphology of ODA on two crystal planes of mus-
covite, the dynamic simulation of the interaction between the two crystal planes and the
agent was carried out, and the adsorption changes of the agent on the crystal planes were
obtained, as shown in Figures 11 and 12. After the adsorption of ODA on muscovite,
the amine group head was closer to the crystal plane. The reason for this may be that the
potassium ions between muscovite layers would lose part of the cleavage process, resulting in
the electronegativity of muscovite (002) and (131) planes. The ammonium ion head group had
positive charge and there was electrostatic attraction between it and the negatively charged
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muscovite surface. The cationic polar head group of the collector would approach muscovite
and finally be adsorbed stably on the surface of muscovite. The (131) crystal plane might be
more exposed to potassium ions, more electronegative, and easier to adsorb with ODA.

Figure 11. Changes in ODA before and after adsorption on the muscovite (002) crystal plane
((a) pre-adsorption and (b) post-adsorption).

Figure 12. Changes in ODA before and after adsorption on the muscovite (131) crystal plane
((a) pre-adsorption (b) post-adsorption).

3.6. Flotation Test Results and XRD under Different Flotation Conditions

Figure 13 shows the XRD pattern of muscovite, and the crystal plane represented by
its peak is labeled. Because the (002) crystal plane of muscovite was more exposed during
grinding, the (002) crystal plane had a stronger peak. Among them, (002), (004) and (006)
were parallel crystal planes with the same properties. Therefore, crystal planes (002)
and (131) of muscovite were selected for subsequent simulation calculation to study the
adsorption difference of ODA on these two planes.

When the concentration of ODA was 140 mg/L, under different pH conditions, the
flotation recovery of muscovite changed. Figure 14 states that the recovery of muscovite
increased significantly when the pH was from 2 to 4, and reached the peak value of 90.23%
at pH 4. When the pH continued to rise, the flotation recovery began to decline [34].

67



Minerals 2023, 13, 519

Figure 13. The XRD pattern of muscovite.

Figure 14. Relationship between the flotation recovery of muscovite and pH (concentration of ODA:
140 mg/L).

Figure 15 illustrates the effect of the ODA concentration on the recovery and contact
angle of muscovite at pH 4. The recovery of muscovite increased with the increase in
the ODA concentration [35]. In the range of low ODA concentration, the recovery of
muscovite showed an upward trend, but when the ODA concentration reached 160 mg/L,
the recovery of muscovite reached a relatively stable state. When the concentration of ODA
was 180 mg/L, the recovery reached 96.55%. The contact angle of muscovite increased
with the increasing concentration of ODA. When the concentration of ODA was 140 mg/L,
the contact angle of muscovite was 50.5◦. The increasing contact angle proved that the
hydrophobicity of muscovite was increasing, which was consistent with the law of recovery.

Based on the previous research results, with a view to further investigate the influence
of the difference of crystal plane properties on its flotation behavior, XRD tests were
conducted on muscovite under different flotation conditions to observe the changes in
the strength of crystal plane after flotation. The results are shown in Figure 16. It showed
that the strength of the (002) crystal plane of muscovite decreased after flotation, but the
degree of decline varied according to different flotation conditions. When the pH was 4,
the decline of the muscovite (002) crystal plane slowed down with the increase in the ODA
concentration. When the ODA concentration was 180 mg/L, the decline of the (002) crystal
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plane was the lowest. When the ODA concentration was 140 mg/L, pH increased from
4 to 8 and the decline of the (002) crystal plane decreased. When pH increased from 8 to
10, the decline of the (002) crystal plane increased. The strength of the muscovite (131)
crystal plane increased after flotation, but the strength increased little with the change in
conditions. After flotation by ODA, the change law of the two crystal planes of muscovite
showed that the strength of the (002) crystal plane decreased and that of the (131) crystal
plane increased as a whole, which proved that the adsorption of the (131) crystal plane was
stronger than that of the (002) crystal plane during ODA flotation, which was consistent
with the simulation results.

Figure 15. Flotation recovery and contact angle of muscovite in relation to ODA concentration (pH = 4).

Figure 16. The XRD of muscovite (002) and (131) crystal planes under different flotation conditions.

4. Conclusions

Some properties of two crystal planes of muscovite (002) and (131) were simulated and
explored, and the results showed that the (002) crystal plane had lower surface energy and
fracture bond density. The adsorption energy of the (131) crystal plane was lower and more
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easily adsorbed ODA. Single mineral flotation tests were carried out on muscovite, and the
optimum flotation conditions were determined as pH 4, ODA concentration 180 mg/L, and
the recovery was 96.55%. The XRD results of the muscovite concentration under different
flotation conditions showed that the strength of the (002) crystal plane decreased, while
that of the (131) crystal plane increased. This was consistent with the simulation results,
proving that in the flotation process, the (131) crystal plane was more likely to interact with
ODA. This study has certain guiding significance for the flotation of muscovite, and can
expose more of the (131) crystal plane before flotation to improve flotation efficiency.
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Abstract: In recent years, most of the studies have been adapted to determine the optimum conditions
for the flotation of very fine minerals. In this context, besides parameters such as particle size,
morphology, and pH, the effects of frother type and its concentration present a very significant role
in optimizing the flotation conditions. Therefore, the effects of froth stability during flotation can
be considered one of the most important issues. Considering that knowledge in mind, in this study,
the foamability and froth decay rate of six frothers (PPG200, PPG400, PPG600, BTEG, BTPG, and
BDPG) having different molecular weights but similar polyglycol structures were investigated. In
addition, methyl isobutyl carbinol (MIBC) which is a well-known frother type in the industry was also
used as a reference. Additionally, a series of tests were also performed in the presence of collectors
(Dodecylamine hydrochloride, DAH, and sodium oleate, NaOL) + frother mixtures to mimic the
flotation conditions. The results of these tests indicated that the bubble size became finer at even
low concentrations of PPG600 and PPG400 frothers. Following that, a significant decrease in bubble
size was also found for the collector + frother mixtures system regardless of the concentration of the
frothers.

Keywords: frothers; dynamic froth stability; collectors

1. Introduction

Flotation of fine-size minerals has become particularly important in recent years, as
advances in milling have allowed the economical use of low-grade ore deposits [1]. Also,
mineral wastes, mostly composed of fine particles, are becoming a critical problem for the
mining industry due to environmental concerns (for instance, acid mine drainage) [2,3].
Accordingly, the flotation of fine particles depends on the recovery of valuable hydrophobic
mineral particles from the pulp by adhering to fine-sized air bubbles. Thus, low recovery
values of fine particles by flotation can be attributed to the low probability of bubble-particle
collision, which decreases with decreasing particle size [4]. However, bubble-particle
interactions such as electrostatic and hydrophobic forces are important in determining the
selectivity of the flotation separation [5]. Frothers and surface–active collectors are often
used for the flotation of different minerals [6,7]. Both of them often exhibit synergy in
particle recovery but the possible synergetic effects on the froth stability have not been
studied.

Derjaguin et al. (1984) [8] formally proposed that the flotation general rate constant is
equal to the product of three possibilities or efficiencies: Bubble-particle collision, adhesion,
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and stability. The flotation rate constant, and hence the flotation recovery, is a function of the
probability of these subprocesses [9]. Forty years after Derjaguin and Dukhin’s proposal,
Miettinen et al. (2010) [10] published a review on the flotation limits of fine particles,
showing the importance of key parameters such as bubble size, particle aggregation, and
flow conditions in fine particle flotation. Moreover, in a recent paper of ours [5] we
proved theoretically that the collision rate between the fine particles and the bubbles is
sufficient [11,12] to sustain high recovery if all of the collisions are effective. In addition,
there exists a thermodynamic low size limit for the flotation of fine hydrophobized particles
(θ = 80◦). This limit is in the range of 0.15–0.4 µm) and below it the capture of the fine
particles is impossible. Particles with sizes in the range of 0.4–2 µm can be floated but with
a small flotation rate due to the very small level of exceeding the total push force over the
resistance force for the formation of a three-phase contact line (TPCL). Such particles with
sizes above 2 µm are floated due to the cavitation of dissolved gases. So, there exist two
ways to float fine particles with high recovery for short time—(i) to initiate electrostatic
attraction between bubbles and particles; (ii) to hydrophobize them significantly (θ > 90◦).
The second way is more powerful.

Nevertheless, improving the recovery of fine-sized particles (−20 µm) has been a
long-standing goal in the mineral processing industry. The relationship between particle
size and buoyancy is presented in detail by research conducted by Gaudin et al. (1931) [13],
which shows that fine particles are more difficult to recover than medium-size particles.
As the particle size decreases, the effectiveness of the bubble–particle collisions reduces.
Introducing fine bubbles increases the fine particle recovery due to (i) increasing the number
of bubbles in the flotation reactor, thus increasing the collision rate; (ii) larger capillary
pressure during the bubble–particle collision due to the increased pressure inside of the
fine bubbles. The latter factor is the powerful driving force for the capture of the particles
by the bubbles.

Such methods for the production of small bubbles have been the focus of many studies
including dissolved air flotation [14] and pico bubbles [15]. Because the problem of dealing
with fine particles has preoccupied mineral flotation engineers for more than a century.
This issue is even more important today, driven by the energy and water minimization
requirements as well as the mineralogy and liberation requirements of many ore deposits.
Considering that knowledge in mind, it is the objective of this study to systematically
determine the froth stability characteristics of seven commercial frothers by the “Dynamic
Froth Analysis” method as a function of frother and collector concentration.

2. Materials and Methods
2.1. Materials

In this study, the foamability and the rate of froth decay for the selected frothers
obtained from BASF, Ludwigshafen, Germany, namely, polypropylene glycols (PPG200,
400, and 600), tri propylene glycol (BTPG), triethylene glycol (BTEG), dipropylene glycol
(BDPG), and isobutyl carbinol (MIBC) was determined using a dynamic foam analyzer. In
addition to frothers, the effects of collectors, namely, dodecylamine hydrochloride (DAH,
>98% purity, Acros Organics) and sodium oleate (NaOL, >99% purity, Sigma-Aldrich)
were also investigated as collector + frother mixtures in certain ratios (see Table 1). Some
chemical and physical properties of frothers and collectors are presented in Tables 1 and 2,
respectively.
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Table 1. Some chemical and physical properties of frothers.

Chemical
Hydroxyl

Value
(mgKOH/g)

Molecular
Weight
(g/mol)

Formula HLB pH
(1% Solution) Molecular Stucture

PPG200 (n~3.5) 510~623 180~220 HO(C3H6O)nH 10.55 5.0~7.0
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(g/cm3) 

Molecular Struc-

ture 

DAH solid ≥99% C12H28ClNa 221.81 
1.5·10−2 

(25 °C) 

1.0 

(20 °C)  

NaOL solid ≥97% C18H33NaO2 304.44 3·10−3 0.9 
 

2.2. Methods 

2.2.1. Dynamic Foam Stability Experiments 

The foamability experiments were carried out using the KRUSS dynamic foam ana-

lyzer DFA100 (KRUSS GmbH, Hamburg Germany) shown in Figure 1. This device 

measures the kinetics of foam formation, and froth decay. An optical sensor is attached to 

the foam column and measures the discharge of liquid (foam drainage) from the foam 

lamellas and the amount of foam produced. The foam generator assembly is connected to 

a computer serving as a data collection and monitoring unit. All measurements, result 

evaluation, and analysis are controlled by the installed foam analysis software. Statistical 

accuracy was ensured by measuring the results at least three times. 

Geldenhuys et al. (2018) [16] reported that pore opening influences dynamic foam 

stability, but the results should be comparable to each other as the pore opening is con-

stant for all suspensions tested. The foam is then created by bubbling air through a ceramic 

frit at an airflow rate for a constant time (standard conditions). Its height is recorded to 

evaluate the dynamic parameters of foaming ability, the rate of foam decay, and time-

dependent bubble size distribution.  
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The foamability experiments were carried out using the KRUSS dynamic foam ana-

lyzer DFA100 (KRUSS GmbH, Hamburg Germany) shown in Figure 1. This device 

measures the kinetics of foam formation, and froth decay. An optical sensor is attached to 

the foam column and measures the discharge of liquid (foam drainage) from the foam 

lamellas and the amount of foam produced. The foam generator assembly is connected to 

a computer serving as a data collection and monitoring unit. All measurements, result 

evaluation, and analysis are controlled by the installed foam analysis software. Statistical 

accuracy was ensured by measuring the results at least three times. 

Geldenhuys et al. (2018) [16] reported that pore opening influences dynamic foam 

stability, but the results should be comparable to each other as the pore opening is con-

stant for all suspensions tested. The foam is then created by bubbling air through a ceramic 

frit at an airflow rate for a constant time (standard conditions). Its height is recorded to 

evaluate the dynamic parameters of foaming ability, the rate of foam decay, and time-

dependent bubble size distribution.  
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2.2. Methods
2.2.1. Dynamic Foam Stability Experiments

The foamability experiments were carried out using the KRUSS dynamic foam an-
alyzer DFA100 (KRUSS GmbH, Hamburg Germany) shown in Figure 1. This device
measures the kinetics of foam formation, and froth decay. An optical sensor is attached
to the foam column and measures the discharge of liquid (foam drainage) from the foam
lamellas and the amount of foam produced. The foam generator assembly is connected
to a computer serving as a data collection and monitoring unit. All measurements, result
evaluation, and analysis are controlled by the installed foam analysis software. Statistical
accuracy was ensured by measuring the results at least three times.

Geldenhuys et al. (2018) [16] reported that pore opening influences dynamic foam
stability, but the results should be comparable to each other as the pore opening is constant
for all suspensions tested. The foam is then created by bubbling air through a ceramic frit at
an airflow rate for a constant time (standard conditions). Its height is recorded to evaluate
the dynamic parameters of foaming ability, the rate of foam decay, and time-dependent
bubble size distribution.

For the dynamic foam stability experiments, 10,000 ppm (1 g/100 mL) stock solutions
were first prepared for each frother. Then, standard solutions at CCC values for each frother
were prepared. All these solutions were prepared by mixing distilled water (23◦ ± 1) at
room temperature and 500 rpm mixing speed for 5 min. As a collector, 7 solutions were
prepared in the concentration range of 1.10−5–1.10−3 mol/L DAH. Similar to DAH, 7
concentrations of NaOL between 1.10−5 M–1.10−3 mol/L were prepared with distilled
water (23◦ ± 1) as 100 mL for NaOL. In addition to CCC of frothers with the collectors
5.10−5 mol/L mix system. Concentrations of 1.10−5–1.10−3 mol/L of collectors were used
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in the presence of frother PPG600 3 ppm. The experiments were carried out depending on
the mixed solution concentrations of the collectors and frothers given in Tables A1–A7.
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Figure 1. Set up for dynamic foam stability experiments using the Dynamic foam analyzer (DFA100).

In the experiments, 100 mL of solutions is first transferred into a tempered glass
column with a diameter of 40 mm and a height of 250 mm. Then, when the device is started,
the air is distributed through a porous filter plate (12–25 µm) in the system (from electronic
gas flow control) at an airflow rate of 0.2 L/min (Figure 2a), resulting in the desired foam
formation. The foam formation time is set at 60 s and the foam height in the system is
measured during this time (Figure 2b). Then, the gas flow is stopped automatically at 60 s,
and the foam degradation is measured for 40 s (Figure 2c).
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Figure 2. Dynamic foam stability experiments (a) foam formation (b) stable foam (c) foam decaying.

Our previous study indicated that there was not much difference between the air and
N2 gases in the experiments performed with a 10 ppm concentration of PPG600 frother
depending on the time in terms of foamability [17]. For this reason, the air was used in the
measurements.
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2.2.2. Modeling Studies

The foaminess and foam decay curves were processed, thus calculating the Bickerman
unit of foaminess [18] and foam production [19]. The Bickerman unit of foaminess is the
ratio between the height of the stationary froth column and the superficial gas flow given
through the porous bottom:

∑ =
h f oam

Ugas
(1)

where h f oam is the stationary height of the foam, while is the gas flow rate (cm/s).
The foam production is the ratio between the Bickerman unit of foaminess and the

initial speed of froth decay after stopping the gas flow:

FP =
∑

dh
dt

∣∣∣
initial

(2)

where dh/dt|initial is the initial linear foam decay rate.
Each experimental test on foamability and foam decay was processed, thus obtaining

the Bickerman unit of foaminess, the initial speed of froth decay, and the foam production.
It will be shown here what these three parameters look like for one of the cases and after
that, it will be operated only with foam production as a basic result of this study.

3. Results and Discussion

Frothers are used to facilitate the dispersion of air into fine-sized bubbles and to
stabilize the foam. And, as reported in our previous study that the strength of frothers can
be determined by either the dynamic foamability index (DFI) or their critical coalescence
concentration values [17,20].

For this aim, a dynamic foam analyzer (DFA) is used to evaluate the foamability and
the rate of foam decay. The foam height and lifetime of a bubble are quantitative parameters
that represent dynamic stability. In the DFA technique, the foam rises in a column, and the
height is measured as a function of time. The maximum height can be well correlated with
foamability [21,22]. The flotation process used in ore preparation depends on the formation
of a carefully controlled and stable foam. It also controls the amount of water recovered
and thus the amount of mechanical transport. Measuring the foam height for a given
frother dosage at a given airflow rate in a metering cylinder is a simple, semi-quantitative
method of estimating the frothing power of a frother. Frothers adsorb at the gas-liquid
interface and change the interface properties. Surfactants play an important role in foam
stability. The effect of surfactants on foam behavior is not clear. In flotation, the foam must
be dynamically stable as the foam is formed, that is the foam must be stable to bubble
coalescence. However, Surfactants play an important role in foam stability. Unstability is
undesirable in processes such as pumping or filtration. But it should be noted that both
foamability and foam decay are mainly controlled by the particles rather than the surfactant
molecules [23,24].

3.1. Dynamic Foam Stability Experiments
3.1.1. Foam Stability and Foam Decaying of Frothers

First, the differences in foamability and foam decay at different concentrations of
frothers were investigated. In Figure 3, the results of foamability and foam decaying
are shown separately in the critical coalescence concentrations (CCC) values for each
frother. The values for these frothers were both experimentally determined and theoretically
calculated in our previous studies [25,26].
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Figure 3. (a) Foamability and (b) foam decay of frothers at their CCC values.

A unique relationship was found between foam decay (FD), Mw (Molecular weight),
and foamability of the homologous foaming series. However, when the functional groups
of the molecule are changed, different results were obtained. Therefore, seven foams
with specific values of CCC were analyzed. According to the CCC values of seven foams
obtained from this study, foaming agents should be considered as PPG, BTPG, BDPG,
MIBC, and BTEG depending on the homologous series with increasing carbon atoms,
taking into account the type and location of functional groups. As seen in Figure 3, the
highest foamability measured as 11 mm and lowest foam decay measured as 6.8 mm were
obtained with PPG600 at CCC values, while the lowest foamability and foam decaying
values measured as 0 mm were obtained with PPG200.

In Figure 4, the foamability and foam decay of PPG600 frother from 1 ppm to 1000 ppm
were examined. The results of this series of tests showed that no significant difference
could be obtained for concentrations over 10 ppm. Although foam height at the CCC value
of 3 ppm at 60 s is 10 mm, the foam decay at and below 3 ppm is rather sharp indicating
the need for higher frother concentrations to maintain relatively acceptable foam stabilities.
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Figure 4. (a) Foamability and (b) foam decay of PPG600 frother at different concentrations.

3.1.2. Foam Stability and Foam Decaying of Collectors

As it is known, foamability and foam decay effect are two of the most important
classification parameters for determining foam properties. Interestingly excluding sulfide
minerals and in some cases coal flotation systems, all other minerals require some kind
of frother-collector combinations. Therefore, the effect of collector concentration should
be considered to comment on foamability and foam decay properties, and, accordingly,
the flotation of fine-sized particles. In addition to these parameters, the bubble sizes in
terms of Sauter Mean Diameter (SMD) values and the bubble size distribution (BSD) under
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the control of different parameters such as gas flow rate, the pore size of the porous frit
may also be effective on tuning the flotation conditions of fine particles [27]. Thus, in this
study, the characteristics of different frothers and frother + collector mixtures were studied
in order to provide a different perspective on the aforementioned issue of the flotation of
very fine particles. Here, both the difference between the collectors and the foamability and
foam decay measurements were carried out at different concentrations of the collectors.
As seen in Figure 5, the foamability was found to be more durable and foam decay time
increased as the concentration of the DAH collector increased. As seen in Figure 5, foaming
begins at a DAH concentration of 5.10−5 mol/L and increases, more above 1.10−4 mol/L. It
seems that the foam decaying continues for 80 s at the concentration of 7.10−4 mol/L DAH
and 1.10−3 mol/L DAH.

Minerals 2023, 13, x FOR PEER REVIEW 7 of 17 
 

 

 

Figure 4. (a) Foamability and (b) foam decay of PPG600 frother at different concentrations. 

3.1.2. Foam Stability and Foam Decaying of Collectors 

As it is known, foamability and foam decay effect are two of the most important clas-

sification parameters for determining foam properties. Interestingly excluding sulfide 

minerals and in some cases coal flotation systems, all other minerals require some kind of 

frother-collector combinations. Therefore, the effect of collector concentration should be 

considered to comment on foamability and foam decay properties, and, accordingly, the 

flotation of fine-sized particles. In addition to these parameters, the bubble sizes in terms 

of Sauter Mean Diameter (SMD) values and the bubble size distribution (BSD) under the 

control of different parameters such as gas flow rate, the pore size of the porous frit may 

also be effective on tuning the flotation conditions of fine particles [27]. Thus, in this study, 

the characteristics of different frothers and frother + collector mixtures were studied in 

order to provide a different perspective on the aforementioned issue of the flotation of 

very fine particles. Here, both the difference between the collectors and the foamability 

and foam decay measurements were carried out at different concentrations of the collec-

tors. As seen in Figure 5, the foamability was found to be more durable and foam decay 

time increased as the concentration of the DAH collector increased. As seen in Figure 5, 

foaming begins at a DAH concentration of 5.10−5 mol/L and increases, more above 1.10−4 

mol/L. It seems that the foam decaying continues for 80 s at the concentration of 7.10−4 

mol/L DAH and 1.10−3 mol/L DAH.  

 

Figure 5. (a) Foamability and (b) foam decay of DAH collector as a function concentration. 

The results of foamability and foam decay of NaOL are given in Figure 6. In Figure 

6, foam starts to rise at the 5.10−5 mol/L concentration of NaOL and shows the highest 

foaming at 5.10−4 mol/L. Foam decay appears to be 18 mm after 2 h 25 min for 5.10−4 mol/L 

(inset figure). NaOL 1.10−3 mol/L has the highest stability and the foam decaying was the 

lowest. Also, too-high foam stability is not suitable for flotation and was considered too 

0

4

8

12

16

20

24

28

60 70 80 90 100

F
o

am
 H

ei
g

h
t 

(m
m

)

t (s)

PPG600 1000 ppm

100 ppm

10 ppm

5 ppm

3 ppm

1 ppm

0

4

8

12

16

20

24

28

0 10 20 30 40 50 60

F
o

am
 H

ei
g

h
t 

(m
m

)

t (s)

PPG600 1000 ppm

100 ppm

10 ppm

5 ppm

3 ppm

1 ppm

(a) (b)

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60

F
o

am
 H

ei
g

h
t 

(m
m

)

t (s)

Seri7

Seri6

Seri5

Seri4

Seri3

Seri2

Seri1

DAH 

(mol/L)

1.10-3

7.10-4

5.10-4

3.10-4

1.10-4

5.10-5

1.10-5

0

10

20

30

40

50

60

70

80

90

100

60 70 80 90 100

F
o

am
 H

ei
g

h
t 

(m
m

)

t (s)

Seri7

Seri6

Seri5

Seri4

Seri3

Seri2

Seri1

DAH

(mol/L)

1.10-3

7.10-4

5.10-4

3.10-4

1.10-4

5.10-5

1.10-5

(a) (b)

Figure 5. (a) Foamability and (b) foam decay of DAH collector as a function concentration.

The results of foamability and foam decay of NaOL are given in Figure 6. In Figure 6,
foam starts to rise at the 5.10−5 mol/L concentration of NaOL and shows the highest
foaming at 5.10−4 mol/L. Foam decay appears to be 18 mm after 2 h 25 min for 5.10−4 mol/L
(inset figure). NaOL 1.10−3 mol/L has the highest stability and the foam decaying was
the lowest. Also, too-high foam stability is not suitable for flotation and was considered
too high a concentration. The effective concentration range of NaOL on foam behavior
is much different from that of the DAH collector. That is NaOL has 18 carbon atoms,
and 33 hydrogen atoms, the molecular mass is 304.4 g/mol, and the functional group is
carboxyl, while DAH has 12 carbon atoms, 28 hydrogen atoms, the molecular mass is
221.8, and one amino functional group. The low number of hydrogens in the chain greatly
affects the surface and the number and location of functional groups. Because the chemistry
adsorption of NaOL is slower, NaOL increases the potential for hydrogen formation.
Infrared spectrophotometry studies showed that the RCOO− ion was chemically adsorbed
on the magnesite surface and physically adsorbed on the serpentine surface, while the
NH3

+ ion was physically adsorbed on the surface of both minerals [28]. The higher the
concentration of the DAH collector, the higher the foam whereas the foam rise between
5.10−5–5.10−4 mol/L is sufficient for NaOL. This difference is related to the molecular
weight, content, and molecular structure of the collectors.

It was also found that physical adsorption had a medium impact on foamability and
foam decay while chemical adsorption maintained better foamability and foam decay. Thus,
the chemical adsorption of NaOl with magnesite particles and the physical adsorption
characteristics of DAH with quartz are shown in Figure 7.
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Figure 6. (a) Foamability and (b) foam decay according to the concentration of the NaOL collector.
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Figure 7. (a) chemistry adsorption of magnesite with NaOL and (b) physical adsorption of quark
with DAH.

3.1.3. Frothers in the Presence of Collectors

Continuous drainage for enrichment depends on the stability of the foam produced
in the flotation cell. Therefore, foam structure and stability are very important in the
flotation process. To achieve adequate separation in flotation, additional reagents that
act as frothers, collectors, or both must be used [29,30]. The type and amount of reagent
added are important parameters for flotation. On the other hand, the type of the collector
in particular also significantly affects the characteristics of the frother in the mixture. In a
recent study [31], it was found that the use of DAH as a component of a frother + collector
mixture resulted in lowering the CCC values of frothers such as PPG200, 400, and 600 due
to its additional frother property during flotation of particles. This in turn will result in
finer bubble sizes which will affect the flotation recoveries of very fine particles. Taking
into account that knowledge in mind, in this study, the effects of mixtures of collectors
and frothers on foamability and foam decay were investigated. In the first experiment, the
effects of pure reagents on foamability and foam decay performance were determined. The
effects of reagent type and dosage on foamability and foam decay were investigated in
foam flotation. This study aims to explain the relationship between foamability, foam decay,
and mixing system depending on the effect of the reagent. The results of foam stability and
foam degradation measurements for frothers (CCC values) as a function of DAH appear in
Figure 8.

As seen in Figure 8, larger foamability is achieved with PPG600 + DAH compared
to other frothers whereas the least foamability was observed in the presence of BTEG +
DAH. When 5.10−5 mol/L DAH was mixed with a frother, the foam formed with 3 ppm
PPG600 mixture increased up to 48.8 mm within 60 s and the foam degradation decreased
to 4.3 mm after 70 s.
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Figure 8. (a) Foamability and (b) foam decay for the frothers at their CCC values in the presence of
5.10−5 mol/L DAH.

The results of foamability and foam degradation measurements by mixing 5.10−5 mol/L
NaOL with the frothers at CCC concentrations are shown in Figure 9. As can be seen from
Figure 9, the CCC values of the frothers in the presence of 5.10−5 mol/L NaOL show the
highest foamability and lowest foam decay in the PPG600 mix system, while BTEG shows
the lowest foam stability and highest foam decay. Thus, from this, it is determined that
NaOL and PPG600 are more suitable for using a mixing system.
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Figure 9. (a) Foamability and (b) foam decay for the frothers at their CCC values in the presence of
5.10−5 mol/L NaOL.

Also, the mixed system with 5.10−5 mol/L DAH and frothers showed better foamabil-
ity than the mixed system with 5.10−5 mol/L NaOL and frothers; this probably depends
on the length of the hydrocarbon and the adsorption kinetics. This is because longer hy-
drocarbon chains not only adsorb more slowly but also produce more stable adsorption.
The molecular mass and chain length of DAH are lower than that of NaOL, which means
better interaction with foaming agents and better foamability. Concentration is shown to
be important when mixing a strong collector with a strong foamer. Therefore, the foama-
bility and foam decay of frother and collector mixture with 3 ppm of PPG600 at different
concentrations of collectors were investigated.

Figure 10 shows the foamability and foam degradation results for the DAH header
in the presence of 3 ppm PPG600 frother. Here, the highest foamability and lowest foam
degradation of 5.10−5 mol/L DAH are given, while the lowest foamability of 1.10−3 mol/L
M DAH is shown, according to the mixing system of PPG600 3 ppm and DAH collector
concentrations. In the presence of 3 ppm PPG600, the foamability of the DAH mix system
decreased to 5.10−5 mol/L > 1.10−4 mol/L > 1.10−5 mol/L > 5.10−4 mol/L >1.10−3 mol/L,
and the foam decay was 1.10−4 mol/L > 5.10−4 mol/L > 1.10−3 mol/L > 5.10−5 mol/L >
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1.10−5 mol/L. In the presence of a strong frother PPG600 and strong collector DAH mix
system, low concentration seems to be more suitable. It also means that it is more suitable
to use a mixing system with DAH collector + PPG600 (3 ppm) frother.
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Figure 10. (a) Foamability and (b) foam decay results for the DAH collector in the presence of 3 ppm
PPG600 frother.

Figure 11 shows the foamability and foam decay of the mixed system with the con-
centrations of NaOL in the presence of 3 ppm PPG600. The highest foamability and foam
decay in the mixed system of 3 ppm PPG600 and 5.10−4 mol/L and 1.10−3 mol/L NaOL,
the least foamability and foam decay were observed in the 1.10−5 M and 5.10−5 mol/L
NaOL with 3 ppm PPG600 system. Therefore, it shoractically should be understood that
pure NaOL showed to act both as a collector and frother.
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Figure 11. (a) Foamability and (b) foam decay results for NaOL collector in the presence of 3 ppm
PPG600.

3.2. Modeling Studies

Figure 12 shows the foaminess, the initial speed of froth decay, and the foam produc-
tion of PPG600 versus its concentration. One can be seen in Figure 12 that as the foaminess
increases, the rate of foam decay generally decreases, and the foam production increases
with the increase of the concentration of PPG600. Yet, it is interesting the way, in which
these variations of the parameters occur because foam production is the line between
foamability and foam decay. These two parameters are usually competing, thus confusing
the appropriate reading of the experimental data.
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Figure 12. (a) Bickerman foaminess, (b) rate of foam decay, and (c) foam production vs. the concen-
tration of PPG600.

Figure 13 shows the foam production (FP) [19] of the basic frothers, studied in this
work, at their CCC values in the absence and presence of collectors (DAH and NaOL). Also,
in the absence of collectors PPG200, PPG400, and PPG600, BTEG, and MIBC have almost
the same FP values, while BDPG and BTPG produce larger FP values. It is interesting to
know how the FP values of the frothers change upon adding 5.10−5 mol/L collectors. The
latter concentration of the collectors is operational in the flotation process. For example, the
addition of DAH to PPG200, PPG400, and PPG600 increase significantly their FP values,
The FP value of BDPG is not affected while the FP values of BTPG and BTEG are decreased,
while this one of MIBC is increased. Upon the addition of NaOL, the increase of the FP
values of PPG200, PPG400, and PPG600 is weaker. The FP values of BDPG and BTPG are
decreased. This corresponds to lower stationary foam height and/or faster foam decay
and indicates the quality of froth according to analysis. The frothers of BTEG and MIBC
are not practically affected by the presence of NaOL. This information can be exploited in
the real frother/collectors formulations to decrease the level of entrainment of particles.
Low foam production corresponds to faster-decaying foam, thus releasing the water on top
of the foam containing entrained particles. The collectors (NaOL and DAH) have certain
surface-active properties. Therefore, their froth performance was studied separately.

Figure 14 shows how the FP values of NaOL and DAH generally increase with increas-
ing their concentration. For example, NaOL has small FP values until C = 5.10−5 mol/L,
above which, its FP value increases substantially, i.e., it converts into a strong frother. The
FP values of DAH increase with its concentration in the way given in Figure 13. As far as
PPG 600 is the best-recognized frother, producing fine bubbles in the pulp zone, it was fo-
cused on its performance in presence of these two frothers. The interaction between frother
and collector, which is difficult to predict, will result in their mutual froth performance.
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Figure 13. Foam production of the basic frothers, studied in this work, with concentrations equal to
their CCC values in the absence and presence of 5.10−5 mol/L collectors (DAH and NaOL).
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Figure 14. Foam production of NaOL and DAH versus their concentration.

Figure 15 shows the FP values of NaOL and NaOL + 3 ppm PPG600 vs. NaOL
concentration. It is seen from Figure 15 that the addition of 3 ppm PPG600 has an additive
effect on the total FP value until the critical concentration C = 5.10−5 mol/L, above which
interaction between them occurs, thus resulting in a smaller total FP value compared with
that of the single collector.

The FP values of DAH and DAH + 3 ppm PPG600 vs. the concentration of DAH are
shown in Figure 16. One can see that the contribution of PPG600 to this system is practically
additive.

The frothing performance of a mixture of frother and collector in terms of foam produc-
tion could be used for the proper selection of reagent formulation at industrial conditions.
Of course, it depends on the operational conditions of each plant, but this approach can
be used for every specific industrial case. For example, the presence of coarse bubbles in
the froth zone minimizes the entrainment of particles. This corresponds to small foam
production (FP) value. Therefore, it was interesting to choose such a combination of frother
and collector, which results in as small as possible FP value. For example, the combination
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of 5.10−5 mol/L DAH and 3 ppm PPG600 have a small FP value and can be used for
obtaining a froth zone with coarse bubbles and a minimal level of entrainment. According
to Figure 15, 5.10−5 mol/L NaOL + 3 ppm PPG600 is the most suitable combination having
a small FP value. One should not use a concentration of NaOL larger than 5.10−5 mol/L
because its FP values significantly increased.
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Figure 15. Foam production value of NaOL and NaOL + 3 ppm PPG600 vs. NaOL concentration.
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4. Conclusions

The results of this study revealed that foamability and foam decay significantly vary
with the kind of reagent. In the presence of frother, while the highest foamability and
low foam decaying were obtained with PPG600 at its CCC values, the lowest foamability,
and high foam decay were found in the presence of BTEG. Among all the frothers, foam
stability, and foam degradation were exhibited in the order BTEG < PPG200 ≈ MIBC <
BDPG < BTPG < PPG400 < PPG600.

In the presence of sodium oleate (NaOL) and DAH collectors, foam decay began at a
concentration of 5.10−5 mol/L. It was observed that as the concentration of the collectors
increased, the foamability was larger and the foam decay time increased. The highest
foam formation and the highest foam height were found to be ~98 mm at 1.10−3 mol/L
for DAH and 152 mm at 5.10−4 mol/L for NaOL. The foam heights obtained with NaOL
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reached decayed in 40 s at the shortest time. NaOL and DAH collectors are indicated to
support frothers in foam formation. It was determined that when the concentration of
NaOL increased in the presence of 3 ppm PPG600, the foam height increased further, and
the foamability was larger. This was found to be supported by NaOL and DAH collectors
in the presence of 3 ppm PPG600 frother. It is shown that it is more appropriate to use a
combination of 3 ppm PPG600 frother with DAH or NaOL collectors.

Overall, it can be concluded from this study that the foam production concept can be
used for the proper selection of frothers and collectors producing coarse bubbles with small
entrainment in the froth zone. And, the mixture of frother and collector results in either: (i)
additive effect or (ii) interaction between them, which can either decrease or increase the
FP value of the mixture.

The preliminary theoretical prediction of the frothing performance of frother + collector
is a quite complex subject, but its experimental study, shown in this work, could help us to
better understand the absence or presence of synergy between them.
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Appendix A

The following data was obtained from the results of modeling studies:

Table A1. CCC values, Bikerman unit of foaminess, the initial rate of foam decay, foam production,
and the standard deviation of the foam production value of selected frothers.

Frothers CCC
(ppm)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

PPG200 11 2.60 1.09 2.38 0.18

PPG400 4 3.51 1.78 1.97 0.11

PPG600 3 3.92 1.84 2.13 0.11

BDPG 17 4.03 1.05 3.84 0.19

BTPG 5 4.15 1.08 3.85 0.19

BTEG 20 2.68 1.37 1.96 0.15

MIBC 10 2.90 1.37 2.12 0.15
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Table A2. Bikerman unit of foaminess, the initial rate of foam decay, foam production, and the
standard deviation of the foam production value for different concentrations of PPG600.

C
(ppm)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

PPG600

1 2.38 10.21 0.23 0.02

3 3.85 1.95 1.97 0.10

5 6.03 3.05 1.98 0.07

10 7.28 2.79 2.61 0.07

100 8.48 2.67 3.18 0.04

1000 9.20 0.43 21.38 0.23

Table A3. Bikerman unit of foaminess, the initial rate of foam decay, foam production, and the
standard deviation of the foam production value for different concentrations of DAH.

C
(mol/L)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

DAH

1.10−5 1.17 8.82 0.13 0.01

5.10−5 2.49 1.23 2.02 0.08

1.10−4 3.69 1.26 2.93 0.08

3.10−4 7.65 1.93 3.96 0.05

5.10−4 13.12 2.53 5.19 0.04

7.10−4 27.37 3.31 8.26 0.03

1.10−3 32.35 2.52 12.82 0.04

Table A4. CCC values, Bikerman unit of foaminess, the initial rate of foam decay, foam production,
and the standard deviation of the foam production value of the frothers at 5.10−5 mol/L DAH.

CCC
(ppm)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

PPG200 11 6.56 1.18 5.54 0.08

PPG400 4 15.42 2.41 6.39 0.04

PPG600 3 18.40 3.05 6.03 0.03

BDPG 17 10.03 2.70 3.72 0.04

BTPG 5 12.37 4.70 2.63 0.02

BTEG 20 5.50 3.40 1.62 0.03

MIBC 10 6.90 1.47 4.69 0.07
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Table A5. CCC values, Bikerman unit of foaminess, the initial rate of foam decay, foam production,
and the standard deviation of the foam production value of the frothers at 5.10−5 mol/L NaOL.

CCC
(ppm)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

PPG200 11 2.49 0.54 4.59 0.18

PPG400 4 4.07 1.07 3.79 0.09

PPG600 3 5.88 2.13 2.76 0.05

BDPG 17 2.79 1.23 2.27 0.08

BTPG 5 3.09 1.23 2.51 0.08

BTEG 20 2.41 1.17 2.06 0.09

MIBC 10 2.68 1.36 1.97 0.07

Table A6. Bikerman unit of foaminess, the initial rate of foam decay, foam production, and the
standard deviation of the foam production value for different concentrations of DAH in presence of
3 ppm PPG600.

C
(mol/L)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

DAH

0 3.92 1.84 2.13 0.11

1.10−5 11.65 8.94 1.30 0.01

5.10−5 20.06 6.53 3.07 0.02

1.10−4 20.85 2.53 8.22 0.04

5.10−4 14.14 0.78 18.12 0.13

Table A7. Bikerman unit of foaminess, the initial rate of foam decay, foam production, and the
standard deviation of the foam production value for different concentrations of NaOL in presence of
3 ppm PPG600.

C
(mol/L)

Foaminess
(s)

dh/dt
(mm/s)

Foam
Production

(s2/mm)

St. Dev.
(s2/mm)

NaOL

0 3.92 1.84 2.13 0.11

1.10−5 2.83 0.94 3.00 0.11

5.10−5 4.60 1.43 3.22 0.07

1.10−4 35.32 1.50 23.51 0.07

5.10−4 104.54 0.35 297.24 0.28

1.10−3 103.52 0.21 498.42 0.48
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Abstract: At present, scholars mainly study the relationship between nanobubbles and useful miner-
als, often ignoring the influence of bubbles on fine gangue minerals. When selecting nickel sulfide ore,
scholars often faced with mudded and irrepressible serpentine, which seriously affects the quality of
the concentrate. This mudded serpentine mineral often enters foam products with bubbles. In this
study, the role of nanobubbles in the flotation behavior of hydrophilic serpentine was examined.
Nanobubbles were successfully prepared via ultrasonic cavitation, with sizes ranging from 50 to
250 nm. The size and number of bubbles produced at 1 min and 2 min of sonication were significantly
better than those of the prolonged test group, and it was found that longer sonication time did not
produce better results. The stability of the nanobubbles produced via ultrasound was studied, and
it was found that the nanobubbles were stable, with no change in size and only a slight decrease in
number as the resting time increased. Nanobubbles were introduced into serpentine flotation, we
found that the presence of nanobubbles significantly reduced the flotation recovery of serpentine.
The presence of nanobubbles reduced the froth entrainment rate of microfine-grained serpentine,
which in turn reduced its flotation rate. In the depressant group trials, it was found that the nanobub-
bles also reduced the amount of depressant. In short, the presence of nanobubbles can prevent the
floating of fine hydrophilic gangues during flotation.

Keywords: nanobubbles; serpentine; bubble diameter; recovery; entrainment

1. Introduction

Froth flotation represents a widely employed technique within the realm of mineral
in mineral processing, particularly in the context of sulfide ore separation. It is a physico-
chemical process based on assessing the surface chemistry differences in the presence of
flotation chemicals between valuable/economical minerals and gangue minerals using
bubbles in the pulp. The particle size of minerals is an essential factor affecting flotation
efficiency [1]. For the conventional flotation of sulfide ores, the optimal particle size range
typically falls within the spectrum of 0.01 to 0.3 mm. Still, with the depletion of high-
quality resources, it becomes necessary to process poor ores with extremely fine inlay
grain size, which is somewhat overwhelming for conventional flotation techniques. In this
regard, numerous studies have found that nanobubble flotation can improve the flotation
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of fine-grained minerals [2,3]. Nanobubbles, alternatively referred to as microbubbles, are
minute bubbles with diameters measuring less than 1 µm [4]. Various methods have been
developed for their production, encompassing techniques such as solution replacement [5],
electrochemical electrolysis [6], ultrasonication [7], and hydrodynamic cavitation [8,9]. One
of the main reasons for the preparation of nanobubbles using ultrasound is that sound
waves cause liquid to fluctuate between negative and positive pressure, where the gas
nuclei in the water form and grow during the negative pressure period and then contract
during the favorable pressure period. The bubbles burst if they exceed a critical size [10].
Ultrasonic bubble formation occurs away from the pressure wave belly. The resulting
bubbles form in filamentous dendritic clusters, which are, in turn, surrounded by many tiny
bubbles that repeatedly clump together and break up [11]. Under the action of cavitation
and primary Bjerknes forces in the ultrasonic field, the gas nuclei on the particle surface
gradually grow, aggregate, and then form tiny bubbles, driving the particles to aggregate
at the acoustic pressure nodes [12]. In a study by Chen et al. [13], it was observed that,
under 200 kHz high-intensity focused ultrasound (HIFU), only stable cavitation bubbles
were generated on the hydrophobic silica surface. This in turn contributed to particle
agglomeration, while no accumulation was formed in the hydrophilic silica suspension.

With the in-depth study of nanobubbles, many research results have shown [14–17] that
nanobubbles with large specific surface area and high surface energy are more selective than
general bubbles and easily attach to hydrophobic solid surfaces [13,18]. When nanobubbles
approach proximity, they establish nanobubble bridges [19], a phenomenon that fosters
the agglomeration of microfine mineral particles, bolstering the flotation uplift process.
Chen et al. [20] harnessed ultrasonic standing waves operating at 200 kHz to treat finely
grained coal, inducing cavitation bubbles to form on the surfaces of hydrophobic coal
particles. If the size of the cavitation bubble is larger than the resonance radius, bubble-
filled coal particles move to the nodes of the ultrasonic standing wave due to an acoustic
radiation force, leading to the rapid aggregation of fine coal particles. Micro-flotation
results show that flotation efficiency is significantly improved after ultrasonic standing
wave treatment.

Mitra et al. [21] undertook an investigation involving a suspension of hydrophobic
glass microspheres characterized by larger particle sizes, employing periodic ultrasonic
pulses to do so. The ultrasonic pulses caused the creation of many cavitation bubbles
in the liquid in the acceptable size range. It was observed that these bubbles formed
particle clusters with the glass microspheres, which attached to relatively large carrier
bubbles to form stable bubble–particle aggregates that subsequently floated upwards. Fan
et al. [22] found that nanobubbles significantly reduced the bubble rise rate, increasing
the air inclusion rate and improving coarse-grained phosphate froth flotation. The pres-
ence of nanobubbles in the flotation pulp reduced the rinsing velocity of conventional
particle-size bubbles, prolonged the bubble–particle sliding time (contact time), and re-
duced the tangential sliding velocity of particles on the bubble surface, thereby increasing
the probability of bubble–particle attachment and decreasing the probability of detachment.
Ahmadi et al. [23] delved into an investigation regarding the influence of nanobubbles
on the flotation recovery of microfine- and ultrafine-grained chalcopyrite. Their findings
demonstrated that the presence of nanobubbles substantially augmented the recovery rates
of chalcopyrite fines and ultra-fines by an impressive margin ranging from 16% to 21%.
Furthermore, the incorporation of nanobubbles led to remarkable reductions in the dosages
of both the trapping agent (by 75%) and the frothing agent (by 50%).

Sobhy and colleagues [24] conducted a study involving the implementation of nanobub-
ble column flotation for coal processing. They improved the flotation recovery of fine-
grained coal by 5 to 50% depending on the process operating conditions, and the amount
of frother was reduced by 1/3. Tao [25] investigated the use of nanobubbles for the anionic
reverse flotation of hematite and found that their effects significantly improved the grade
and recovery of the concentrate. Sobhy [26] calculated that the application of nanobubbles
increased the kinetic flotation rate constant by 41%, which implied a significant increase
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in processing capacity. The nanobubbles encapsulated particles and formed aggregates,
thus increasing the probability of particle bubble collisions. Furthermore, the induction
time of nanobubbles generated on the surface of hydrophobic particles was reduced by
1/2, thereby increasing the attachment probability.

Liao et al. [27] found that micro- and nanobubbles could enhance the flotation of
fine-grained monohydrate hard alumina minerals and significantly improve the flotation
recovery of fine-grained monohydrate hard alumina. Taghavi et al. [28] found that nanobub-
bles significantly improved the flotation recovery of pure magnesite. Lei [29] investigated
the role of nanobubbles in the coal–kaolin system, finding that nanobubbles can affect
the aggregation state and the degree of kaolinite coverage on the surface of coal particles.
On the one hand, nanobubbles fostered the formation of kaolin aggregates. Conversely,
the presence of a nanobubble layer hindered the coverage of coal particle surfaces by
kaolin, leading to the aggregation of kaolin particles on the surface of coal particles with
limited coverage.

Etchepare et al. [30] investigated the flotation effect of nanobubbles on hydrophilic
Fe(OH)3 colloidal precipitates. Due to the higher lifting force of microbubbles, the flotation
rate was faster. Still, the separation effect was inferior to that of nanobubbles, and so
nanobubbles were used in combination with microbubbles to solve the problem of slow
flotation rate when using nanobubbles alone. They attributed the increased recovery of
hydrophilic Fe(OH)3 precipitates to the entrapment of micro/nanobubbles inside the flocs
and solid entrainment by water. Zhou et al. [31] used AFM to find that nanobubbles are
difficult to nucleate on highly hydrophilic white mica surfaces and can form stably on
sufficiently hydrophobic mineral surfaces. Once nanobubbles are stably nucleated on
hydrophobic mineral surfaces, the attraction between mineral particles is greatly enhanced,
thus promoting the aggregation and flotation of fine-grained minerals. At the same time,
due to the high selectivity of nucleation of nanobubbles on solids, high separation efficiency
can also be obtained in separating hydrophobic target minerals from hydrophilic politic
minerals. Therefore, increasing the temperature during slurry conditioning may be a
potential way to improve the flotation performance of minerals. Tsave et al. [32] discovered
that the adherence of microbubbles to the surfaces of fine particles facilitated the attachment
of standard-sized bubbles, ultimately improving the flotation recovery of these particles.
Zhang et al. [33] noted that nanobubbles reduced the amount of trapping agent used, made
flotation faster, and led to particles exhibiting significant aggregation behavior and high
adhesion probability.

Researchers have made significant strides in leveraging nanobubbles to enhance the
recovery of minerals at the microfine particle size [23,24]. However, vein minerals are not
negligible in size, while valuable minerals are finely ground. In particular, for quickly mud-
died magnesium silicate hydrates, many flotation conditions have not reached the delicate
grinding process, which still produces many microfine-grain veinlets, seriously affecting
the recovery of valuable minerals. Therefore, in this study, the properties of nanobubbles
generated via ultrasonication were investigated by preparing nanobubbles and testing the
bubbles’ stability. And the flotation behavior of serpentine was investigated by combining
nanobubbles with large bubbles of the flotation machine. In the flotation of nickel sulfide
ore, easily muddied serpentine minerals have a great impact on the flotation process. There-
fore, nanobubbles were prepared via the ultrasonic method and their stability was detected
to explore the properties of nanobubbles generated by ultrasound. The nanobubbles were
then combined with larger bubbles, typically generated by flotation machines, to scrutinize
their impact on the flotation behavior of hydrophilic serpentine. The aim was to examine
the influence of nanobubbles on the flotation behavior of hydrophilic serpentine and to
reveal their role in optimizing the flotation mechanism of microfine-grained refractory ores.
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2. Materials and Methods
2.1. Materials

Serpentine, chemical formula Mg6[Si4O10](OH)8, is often divided into three types:
lizardite, antigorite, and chrysotite. The serpentine ore used in this study was taken from
the Xiuyan jade mine in Liaoning Province, China, and the results of X-ray diffraction (XRD)
analysis are shown in Figure 1. Analysis of the sample was conducted using a D/Max-IIIA
X-ray diffractometer (Malvern Panalytical, Shanghai, China) with Cu Kα radiation at 40 kV
and 30 mA and with a scanning rate of 15 (◦)/min from 5◦ to 70◦.
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Figure 1. XRD diffraction pattern of serpentine.

Figure 1 shows that the main components of this serpentine ore are lizardite and antig-
orite minerals. The samples were sent for chemical multi-element analysis. The minerals
were uniformly represented and dissolved samples for ICP detection (ICP-OES, Agilent
Technologies Inc., Agilent 700, In Santa Clara, CA, USA). The results are shown in Table 1.
The data calculation in the table indicates that the purity of serpentine was found to exceed
96%, thus reaching the level required for pure mineral experiments.

Table 1. Serpentine chemical multi-element analysis results.

Elements Mg Si Al Cl Fe S Ca

Content (%) 33.94 24.88 0.49 0.37 0.32 0.25 0.16

2.2. Methods
2.2.1. Preparation of Nanobubbles

Nanobubbles were generated by utilizing the LC-1500 ultrasonic crusher, manufac-
tured by Shanghai Bingyue Electronic Instrument Co., Ltd. (Shanghai, China) The detection
and characterization of nanobubbles were performed using a BeNano 90 nanoparticle
size analyzer, a product by Bettersize Instruments (Dandong, China), which is capable of
measuring particles within a size range spanning from 2 nm to 36 µm. The measurement
error was less than 1%. Measurement was carried out at 22 ◦C, with 15 mL of the cavi-
tated solution used for detection. The process was repeated three times for each group
of specimens to obtain six measurements. Additionally, the viscosity of the pulp follow-
ing ultrasonication was assessed using a viscometer, specifically the SNB-2 model from
Shanghai Jingtian Electronic Instrument Co., Ltd. (Shanghai, China), which features a wide
measuring range of 1 to 6,000,000 mPa·s, allowing for comprehensive viscosity analysis.
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2.2.2. Nanobubble Flotation Experiments

The agents used were sodium hydroxide (purchased from Shanghai Macklin Bio-
chemical Technology Co., Ltd., Shanghai, China); AR 95%, used as a pH adjuster; Sodium
O-butyldithiocarbonate (obtained from Beijing Chemical Industry Group Co., Ltd., Beijing,
China); AR 95%, used as a collector; pine alcohol oil (also sourced from Beijing Chem-
ical Industry Group Co., Ltd., Beijing, China); AR 95%, used as a frother; and sodium
carboxymethyl cellulose (CMC), used as a depressant (supplied by Shanghai Macklin
Biochemical Technology Co., Ltd., Shanghai, China). The ore samples used in the flotation
experiments were subjected to crushing, grinding, and sieving processes, yielding five
distinct particle-size fractions: 45–74 µm, 38–45 µm, 30–38 µm, 15–30 µm, and <15 µm.

Since a lot of research has been conducted using ultrasonic pretreatment slurry flota-
tion, we know that the main effects are the cavitation effect and the acoustic radiation
force effect. The cavitation effect causes the precipitation of dissolved gases in the liquid
to form bubbles. Conversely, the acoustic radiation force effect is observed in flotation
through actions such as mineral sludge package removal, oxide film detachment, and agent
dispersion [20,21]. The objective of this experiment was to investigate the interactions
between micro- and nanobubbles and mineral flotation. For this purpose, the experimental
procedure involved subjecting 20 mL of a 100 mL pure water sample to ultrasonic treatment
via the LC-1500 ultrasonic crusher, employing fixed-duration ultrasound, as depicted in
Figure 2.
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Figure 2. Schematic diagram of micro- and nanobubble flotation.

The flotation experiments were carried out in an XFG-type hanging tank flotation ma-
chine (manufactured by Jilin Exploration Machinery Plant, Changchun, China, XFGII5). We
took 2.0 g of sample each time, and added 20 mL of pure water (sourced from PINE-TREE
XYF2-40-H, Beijing Xianshunyuan Technology Co., Ltd., Beijing, China) after sonication;
we then adjusted the pH to 10 using NaOH, and stirred for 3 min. Next, 15 mg/L of sodium
O-butyldithiocarbonate and 1 × 10−4 mol/L of pine alcohol oil were added as a collector
and frother, respectively, and the flotation was carried out for 3 min. The float and sink
products were collected, dried, and weighed, and the flotation recovery was calculated.
The flotation machine speed was 1600 r/min.

3. Results and Discussion
3.1. Nanobubble Generation via Ultrasonication

To explore the most favorable conditions for the generation of micro- and nanobubbles
through sonication, a series of experiments were conducted involving the sonication of
pure water for varying durations: 1 min, 2 min, 5 min, and 10 min, with a control group
maintained at 0 min of sonication. These experiments were carried out at a temperature of
25 ◦C. Each experimental group underwent three repetitions, and the outcomes are graphi-
cally depicted in Figure 3. Furthermore, the influence of different ultrasonic durations on
the stability of the slurry and its viscosity was investigated, with the results presented in
Figure 4.
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Figure 3. Effect of ultrasonic time on the size distribution of nanobubbles. (a) Number distribution;
(b) volume distribution.
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Figure 3a illustrates the presence of numerous nanobubbles within the solution subse-
quent to sonication, with their diameters falling within the range of approximately 50 to
250 nm. As the sonication duration increased, the size of the bubbles increased, and the size
of the nanobubbles produced by 1 min and 2 min of sonication was the smallest. Most of the
bubbles were about 80 nm in size. The bubbles produced by 5 min of sonication were about
100 nm, while the bubbles generated following 10 min of sonication were approximately
120 nm in size. Figure 3b provides insights into the volume content distribution of bubbles
generated at different sonication durations. Figure 3b also shows that the volume contents
of bubbles produced by 1 min, 2 min, 5 min, and 10 min of sonication are similar in size
and are all about 27%. In contrast, the bubbles produced via 1 min sonication have the
smallest size. The smaller the measurements taken when the volumes are the same, the
larger the number of bubbles will be. As such, the bubbles produced via 1 min of sonication
have the smallest size and are most numerous [34]. Figure 4a shows that, as ultrasonic time
increased, the temperature of the slurry gradually rose too. The results in Figure 4b show
that, as ultrasonic time increased, the viscosity of the slurry showed a downward trend.
The increasing sonication time raised the water temperature, thereby presenting a higher
probability of bubble coalescence and leading to larger sizes and volumes of nanobubbles.

The stability of nanobubbles was investigated, and the nanobubble-containing solu-
tions produced via sonication were left for 0 min, 20 min, 40 min, and 60 min after 1 min of
sonication. Then, the bubble sizes were measured, and the results are shown in Figure 5.
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Figure 5. Stability curves of bubbles produced by ultrasonication for 1 min.

The bubble stability curve clearly illustrates that the size of nanobubble generated
through ultrasound did not change much with the increasing time. The overall content
was stable, which indicated that the nanobubbles were more durable. The produced
nanobubbles did not rupture as quickly as conventional bubbles, and some researchers
found that most of the nanobubbles present in the solution still existed stably after three
months [35].

3.2. Nanobubble Flotation Experiments

The nanobubble flotation experiments were performed by introducing the nanobubble
solution generated using ultrasound into the flotation machine. To investigate the impact
of the flotation machine on nanobubbles produced through ultrasonic treatment, the
distribution of bubbles in water samples was measured 1 min after ultrasonication, at the
same time, the gas distribution of the ultrasonic water sample after 9 min of stirring by
the flotation machine was measured. It can be seen from Figure 6 that the nanobubbles
generated following ultrasonication fell within the size range of approximately 50–150 nm.
Additionally, subsequent to agitation in the flotation machine, their size increased to
approximately 75–200 nm. Mechanical agitation also caused the aggregation of small-sized
bubbles. The bubbles are still within the nanometer size, so the effect of the flotation
machine on the flotation of nanobubbles is small. In mechanical flotation, strong agitation
could also generate nanobubbles by hydrodynamic cavitation. Therefore, nanobubbles
generated via ultrasound and hydrodynamic cavitation co-exist in the system.
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Figure 6. Effect of flotation machine agitation on nanobubbles. (a) Number distribution; (b) Vol-
ume distribution.

In order to explore the influence of nanobubbles on serpentine’s flotation behavior, the
serpentine recovery rate after ultrasonic pretreatment of the aqueous solution was studied
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using nanobubbles generated via ultrasonic cavitation combined with large bubbles gener-
ated using the hanging tank flotation machine. The flotation conditions were as follows:
pH = 9.5, sodium O-butyldithiocarbonate 15 mg/L, pine alcohol oil 1 × 10−4 mol/L. In the
experimental procedure, each set of ultrasonicated solution was allowed to equilibrate to
the same temperature it was at before ultrasonication prior to proceeding with the flotation
test This temperature equilibration ensured consistency in the experimental conditions.

As can be seen from Figure 7, the flotation recovery of serpentine increases as its parti-
cle size decreases, reaching 25% for −15 µm. This trend can be attributed to the increase in
the apparent viscosity of the pulp as mineral size decreases, leading to a higher entrain-
ment rate [36]. Although serpentine is a hydrophilic mineral, its slow flotation kinetics,
non-selective mucus coverage, and entrainment are carried into the froth layer because the
particle size is too small. Ultrasonic treatment can significantly impair the recovery of ser-
pentine, especially for the fine-grained grade. The recovery of serpentine increased slowly
with the rise in sonication time. The recovery of serpentine in flotation was lowest after
1 min of sonication because of the small size and large number of bubbles produced during
1 min of sonication. The particle size of microfine-grained serpentine is much larger than
that of nanobubbles, and as a hydrophilic mineral it cannot enter nanobubble aggregates,
which reduces the entrapment of fine-grained serpentine and thus its recovery. Ultrasound
raised the temperature and, in turn, reduced the viscosity of the slurry, thereby reducing
the entrainment of fine particles to a certain extent. As Figure 7 shows, the floating amount
of serpentine was greater with 10 min ultrasonic was greater than that of the ultrasonic
1 min test group; likewise, the viscosity of slurry was significantly lower with 10 min of
ultrasound than with 1 min. These findings indicate that the nanobubbles generated by
ultrasound played a major role in reducing the entrainment effect.
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Examination of nanobubble distribution in the concentrate and tailing supernatant
after flotation revealed some significant findings, as depicted in Figure 8. In the concentrate,
the bubble size ranged from 400 to 1200 nm, while in the tailing it fell within the range
of 200 to 500 nm. Notably, these results showed a substantial increase in overall bubble
size compared to Figure 5, the results for which were observed after the agitation within
the flotation machine. This increase in bubble size suggests that introducing minerals into
the system exacerbated the aggregation effect of smaller-sized nanobubbles. It is worth
highlighting that the bubble size was substantially larger in the concentrate, and that larger
nanobubbles possess enhanced lifting capabilities, making them more likely to rise and
become part of the concentrate [30].
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Figure 8. Distribution of nanobubbles in flotation concentrate and tailing. (a) Number distribution;
(b) volume distribution.

Next, nanobubbles were introduced, while depressant CMC was added to the system.
Figure 9 illustrates that the presence of nanobubbles lowered the recovery of serpentine
across all five particle sizes, with the most significant impact observed for 15–30 µm and
−15 µm serpentine fractions. A group with nanobubbles present had a lower recovery with
the same amount of added depressant. It has previously been reported that the presence of
nanobubbles reduces the amount of depressant required [33]. Consistent with that earlier
finding, the recovery level of <15 µm serpentine at a depressant concentration of 40 mg/L
was equivalent to the recovery of serpentine at a depressant concentration of 25 mg/L in the
presence of nanobubbles. This suggests that nanobubbles can effectively reduce the amount
of depressant required to achieve the desired level of serpentine recovery, particularly for
fine-grained serpentine fractions.
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Figure 9. Effect of CMC dosage on the recovery of serpentine in the presence of nanobubbles (pH = 9.5,
Sodium O-butyldithiocarbonate 15 mg/L, pine alcohol oil dosage 1 × 10−4 mol/L). (a) 45–74 µm;
(b) 38–45 µm; (c) 30–38 µm; (d) 15–30 µm; (e) −15 µm.

97



Minerals 2023, 13, 1299

3.3. Analysis of the Mechanism of Nanobubbles to Reduce the Recovery Rate of
Microfine-Grained Serpentine

The experimental findings clearly indicate that the presence of nanobubbles reduces
the flotation recovery of microfine-grained serpentine. This outcome can be explained by
two primary factors. First, the primary mechanisms governing flotation of hydrophilic
microfine-grained minerals involve foam entrainment and attachment to the surface of
valuable minerals [37]. Given that nanobubbles are significantly smaller than mineral
particles, they hinder the adhesion of hydrophilic minerals to valuable mineral surfaces
when coming into contact with them [29]. In essence, the presence of nanobubbles disrupts
the attachment process, reducing the recovery of hydrophilic serpentine. Second, while the
ultrasound-induced reduction in slurry viscosity does contribute to lowering the floatabil-
ity of hydrophilic serpentine, the dominant factor influencing serpentine flotation is the
presence of nanobubbles generated using ultrasound. These nanobubbles play a central
role in limiting the attachment and adhesion of serpentine to valuable mineral surfaces,
thereby reducing its overall flotation recovery.

Entrainment can be conceptualized as a two-step process involving the movement of
particles from the upper pulp to the bubble and then from the bubble to the concentrate.
Entrainment is inevitable for both hydrophobic and hydrophilic minerals and is one of the
critical factors affecting the concentrate grade [37]. It is important to note that nanobub-
bles possess relatively weak flotation capabilities; when nanobubbles alone are present,
they do not achieve effective mineral recovery [21,30]. In contrast, conventional-sized
bubbles exert more significant lifting forces and facilitate faster flotation, as illustrated in
Figure 10. During the flotation process, a portion of nanobubbles attaches to the surface of
conventional-size bubbles to float, and the domain will exist in the water layer between
large bubbles. In addition, the actual volume of nanobubbles produced under natural
conditions is very small (gas/bubble holdup <<1% of water), and therefore their effect on
water entrainment is negligible. When a large number of nanobubbles exist in the water
layer between two large-sized bubbles, that layer has a stronger hydrophobic force on
fine-grained hydrophilic minerals; the resulting exclusion of these minerals from the water
layer also effectively reduces the entrainment effect.
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4. Conclusions

This study investigated the flotation behavior of nanobubbles on the microfine-grained,
easily slimed mineral serpentine and yielded the following conclusions:

(1) Nanobubbles were successfully generated through sonication, and we found that
the bubble sizes produced via sonication for 1 min and 2 min were the smallest.
The stability of the nanobubbles produced by ultrasonication was also studied, and it
was found that the nanobubbles were stable. Their size remained consistent, and only
a slight decrease in their number was observed with increasing resting time.

(2) Single-mineral flotation experiments were conducted on serpentine using nanobub-
bles generated through sonication, and we found that the presence of nanobubbles
significantly reduced the recovery of serpentine, and that the lowest recovery of
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serpentine was obtained by sonication for 1 min. The reduction in serpentine flotation
recovery in the presence of nanobubbles was mainly due to a decrease in the froth
entrainment rate of serpentine at the microfine-grain level.

(3) Nanobubbles also reduced the amount of depressant required. With the addition of
depressant under conditions of 1 min sonication, the recovery level of serpentine in
the group without sonication but with 40 mg/L of depressant was equivalent to that
of serpentine in the sonicated group, which required only 25 mg/L of depressant to
achieve a similar recovery level.

These findings underscore the potential of nanobubbles in mineral flotation processes,
particularly for microfine-grained minerals like serpentine, where they can reduce recovery,
depressant usage, and froth entrainment.
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Abstract: Black shale ore contains rich strategic metal resources such as vanadium, nickel, and
molybdenum, but due to its complex composition, it is currently only used in the vanadium extraction
industry. Metals such as nickel and molybdenum have not been effectively recovered, resulting
in environmental pollution and resource waste. Using mineralogical features and a combination
of beneficiation and metallurgy-based tests, the present work carried out feasibility studies of the
combined beneficiation and metallurgy processes. The mineralogical features of the stone coal sample
were studied using chemical analysis, an automatic mineral analyzer (BPMA), etc., and we identified
the main phase composition, embedded characteristics, and particle size distribution of the associated
strategic metals, vanadium, nickel, and molybdenum. The results showed that the grade of V2O5

in the stone coal was 1.29%, which was mainly present in carbonaceous clay and mica minerals.
The nickel grade was 0.53%, mainly in the form of nickel–magnesium spinel and a small amount of
nickel-containing magnesite. The stone coal contained 0.11% molybdenum; the mineral particles were
fine, mostly in the form of molybdenite, and some were associated with carbonaceous matter and
carbonaceous clay minerals. Based on the mineralogical feature, we proposed using the scrubbing–
desliming and flotation process to enrich vanadium, nickel, and molybdenum. Our preliminary
experiments obtained two products: vanadium–molybdenum-rich sludge and nickel-containing
tailings. The V2O5 and molybdenum grades in the sludge were 4.10% and 0.44%, respectively,
and the recovery was 41.31% and 51.40%, respectively. The nickel grade in the tailings was 1.49%.
These products were roasted and leached. The vanadium, nickel, and molybdenum in the stone
coal were effectively recovered through the beneficiation–metallurgy combination process, and the
comprehensive utilization rate of the stone coal was improved.

Keywords: stone coal; mineralogy; beneficiation–metallurgy combination process; vanadium-nickel-
molybdenum recovering

1. Introduction

Vanadium (V), nickel (Ni), and molybdenum (Mo) are all important strategic metal
resources and are widely used in steel, electronics, aerospace, the military, industry, and so
on [1–3]. Key metals in black shale have received growing attention as global ore grades
have continued to decline [4,5]. Stone coal is a vanadium-bearing shale (total organic
carbon content > 10%) and a polymetallic symbiotic ore. More than 60 associated elements
have been found in stone coal and, usually, the V content is the highest, followed by Mo, Ni,
U, P, etc. [6]. China has a total of 61.88 billion tons of stone coal reserves, out of which there
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are 118 million tons of V2O5 reserves, which is the main raw materials used for vanadium
production, apart from vanadium titanomagnetite [7]. China started researching methods
of extracting vanadium from stone coal in the 1970s, and over time, a series of achievements
were made regarding the research and development of metallurgical vanadium extraction
processes and mechanisms [8,9]. However, the contents of the associated nickel and
molybdenum found in stone coal are generally low and difficult to recover. At present,
there are few studies on the recovery of nickel and molybdenum from stone coal.

The occurrence states of vanadium, nickel, and molybdenum in stone coal in differ-
ent regions are complex and diverse, and the combined beneficiation and smelting pro-
cesses used to extract them also vary. According to the literature, vanadium in stone coal
mainly exists in the form of V3+ in minerals such as muscovite (KAl2[AlSi3AlO10](OH,F)2)
and kaolinite (Al2Si2O5(OH)4), and it replaces Al3+, Fe3+, etc., which exist in the four
4-coordinate silicon–oxygen tetrahedron “multiple network layer” and the six-coordinate
aluminum–oxygen octahedron “single network layer” [10,11]. A small amount of V, in-
cluding V(IV) and V(V), adsorbs on the surface of organic matter, iron oxide, or clay
minerals, or exists in the form of independent minerals such as calcium vanadium gar-
net (Ca3V2[SiO4]3) and vanadium uranite [10,12]. Nickel and molybdenum in stone coal
mostly exist as sulfides. Mineralogical feature studies have shown that nickel-bearing
minerals include vaesite (Ni2S), polydymite (Ni3S4), gersdorffite (NiAsS), millerite (NiS),
and pyrite containing nickel ((FeNi)9S8) (colloidal pyrite). Molybdenum-bearing minerals
include molybdenite and carbonaceous-sulfide–sulfur–molybdenum aggregates [13,14].
Due to the different occurrence states of vanadium and the mineral composition charac-
teristics of stone coal in various regions, there have been many studies on the combined
beneficiation–metallurgy process. For high-carbon stone coal, Wang et al. [15] adopted a
combined flotation–decarburization–flotation vanadium-leaching process. The V2O5 grade
was increased from 0.92% to 1.32% with a recovery of 88.38%, and the leaching efficiency
of the vanadium concentrate was 85%. Carbon concentrate obtained with flotation can be
used as fuel, and the leaching amount and production costs can be reduced by using this
process. For calcareous stone coal, Liu [16] adopted a combined roasting–decarburization–
desliming–flotation–leaching process to obtain V2O5 concentrate with a grade of 1.07% and
a recovery of 83.30%. In total, 62.52% of the CaO was removed, and the leaching efficiency
of the vanadium concentrate increased by 13.53% compared with the direct leaching of
raw ore. The combined beneficiation and metallurgy process can effectively reduce the
ore-processing volume and acid consumption of vanadium extraction from stone coal.
For siliceous stone coal, Gu et al. [17] enriched vanadium-bearing mica and clay-mineral-
absorbing vanadium using a preferential decarburization–desliming–flotation process.
After a locked-circuit process of separation and smelting, the V2O5 grade of the mixed vana-
dium concentrate was 2.04% and the recovery was 83.41%. The process eliminated 64.87%
of gangue minerals. In addition to vanadium recovery, some researchers have studied the
comprehensive recovery of nickel, molybdenum, and other associated elements from stone
coal. Liu et al. [18] proposed a new technology using flotation–roasting–alkali-leaching.
Using flotation to extract molybdenum, the molybdenum concentrate grade was increased
from 0.036% in the head ore to 0.112%, and the recovery was 81.3%. The molybdenum
extraction tailings were treated by the calcium-roasting–alkali leaching process, and the
vanadium leaching efficiency reached over 80% with the overall recovery of 78.2%. This
process has proceeded to the stage of a small-scale application. At present, stone coal is
still mainly used to extract vanadium, and the recovery of nickel and molybdenum is less
frequently studied. Research on the occurrence states of nickel and molybdenum in stone
coal is not comprehensive, and it is still difficult to effectively guide the separation and
extraction of nickel and molybdenum from stone coal. A mineralogical feature study of
nickel and molybdenum in stone coal may provide a foundation for the efficient utilization
of nickel and molybdenum resources.

Determining the beneficiation–metallurgy process is mainly performed by finding
the mineral composition of ore samples and the occurrence states of the target minerals.
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The key to the comprehensive utilization of vanadium, nickel, and molybdenum resources
in stone coal is to systematically study the occurrence states of these three metals in
the stone coal. By analyzing the chemical and mineral composition, physical properties,
dissemination characteristics, and grain size distribution of the ore, one can obtain basic
information to support the feasibility study of beneficiation and metallurgy processes [19].
Comprehensively recovering vanadium and the strategic metals nickel and molybdenum
from stone coal not only reduces metal resources waste, but also brings certain economic
benefits, and it reduces the risk of nickel and molybdenum polluting the environment.

In the present work, a systematic mineralogical feature study on stone coal from
Shaanxi Province was carried out. The mineral types, occurrence states, and distribution
characteristics of vanadium, nickel, and molybdenum were identified. Based on the study,
we propose to use the scrubbing–desliming and flotation process to pre-enrich vanadium,
nickel, and molybdenum.

2. Materials and Methods
2.1. Raw Ore and Reagents

The stone coal used in this study came from Shaanxi Province. The raw ore was
crushed to ~2 mm with a jaw crusher and a double-roller crusher and then mixed. Analysis
showed that the organic carbon content in the sample was 6.13%, V2O5 was 1.29%, Mo was
0.11%, and Ni was 0.53%. In the flotation process, water glass was used as a dispersant;
terpineol was used as a foaming agent; kerosene, butyl xanthate, butylammonium dithio-
phosphate, and 3030C (cationic surfactant) were used as collectors; sulfuric acid was used
as a pH regulator; sulfuric acid was used as an acid-leaching agent; calcium fluoride was
used as a leaching aid.

2.2. Mineralogy Study

A chemical analysis of V, Ni, Mo, and other elements in the raw ore was carried out
using acid digestion—ICP-OES (Agliet 725, Agilent Technologies Inc., Santa Clara, CA,
USA) [20], and we obtained the distribution of vanadium, nickel, and molybdenum in
the raw ore and its fractions. The main components of the raw ore were identified by
X-ray fluorescence (XRF, PANalytical Axios, Almelo, Holland) semi-quantitative analysis.
X-ray diffraction (XRD) analysis was conducted using a D/Max-IIIA X-ray diffractometer
(Malvern Panalytical, Shanghai, China) with Cu Kα radiation at 40 kV and 30 mA with a
scanning rate of 15 (◦)/min from 5◦ to 70◦.

We used the BGRIMM Process Mineralogy Analyzer (BPMA, BGRIMM Technology
Group, Beijing, China) which consists of a TESCAN VEGA scanning electron microscope,
a Bruker QUANTAX 200 dual-probe spectrometer, and automatic analysis software for
processing mineralogy (BMPA V2.0) [21]. The stone coal inlay sample was prepared by
mixing the ore, epoxy resin, and heated carnauba wax in a mold and then consolidating
the particle specimen into blocks through slow hardening of the epoxy resin, followed by
grinding and polishing. The sample analysis method was: scanning electron microscope
high-vacuum mode, backscattered electron (BSE) probe, acceleration voltage (HV) 20 kV,
and working distance (WD) 15.4 mm. The basic principle of the BPMA is to use the system
to control the scanning electron microscope to obtain a backscattered electron image that
can reflect the different characteristics of the mineral chemical components and combine
with the X-ray energy spectrometer data to identify the minerals. This is a rapid and
quantitative test of mineral composition and content, particle size, dissociation degree, and
other mineralogical parameters in stone coal [22]. Analyses of C were conducted with a
high-frequency infrared absorption spectrometer (CS-3000G, NCS Testing Technology Co.,
Ltd., Beijing, China).

2.3. Recovery Method of Vanadium, Nickel, and Molybdenum

(1) Beneficiation experiments
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During the scrubbing and desliming test, the slurry concentration was 33%, sodium
silicate was 2 kg/t, and the stirring speed was 500 rpm. After stirring for 20 min, water
was added to adjust the slurry concentration to 20%. After another 5 min, stirring was
stopped, and the slurry was allowed to settle for 5 min. The sludge was filtered and dried
to obtain vanadium and molybdenum concentrates. The scrubbed tailings were ground to
a fineness of 85%—74 µm, then added with kerosene (300 g/t) and terpenic oil (300 g/t) for
decarburization. Next, butyl xanthate (60 g/t), butylammonium dithiophosphate (60 g/t),
and terpenic oil (150 g/t) were added for molybdenite flotation. Based on the pH conditions
of quartz and mica flotation separation, we added sulfuric acid to adjust the pH of the pulp
to 3–4. 3030C (350 g/t) was used to float mica to obtain vanadium mica concentrate. In this
study, beneficiation experiments were carried out three times. Average values of the results
are reported here. The experimental flow chart is shown in Figure 1.
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Figure 1. The experimental flow chart of scrubbing–desliming–flotation.

(2) Metallurgy experiments
The vanadium–molybdenum slime, carbonaceous matter, and molybdenum concen-

trate were roasted and decarburized at 650 ◦C for 2 h, and then leached with 1.84 mol/L of
sulfuric acid for 10 h at a liquid–solid ratio of 4:1. The vanadium-containing mica concen-
trate and nickel-containing tailings were directly leached under the same condition as the
roasted slag above. In this study, leaching experiments were carried out three times, and
the average value of the leaching efficiency is presented here.

3. Results and Discussion
3.1. Mineralogy Study
3.1.1. X-ray Fluorescence Semi-Quantitative Analysis and Chemical Analysis

The results are shown in Tables 1 and 2.

Table 1. X-ray fluorescence semi-quantitative analysis results.

Element Content/% Element Content/% Element Content/%

SiO2 56.72 CaO 2.62 ZnO 0.14
SO3 18.02 Fe2O3 2.36 MnO 0.03

V2O5 1.16 K2O 2.07 CuO 0.03
MoO3 0.09 P2O5 0.7 Cl 0.02
NiO 0.52 BaO 0.43 As2O3 0.02

Na2O 5.09 Cr2O3 0.41 Co3O4 0.01
MgO 5.08 ZrO2 0.25 PbO 0.01
Al2O3 4.05 TiO2 0.15 SeO2 0.01
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Table 2. Chemical multielement analysis.

Element Content/% Element Content/% Element Content/%

V 0.72 K 1.53 Ti 0.05
Mo 0.11 Fe 1.16 Cu 0.018
Ni 0.53 Ca 0.7 Mn 0.014
S 4.89 Si 24.04 Sn 0.013

Mg 4.68 Ba 0.36 As 0.0097
Na 3.41 P 0.28 C 7.02
Al 1.71 Cr 0.20

According to the results in Tables 1 and 2, the main chemical elements in the sample
were Si, S, C, Na, Mg, Al, etc., and the content of SiO2 in the raw ore was relatively high,
followed by Mg and Na. The contents of the valuable elements V, Ni, and Mo were 0.72%,
0.53%, and 0.11%, respectively, all of which reached or exceeded the mining grade, and the
comprehensive recovery value was high. The grade of V2O5 was 1.29% in the stone coal.

3.1.2. XRD Results

The XRD analysis result is shown in Figure 2. The main minerals of the stone coal
were quartz and mica with a small amount of sanidine, nickel oxide, loewite, and pyrite.
Because the carbon material was amorphous and the degree of crystallization was poor,
the peak value did not appear in the spectrum. Molybdenum mineral did not either due
to its low content. V(III) in the stone coal was mostly in the form of lattice substitution in
muscovite [10], and no independent V mineral was found in the diffraction analysis.
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Figure 2. XRD pattern of the stone coal raw ore.

3.1.3. Mineral Composition and Embedded Characteristics

(1) Mineral composition
The main gangue minerals in the sample were quartzes, which made up 38.05% of

the content. Sulphate minerals such as loewite and nickel–potassium–magnesium–alum
accounted for about 12%. Carbonaceous matter content in the stone coal was 15.87%,
some of which existed in the form of organic carbon, and some closely bound to clay
minerals. Vanadium-containing minerals included vanadium mica and carbonaceous
clay minerals. Nickel-containing minerals were nickel (magnesium, iron, aluminum, and
chromium) spinel, and the molybdenum-containing mineral was molybdenite. The mineral
composition of the stone coal is shown in Figure 3. The embedding characteristics of the
vanadium, nickel, and molybdenum minerals are shown in Figure 4
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Results of the ore screening are shown in Table 3. The coarse particles yield was
high, with +425 µm and +150 µm accounting for 39.37% and 16.39%, respectively. The
intermediate particles yield was lower than that of the coarse particles with −150 + 106,
−106 + 74, and −74 + 4 µm accounting for less than 10%. The fine particles yield (−45 µm)
was 12.51%. From the perspective of metal distribution, vanadium and nickel were mainly
distributed in coarse and fine-grained fractions, and the distribution in the intermediate
particles was very small. Most of the molybdenum was distributed in micro-fine ores,
and the distribution in coarse and intermediate particles was smaller. Based on the metal
grades, the nickel grade was low and only in the +425 µm part, and the other grades were
similar. The vanadium content in the fine particles was highest, and the grades of the coarse
particles and intermediate particles were close. The molybdenum grade increased gradually
with decreasing particle size. In general, the distribution rates and grades of the vanadium
and molybdenum in the fine-grained ores were high. Vanadium and molybdenum were
mainly distributed in fine-grained ores, while nickel was evenly distributed in each grain
size. We also found that the raw ore dissolved in the wet screening process. The dissolution
process was further analyzed.
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Table 3. Screening results for the raw ore.

Fraction/µm Yield/%
Grade/% Distribution %

V2O5 Ni Mo V2O5 Ni Mo

+425 39.37 0.97 0.27 0.01 27.23 18.03 3.52
−425~+150 16.39 1.56 0.97 0.01 18.21 27.37 1.22
−150~+106 2.70 1.87 1.63 0.03 3.58 7.56 0.68
−106~+74 3.0 1.14 1.76 0.18 2.41 9.06 4.77
−74~+45 3.44 2.23 1.91 0.59 5.43 11.32 17.69

−45 12.51 4.85 1.24 0.66 43.11 26.66 72.12
Dissolution 22.59 - - - - - -

Total 100 1.29 0.53 0.11 100 100 100

(2) Analysis of the vanadium phase and occurrence states
The BPMA’s results show that the vanadium minerals in the stone coal included

vanadium mica, carbonaceous clay minerals, calcium vanadium garnet, a small amount
of vanadium oxide, and sulfur–chromium–vanadium–copper ore. The analysis results of
the vanadium phase are shown in Table 4. We can see that the main minerals containing
vanadium were vanadium mica and clay minerals, and a small amount was distributed in
tourmaline and garnet. Vanadium in clay minerals and mica minerals accounted for 65.64%
and 24.43% of the total vanadium, respectively.

Table 4. Phase analysis of vanadium in the stone coal.

Phase V2O5 Content/% V2O5 Distribution %

Micaceous minerals 0.32 24.43
Iron oxides and clay minerals 0.86 65.64

Tourmaline and garnet 0.13 9.92
Total vanadium 1.31 100.00

Subsequently, the dissemination characteristics of the vanadium-containing minerals
were studied. Because the optical properties of vanadium-containing minerals in stone
coal are similar to those of quartz, feldspar, and other major gangue minerals, it is difficult
to distinguish them [23]. The content of vanadium minerals in the samples was small,
and it took a long time to search for vanadium minerals using a microscope. Therefore,
the automatic analysis system (BPMA) for minerals was used to quickly and intuitively
analyze the mineral composition in the stone coal. The distribution of vanadium in the
detection area was obtained by using a backscattered electron image combined with an
X-ray energy spectrum analysis, and the area with high vanadium content was analyzed.
The main vanadium minerals in the stone coal are shown in Figure 5

According to the morphology and dissemination relationship in the vanadium-containing
mica in the stone coal listed in Figure 4, it can be seen that the particle size of the vanadium-
containing mica was not uniform: there was no regular shape, and most of them were
closely associated with quartz, calcium–vanadium garnet, feldspar, carbonaceous materials,
and other minerals. Some of the calcium–vanadium garnets were surrounded by vanadium
mica. Carbonaceous matter filled the spaces between vanadium mica and quartz in strips.
Pyrite was dispersed on the surface of the feldspar and quartz aggregates in the form of
micro-fine particles. Most of the vanadium mica and calcium vanadium garnets coexisted,
so they could be recovered together using flotation.

In addition to roscoelite, the carbonaceous clay minerals also contained some vana-
dium. Figure 6 shows the vanadium distribution in the mica and clay minerals. The
carbonaceous clay minerals were mostly veined and disseminated among the vanadium-
bearing mica, feldspar, and quartz. The X-ray spectrum in Table 5 shows that the mass
fraction of V in the carbonaceous clay minerals was about 0.5%, and that in the vanadium
mica was 13.33%.
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Table 5. Spectral microdomain composition analysis of vanadium mica and carbonaceous clay
minerals at positions 1–8 in Figure 6a.

Number C N O Na Mg Al Si P S K Ca V Fe Ni

1 79.05 10.88 5.35 0.71 0.08 0.08 3.36 0.12 0.11 0.25
2 32.82 0.58 1.56 14.12 27.69 0.41 8.68 0.81 13.33
3 52.63 45.58 1.79
4 40.51 13.04 33.00 13.45
5 83.16 4.97 0.41 0.38 1.27 2.78 0.37 3.66 1.10 0.84 0.51 0.54
6 85.90 4.20 0.41 0.35 1.21 2.61 3.35 1.18 0.51 0.27
7 89.21 3.64 0.62 0.32 0.53 1.09 3.66 0.43 0.33 0.17
8 86.88 5.64 0.62 0.50 0.84 1.52 2.94 0.50 0.42 0.14

Average 84.84 10.88 13.88 0.56 0.62 4.44 9.82 0.37 10.00 3.64 0.83 2.53 7.82 1.79

In summary, the vanadium-containing minerals in stone coal were mainly vana-
dium mica and vanadium-containing carbonaceous clay minerals. The above vanadium-
containing minerals can be pre-concentrated using a beneficiation process, and then the
vanadium can be extracted using different leaching methods to reduce the amount of
leaching ore and the leaching cost.

(3) Nickel-containing minerals
The nickel-bearing minerals in the stone coal are shown in Table 6. Nickel in the

stone coal samples mainly existed in the form of nickel spinel. The nickel-bearing minerals
were mainly nickel magnesium spinel and nickel-bearing potassium magnesium alum,
accounting for 2.28% and 2.06% of the total mineral content, respectively. The mass fractions
of the nickel were 13.43% and 7.05%, respectively. Figure 7 shows the main morphology
and dissemination relationship in the nickel-bearing minerals. The Ni-bearing spinel was
mostly short-vein aggregate, symbiotic with soluble sodium alum and nickel–vanadium–
magnesium ore. The Ni-vanadium-magnesium ore was mainly slender, with a particle size
of 10–50 µm, and was embedded around the nickel-bearing spinel.

Table 6. Main nickel minerals in raw ore.

Phase Proportion of Raw Ore/%

Nickel–magnesium spinel ((Ni,Mg,Fe)Al2O4) 2.28
Nickel–potassium–magnesium alum

(Ni,K2Mg2[SO4]3) 2.06

Ferric nickel–magnesium spinel
((Ni,Fe)Mg2O4) 0.71

Nickel–ferric–magnesium–aluminum spinel
((Ni,Mg,Fe)Al2O4) 0.16

Iron–nickel and vanadium ore
NixFey(VO4)znH2O 0.27

Ferric nickel–aluminum spinel ((Fe,Ni)Al2O4) 0.25
Nickel–chromite spinel ((Fe,Mg)(Al,Cr,Fe)2O4) 0.08

Trevorite (NiFe2O4) 0.1
Kolovratite (Nix(VO4)z) 0.03

Nickel and vanadium magnesite
(Ni,K2Mg2(H2O)16[V10O28]) 0.04

Nickel–magnesium silicate (Ni2[SiO4]) 0.01
Total 5.99

(4) Molybdenum-containing minerals
The Mo grade in the stone coal samples was 0.11%. The molybdenum minerals were

mainly made up of molybdenite, and the total mineral content accounted for only 0.06%.
Figure 8 shows the occurrence states of molybdenite in the stone coal. Combined with the
screening results in Table 3, it can be seen that most of the molybdenum was distributed in
fine particles. The particle size was generally <5 µm. From the intercalation relationship in
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the molybdenite listed in Figure 4, it can be seen that the molybdenite was mostly liberated
in the form of monomer particles, and some were embedded in carbonaceous materials,
carbonaceous clay minerals, quartz, silicon, and humite in the form of fine needles.
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Figure 8. Molybdenite occurrence in the ore: (a) Scanning electron microscope image of molybdenite
in stone coal; (b) EDS analysis for the molybdenite at “+” position.

(5) Soluble minerals
During the screening process, we found that part of the stone coal sample had dis-

solved in water, resulting in quality loss. Combined with the results of the BPMA, we
speculated that the dissolved part was made up of soluble (sodium, magnesium, and potas-
sium) sulfate minerals, which accounted for about 12.45% of the total mineral amount. To
further verify the chemical composition of the soluble substances, a 10 g sample was stirred
in 50 mL of deionized water for 1 h. In total, 8.3 g of residue was left after stirring. The
main components in the solution are shown in Table 7. Part of the filtrate was evaporated
and crystallized, and the crystalline sample was analyzed using SEM-EDS and XRD. The
results are shown in Figure 9.

Table 7. Content of the main elements before and after dissolution.

Elements K Ca Na Mg V Ni Mo

Filter residue (%) 1.34 2.19 0.7 5.7 0.75 0.48 0.11
Filtrate (g/L) 0.23 0.38 4.01 1.39 0.05 0.09 0.04
Raw ore (%) 1.27 2.16 3.72 5.8 0.68 0.51 0.12
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Figure 9. Soluble minerals: (a) Scanning electron microscope image of the soluble minerals; (b) EDS
analysis at “+” position; (c) X-ray diffraction analysis of the soluble minerals.

According to the changes in the main elements before and after dissolution and an
analysis of the crystal spectrum, the soluble parts of the stone coal sample were found to
be sodium–magnesium alum, potassium–sodium–magnesium alum, and nickel–sodium–
magnesium alum. In addition, a small amount of V, Mo, and Ni was also detected in the
filtrate.

3.2. Principle Process Determination

The V2O5, Ni, and Mo contents in the stone coal samples were 1.29%, 0.53%, and
0.11%, respectively, and the organic carbon content was 6.13%. Vanadium mainly occurred
in the vanadium mica and carbonaceous clay minerals; nickel mostly existed in the form of
spinel; molybdenum existed in the form of molybdenite with a high degree of dissociation.
Vanadium in the form of carbonaceous clay minerals can be recovered using scrubbing
and desliming techniques [24–26]. Vanadium mica can be recovered using flotation [27–29].
Liberated molybdenite has good floatability and can be enriched using flotation [30]. In
addition, some molybdenite and carbonaceous clay minerals are associated closely, so
scrubbing–desliming can simultaneously enrich molybdenum and vanadium. Because the
mineral properties of nickel-bearing spinel and vanadium-bearing minerals are quite differ-
ent, the beneficiation process cannot be used for simultaneous enrichment, but vanadium
and nickel can be extracted with leaching.

The mud content in the stone coal samples is high, and the mud will adhere to the
surface of useful minerals and gangue minerals, which will affect the flotation reagents
on the surface of the value minerals. Thus, desliming is also required before flotation [31].
Crushed stone coal samples have fine ore particle sizes and can be deslimed without
grinding.

The difficulty of using the flotation process for vanadium mica is separating the vana-
dium mica from gangue minerals such as quartz and feldspar. Under alkaline conditions,
collectors such as sodium oleate [32,33], sodium petroleum sulfonate [34], and dodecyl am-
monium chloride [35] can be used to separate non-metallic minerals from gangue minerals

111



Minerals 2023, 13, 21

such as quartz. Studies have shown that the zero point of mica is very low, and fine mica
can be recovered by using cationic collectors in an acidic medium [36,37]. However, due
to the complex solution ions in the pulp and the fact that quartz, feldspar, and mica are
silicate minerals, it is necessary to enrich vanadium mica with highly efficient and selective
collectors [38,39].

Based on the above analysis, combined with the mineralogical characteristics of stone
coal samples, we propose a combined process for vanadium, nickel, and molybdenum
recovery, as shown in Figure 10.
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Figure 10. Basic process flow chart of vanadium, nickel, and molybdenum recovery.

The crushed stone coal sample (−2 mm) contained many fine particles, which could
be directly scrubbed and deslimed using sodium silicate as a dispersant. After desliming,
the tailings were reground to 85%—0.074 mm, and the minerals containing molybdenum,
vanadium, and nickel were fully liberated before flotation [40–42]. Carbonaceous matter
in stone coal interferes with other minerals during flotation, so decarburization was re-
quired before molybdenum and vanadium flotation could proceed. The collector used for
flotation–decarbonization was kerosene, and the collectors used for molybdenum flotation
were butylammonium dithiophosphate and butyl xanthate. Then, the pH of the pulp was
adjusted to 3~4, and the vanadium mica was collected by 3030C. Vanadium and molyb-
denum needed to be extracted with a roasting–leaching process due to the high carbon
content in the vanadium–molybdenum slime obtained by scrubbing and the molybdenum
concentrate obtained using flotation, while the vanadium mica and nickel-bearing minerals
enriched by flotation could be directly acid-leached under mild conditions.

3.3. Exploratory Experiments Based on Mineralogy
3.3.1. Beneficiation Enrichment Experiments

Combined with the mineralogical features study, the scrubbing–desliming–flotation
method was selected to enrich vanadium, molybdenum, and nickel.
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First, the raw ore was scrubbed and deslimed. At a certain pulp concentration, sodium
silicate was added to disperse the mineral particles. Then, the pulp was stirred at high
strength. Finally, the fine mud vanadium concentrate was obtained via sedimentation
and classification. The coarse tailings were separated via grinding and flotation, and the
vanadium and nickel were separated from the coarse scrubbing tailings via flotation. The
test results are shown in Table 8, and the process flow with the assay of each product is
shown in Figure 11.

Table 8. Experimental results for scrubbing–desliming–flotation.

Sample Yield(x ± σ)/%
Grade/% Recovery (x ± σ)/%

V2O5 Mo Ni V2O5 Mo Ni

V-Mo Slime 15.29 ± 0.00 4.10 0.44 0.76 41.31 ± 0.47 51.40 ± 0.14 17.64 ± 0.22
Carbonaceous

matter 9.78 ± 0.61 1.19 0.19 0.31 7.68 ± 0.81 14.21 ± 0.63 4.61 ± 0.16

Molybdenum
concentrate 5.01 ± 0.6 1.27 0.47 0.23 4.20 ± 0.45 18.01 ± 0.54 1.78 ± 0.18

Vanadium
Mica 27.26 ± 1.70 1.52 0.07 0.55 27.31 ± 1.77 14.58 ± 0.36 22.85 ± 2.56

Tailings 23.48 ± 1.29 1.26 0.01 1.49 19.50 ± 1.67 1.79 ± 0.31 53.13 ± 2.03
Soluble
fraction 19.18 - - - - - -

Raw ore 100.00 1.49 0.13 0.59 100.00 100.00 100.00

Note: x—mean value, σ—confidence interval. Number of samples is 3.
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From the results in Table 8, it can be seen that scrubbing–desliming and flotation 
enriched the vanadium, nickel, and molybdenum in different products. The grade of V2O5 
in the vanadium-molybdenum slime was 4.10%, and the recovery was 41.31%. The Mo 
grade was 0.44% and the recovery was 51.40%. Based on the mineralogical characteristics 
of molybdenum, a small amount of molybdenum was enriched in the carbonaceous mat-
ter and molybdenum concentrate, but the recovery was not high. Based on a phase anal-
ysis of the vanadium, we found that, in addition to clay minerals, it was also partially 
present in mica. However, the enrichment effect of vanadium mica in the flotation test 
results was poor, and the V2O5 grade in the concentrate was only 1.52%. This is because 
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containing mica, such as silicate and quartz, which made the flotation separation process 
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contained less vanadium, and the flotation process produced vanadium-containing mica 
with similar mineral properties to vanadium-free aluminosilicate, resulting in more con-
centrate and yielding small improvements in its grade [10,43]. Based on the occurrence 
states of nickel in the stone coal, it can be seen that the floatability of nickel was poor, the 
nickel grade in the tailings was 1.49%, and the recovery was 53.13%. Because stone coal 
also contained nickel–vanadium symbiotic ore, a small part of the nickel was produced in 
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From the results in Table 8, it can be seen that scrubbing–desliming and flotation
enriched the vanadium, nickel, and molybdenum in different products. The grade of V2O5
in the vanadium-molybdenum slime was 4.10%, and the recovery was 41.31%. The Mo
grade was 0.44% and the recovery was 51.40%. Based on the mineralogical characteristics
of molybdenum, a small amount of molybdenum was enriched in the carbonaceous matter
and molybdenum concentrate, but the recovery was not high. Based on a phase analysis of
the vanadium, we found that, in addition to clay minerals, it was also partially present in
mica. However, the enrichment effect of vanadium mica in the flotation test results was
poor, and the V2O5 grade in the concentrate was only 1.52%. This is because the stone
coal contained many gangue minerals with a similar floatability to vanadium-containing
mica, such as silicate and quartz, which made the flotation separation process difficult.
Furthermore, the vanadium was partially substituted in the mica, so the mica contained
less vanadium, and the flotation process produced vanadium-containing mica with similar
mineral properties to vanadium-free aluminosilicate, resulting in more concentrate and
yielding small improvements in its grade [10,43]. Based on the occurrence states of nickel
in the stone coal, it can be seen that the floatability of nickel was poor, the nickel grade in
the tailings was 1.49%, and the recovery was 53.13%. Because stone coal also contained
nickel–vanadium symbiotic ore, a small part of the nickel was produced in the vanadium-
containing mica concentrate. The above results demonstrate that this process can effectively
recover vanadium, nickel, and molybdenum from stone coal by multiple steps.

3.3.2. Vanadium, Nickel, and Molybdenum Leaching Experiments

Corresponding leaching experiments were carried out for different products obtained
in the beneficiation experiments. Tang [44] and Zhao [45]’s experiments showed that carbon
can be completely removed by roasting stone coal at 700 ◦C for 1 h. In our laboratory work,
the vanadium–molybdenum slime, carbonaceous matter, and molybdenum concentrate
were mixed and roasted at 650 ◦C for 2 h. The roasted slag was leached for 10 h at room
temperature, a sulfuric acid concentration of 1.84 mol/L, and a liquid–solid ratio of 4:1.
The vanadium-containing mica concentrate and nickel-containing tailings were leached
under the same condition as above for the roasted slag. The results are shown in Table 9. At
the same time, a fluoride leaching experiment was carried out on the raw ore. The results
are shown in Table 10.

Table 9. Leaching efficiency of different beneficiation products.

Sample Leaching Efficiency (x ± σ)/%
V Ni Mo

Slime-Carbon-Molybdenum Concentrate 72.55 ± 2.63 58.28 ± 2.15 94.10 ± 0.16
Vanadium mica 50.74 ± 0.27 71.67 ± 0.71 3.25 ± 0.80

Nickel-bearing tailings 72.45 ± 1.60 67.86 ± 1.02 13.58 ± 1.58
Note: x—mean value, σ—confidence interval. Number of samples is 3.

Table 10. Experimental conditions and results of fluorination leaching in the stone coal raw ore.

Elements V Ni Mo

Leaching
efficiency/% 54.89 67.35 24.66

Leaching conditions. Sulfuric acid concentration 2.5 mol/L; Calcium fluoride 10%; Liquid–solid ratio 1.5:1;
Leaching time 8 h.

It can be seen from Table 10 that the leaching efficiency of the molybdenum in the
slime–carbon–molybdenum concentrate was as high as 94.10% after roasting. This was due
to the oxidation of MoS2 to MoO3 at 650 ◦C, which is more easily leached using sulfuric
acid. The leaching efficiency of the vanadium was 72.55%. As vanadium in clay minerals
mostly exists in the form of V(IV) and V(V) adsorption states, it can be dissolved in acid [10].
The leaching efficiency of the vanadium in the vanadium-containing mica was low, which

114



Minerals 2023, 13, 21

may be related to the crystal structure of the vanadium mica. Therefore, in the process
of leaching, it is necessary to add leaching aids to strengthen the fracturing of Si-O and
Al/(V)-O in mica [46–48]. According to the results of the direct fluorination leaching of
the raw ore in Table 10, it can be seen that the vanadium, nickel, and molybdenum were
first pre-concentrated by the beneficiation process, after which the roasting–sulfuric-acid-
leaching or direct acid leaching processes were used for different products to reduce acid
consumption without producing fluorine-containing wastewater and reducing pollution in
water resources.

4. Conclusions

(1) V2O5, Ni, and Mo grades in the stone coal were 1.29%, 0.53%, and 0.11%, respectively.
The vanadium-bearing minerals were mainly carbonaceous clay minerals and vanadium-
bearing mica. The nickel-bearing minerals were mainly nickel magnesium spinel with a
small amount of nickel-bearing potassium–magnesium alum. The molybdenum-bearing
minerals were mainly molybdenite mostly in the form of molybdenite monomer and
partially embedded in carbonaceous materials, carbonaceous clay, and other minerals.
The stone coal sample also contained soluble minerals such as sodium magnesium alum,
potassium sodium magnesium alum, and nickel–sodium–magnesium alum. The loss of
vanadium, nickel, and molybdenum in soluble fractions was comparatively small.

(2) Based on the research results of the mineralogical features study, we propose
enriching vanadium, nickel, and molybdenum using a scrubbing–desliming–flotation
process to obtain vanadium-rich molybdenum slime and nickel-containing tailings. In our
experiment, the V2O5 grade increased from 1.49% to 4.10%, and the recovery was 41.31%.
The Mo grade increased from 0.13% to 0.44%, and the recovery was 52.70%. The Ni grade
in the flotation tailings was 1.49%.

(3) The obtained vanadium-molybdenum slime, carbonaceous matter, and molybde-
num concentrate were roasted and acid-leached; the leaching efficiency of V was 72.55%
and the leaching efficiency of Mo was 94.10%. The vanadium-bearing mica concentrate and
tailings were directly leached using acid. When the dosage of sulfuric acid was 1.84 mol/L,
the leaching efficiency of V and Ni were 50.74% and 67.86%, respectively. Compared with
the direct fluorination leaching of the raw ore, the leaching effects of vanadium and nickel
were similar, but the leaching efficiency of molybdenum was higher with a lower dosage of
sulfuric acid. The current test was only an exploration and needs to be optimized in the
follow-up work.

(4) After a mineralogical features study of stone coal from Shaanxi Province, the
phase composition and inlay characteristics of vanadium, nickel, and molybdenum were
identified, and a scrubbing and sludge–flotation–leaching process was selected to realize
the green and clean enrichment of vanadium, nickel, and molybdenum metals. This may
provide guidance and reference for industrial applications.
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Abstract: During the flotation separation process of bastnaesite, it is difficult to separate bastnaesite
from fluorite effectively. In this present study, sodium silicate (SS) can effectively improve the flotation
separation effect of bastnaesite and fluorite in salicylhydroxamic acid (SHA) systemasa. Through
relevant analyses, such as Zeta potential measurements, adsorption capacity tests, Fourier transform
infrared (FTIR) spectroscopic analyses and X-ray photoelectron spectroscopy (XPS) tests, the selective
suppressor of SS on fluorite was proven. At pH 10, the single mineral flotation results show that
with the increase of SS dosage, the flotation recovery of fluorite rapidly decreases from 61.5% to
35.31%, while the flotation rate of bastnaesite is still high (recovery is 80.02%). Then, the experiment
of artificial mixed ore proved that the flotation separation of fluorite and bastnaesite was effective
under the appropriate dosage of inhibitor. The results of potentiodynamic measurement and an
adsorption capacity test showed that the SiO(OH)−3 structure of SS more easily reacted with fluorite,
which further prevented the adsorption of SHA on the fluorite surface. FTIR test results and XPS
analysis further showed that SS had a strong binding effect with the Ca site on the fluorite surface,
but a weak binding effect with the Ce site on the bastnaesite surface. Consequently, SS can be used as
an effective inhibitor in the flotation separation of fluorite and bastnaesite.

Keywords: bastnaesite; fluorite; flotation; sodium silicate; salicylhydroxamic acid

1. Introduction

The 17 metals in the periodic table (lanthanides, scandium and yttrium) make up
the rare-earth elements, which include light, medium and heavy REEs [1–3]. Due to their
unique physical and chemical properties, light REEs are widely used in catalysis, supercon-
ductivity, the chemical industry and other fields. Light REEs are widely used in many fields
due to their special characteristics [4]. Today, demand for light REEs is surging in many
countries around the world [5,6]. China has a large amount of rare-earth resources, with
about 65.88 million tons of rare-earth reserves, and the country supplies more than 90%
of the world’s rare-earth resources [7,8]. Normally, bastnaesite is associated with calcite,
barite, fluorite, etc. How to effectively enrich bastnaesite from gangue minerals is of great
importance for the development of low-grade fine bastnaesite [9,10]. Flotation separation is
a highly effective method to recover slight bastnaesite, as compared to magnetic and gravity
separation. Bastnaesite and fluorite have similar properties. The effective separation of
fine bastnaesite from fluorite has always been a difficult problem in the field of mineral
processing [11–14]. Salicylhydroxamic acid (SHA) is highly selective to bastnaesite and
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is usually used as a collector in the bastnaesite flotation process. However, SHA is also
selective for fluorite [15–17]. Therefore, the search for safe, effective and cost-efficient in-
hibitors can increase the separation efficiency of bastnaesite and fluorite. The inhibitors can
provide preferential adsorption on gangue minerals due to their increased hydrophilicity
and effectively prevent adsorption between collectors and mineral surface sites [18–20].

Sodium silicate (SS) is the generally used fluorite inhibitor in bastnaesite flotation, and
SS has a good dispersion effect on pulp [21]. The adsorption mechanism of SS on mineral
surfaces involves physical adsorption and chemical adsorption. With SS, hydrophilic and
electronic silica colloidal particles and hydrogen silicate are the main inhibitors [22]. The study
found that, in the flotation separation process, the absolute value of the adsorption energy
of fluorite for SiO(OH)−3 was obviously higher than that of Si(OH)4, and the adsorption of
SiO(OH)−3 was more secure on fluorite surfaces than that of Si(OH)4 [23]. It is possible that
SiO(OH)−3 reacted with Ca2+ to form a complex, changing its hydrophilicity and, thereby,
reducing the adverse effects of fluorite on the flotation of bastnaesite. Under different pH
systems, SS displayed inhibitory effects with different intensities on fluorite. The difference in
surface hydrophobicity was used to separate fluorite from bastnaesite [14,17].

This study used SS as an inhibitor for flotation separation of bastnaesite and fluorite,
while SHA was used as a collector. The inhibition effect of SS on fluorite at a specific pH
value was compared by micro-flotation experiments. At the same time, the selective inhibi-
tion effect of SS on fluorite was explained by potentiodynamic measurements, adsorption
tests, infrared spectroscopy, XPS analysis and solution chemistry. Thus, the conclusion of
this study can provide a theoretical basis for the development and implementation of the
separation process of fine-grained bastnaesite and co-associated fluorite resources.

2. Materials and Method
2.1. Materials

The pure minerals of bastnaesite and fluorite used in the experiment were sourced
from China. The single mineral utilized in the test was obtained by crushing, picking and
repeatedly purifying the raw ore. The purity of the bastnaesite and fluorite was determined
by chemical analysis (Tables 1 and 2) and X-ray diffraction (Figure 1), which proved that
the high purity met the test requirements [24]. The test regulators (NaOH and H2SO4),
collector (Salicylhydroxamic acid) and inhibitor (Sodium silicate) were all analytical pure.

Table 1. Chemical composition of bastnaesite powder samples (%).

Element CeO2 La2O3 Nd2O3 Pr2O3 Gd2O3 Sm2O3 Fe2O3

Content 34.882 29.476 7.096 2.624 0.564 0.301 1.348

Element MoO3 BaO PbO CaO SiO2 ThO2 Others

Content 1.255 1.211 1.114 0.632 0.416 0.320 0.990

Table 2. Chemical composition of fluorite powder samples (%).

Element CaO F SiO2 Al2O3 SO3

Content 73.177 23.705 0.172 0.022 0.020

Element Fe2O3 ZnO SrO Y2O3 Others

Content 0.050 0.020 0.009 0.007 0.011
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Figure 1. XRD spectra of bastnaesite (a) and fluorite (b) particles.

2.2. Micro-Flotation Tests

The pure mineral flotation tests used the XFGII hanging trough flotation machine
shown in Figure 2. Each 2.00 g sample was placed in a 50 mL flotation tank before adding
35 mL deionized water and stirring for 1 min. The pH was adjusted with H2SO4 or NaOH
for 3 min. Samples were stirred for 3 min after addition of SS and then for another 3 min
with SHA. After adding the foaming agent, stir for 2 min and then flotation for 4 min.
The foam products were dried and weighed [25], and the calculation formula of flotation
recovery is as follows. The micro-flotation tests flow is shown in Figure 3.

ε =
m1

m1 + m2
× 100% (1)
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2.3. Potentiodynamic Potential Measurement

The Malvern Zeta sizer nano ZS analyzer was used to test mineral Zeta potential. The
specific test steps are as follows: take 2.00 mg single mineral (−5 µm) into the conical flask,
add 30 mL deionized water into it, and adjust the pulp according to the flotation process
for a single mineral. It was oscillated on the thermostatic vibrating screen for 30 min and
left for 10 min. The supernatant was taken to measure zeta potential. Three measurements
were taken under different dose conditions, and the average of the final results was taken.

2.4. Adsorption Tests

A UV-3000 ultraviolet spectrophotometer was used to measure the adsorption capacity
of the reagent on the mineral surface. A 2.00 g sample of a single mineral was weighed and
placed in a conical flask for each test, and 35 mL deionized water was added. The reagent
was added according to the single mineral flotation process. After shaking in a constant
temperature shaker for 2 h, the supernatant was taken to determine the absorbance after
solid–liquid separation, and then the concentration of the remaining reagent in the solution
was calculated by the standard curve.

2.5. FTIR Measurements

Put 2.00 g single mineral sample (5 µm) into a beaker, pour 30 mL deionized water into
it, add flotation agent and stir for 1 h. The mineral samples were then washed three times
with deionized water. The last step is to dry in a vacuum oven (40 ◦C). The sample was
prepared by the potassium bromide (KBr) disk method, and FTIR spectra were obtained
by the IRffinity-1 Fourier Transform Infrared Spectrometer (Shimadzu, Kyoto, Japan). The
region of spectral data is 400–4000 cm−1 [26].

2.6. XPS Analysis

Samples for XPS testing were prepared in the same manner as FTIR. XPS spectra were
obtained by measuring the sample with the Thermo ScientificESCALab 250Xi XPS tester.
The XPS spectra of mineral samples, before and after being treated by flotation reagent,
were analyzed, and the specific adsorption sites between reagent molecules and minerals
were determined.

3. Results
3.1. Micro-Flotation Results
3.1.1. Single Mineral Flotation Tests

Figure 4a shows the relationship between the collector SHA dose and mineral floata-
bility at pH 8. The results show that when the dose of collector SHA is 4 × 10−4 mol/L,
bastnaesite and fluorite reach their maximum values [10]. The results in Figure 4b show that
bastnaesite and fluorite have high floatability under weak alkaline conditions with/without
SS. When the pH is 8~10, the floatability of bastnaesite is better, and the floatability of
fluorite is better at pH 7~8. At pH 10, the presence of SS has no obvious effect on the
flotation recovery of bastnaesite, but the flotation recovery of fluorite decreases greatly.
This result shows that SS inhibits fluorite in this system [10,27]. Figure 4c shows the SS dose
as a function of minerals floatability at pH 10. When the dose of SS is low, the floatability
of bastnaesite decreases slightly, and the floatability of fluorite decreases rapidly. With
increasing SS, the recovery of bastnaesite and fluorite obviously decrease. When the dose
of SS is 40 mg/L, the floatability of bastnaesite and fluorite varies greatly, and selective
inhibition is the most obvious.
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3.1.2. Flotation Separation Tests of Mixed Ore

Pure mineral flotation experiments show that the best flotation separation conditions
of bastnaesite and fluorite were 4 × 10−4 mol/L of SHA, 40 mg/L of SS and 20 mg/L of
terpineol, pH 10. In order to further determine the flotation results of a single mineral, the
bastnaesite and fluorite were mixed manually, according to the mass ratio of 1:1, and the
mixed mineral was used for flotation. Table 3 shows the flotation test results.

Table 3. The results of flotation separation of artificial mixed ore.

Reagents Product Yield (%) Grade (%) Recovery (%)

Bastnaesite Bastnaesite

pH: 10; SHA: 4 × 10−4 mol/L;
T: 20 mg/L

Concentrate 69.23 57.28 79.34
Tailing 30.77 33.56 20.66
Feed 100.00 49.98 100.00

pH: 10; SHA: 4 × 10−4 mol/L;
SS: 40 mg/L; T:20 mg/L

Concentrate 49.67 82.08 83.21
Tailing 46.99 17.01 16.79
Feed 100.00 49.98 100.00

Table 3 shows that bastnaesite recovery is 79.34% in the concentrate without SS, but
the grade of bastnaesite is only 61.28%. After adding 40 mg/L SS, the recovery and grade
of bastnaesite increased to 83.21% and 82.08%, respectively. These figures indicate that SS
can effectively separate bastnaesite and fluorite at pH 10.
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3.2. Potentiodynamic Measurements

The change of the Zeta potential on the mineral surface can indirectly represent the
adsorption of flotation agents on the mineral surface under different pH conditions [28,29].
Figure 5 shows that the isoelectric points of bastnaesite and fluorite are 7.21 and 9.12,
respectively, demonstrating the Zeta potentials of bastnaesite and fluorite before and after
interaction with different reagents [28,30]. When SHA was used as the sole treatment, the
Zeta potentials of bastnaesite and fluorite were negatively shifted as a result of adsorption
between SHA and the mineral. After the zero point, the Zeta potentials of bastnaesite
and fluorite were still negatively shifted, indicating chemisorption between SHA and the
mineral [26,31].
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When SS was added alone, the Zeta potential of bastnaesite shifted slightly in a
negative direction, indicating an interaction between the SS components and bastnaesite.
The negative shift of the Zeta potential of fluorite over the whole pH range indicates that
the interaction between the SS and fluorite is stronger, and there is also chemisorption, in
addition to electrostatic adsorption [32]. More precisely, at pH 10, the Zeta potential of the
bastnaesite shifts by −6.43 mV (from −29.23 mV to −35.66 mV), and the Zeta potential of
the fluorite shifts by −25.48 mV (from −18.91 mV to −44.39 mV).

When adding SS and SHA, the Zeta potential of the bastnaesite still shows a significant
negative shift at pH 10 from −29.23 mV to −53.11 mV. These results show that SHA can
adsorb on the surface of bastnaesite, even in the presence of SS, and the Zeta potential shift
of bastnaesite is more obvious under the action of SHA, which indicates that the adsorption
capacity of SS on the surface of bastnaesite is weaker than SHA, which is the reason for
the good floatability of bastnaesite at a low SS concentration [33,34]. However, the Zeta
potential after both SS and SHA treatment of the fluorite was almost the same as that of the
fluorite interacting with SS alone, indicating that adsorption on the SS fluorite surface was
stronger than that on SHA. The results show that the presence of SS hinders the further
adsorption of SHA on the fluorite surface. Therefore, SS has a stronger inhibitory effect on
fluorite than bastnaesite.

3.3. Adsorption Capacity and Solution Chemistry

Figure 6 shows the experimental results of SHA adsorption on the bastnaesite and flu-
orite surfaces with/without SS. Figure 6a shows that without SS, the maximum adsorption
amount of fluorite is at pH 7–8, and the maximum adsorption amount of bastnaesite is at
pH 8–10. When adding SS and pH > 9.5, the presence of SS leads to a significant decrease in
the adsorption amount of SHA on the fluorite surface. The adsorption experiments shown
in Figure 6b investigate the effect of SS dose on SHA adsorption at pH 10. When the dose
of SS is low, SHA adsorption on the surface of the bastnaesite is slightly reduced, while
SHA adsorption on the surface of the fluorite is greatly reduced. The inhibition of SHA
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adsorption on the fluorite surface by SS indicates that SS has a stronger adsorption capacity
on fluorite than SHA, which may also explain the results of the single mineral flotation
experiments. This phenomenon may be due to the chemical reaction between SS and the
fluorite surface, resulting in more stable substances.
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In the flotation process, the inhibitor in pulp shows various shapes under different
pH conditions, and the form of the inhibitor has a certain influence on the flotation perfor-
mance [29,31,35]. The solution chemistry of SS can be analyzed to obtain the distribution
coefficients of each component at different pH values. Figure 7 shows the functional rela-
tionship between the hydrolysis components of SS and pH. When the pH < 9.5, the main
component of SS in the solution is Si(OH)4; when the pH is 9.5–12.4, the main component of
SS in the solution is SiO(OH)−3 at pH 9.5–12.5; and when pH ≥ 12.5, the main component
of SS in the solution is SiO2(OH)2−

2 [36,37]. When SS acts, the pH of the slurry is 9.5–12,
and the main component in the solution is SiO(OH)−3 . Silicate particles adsorb on the
fluorite surface with high solid strength and a large adsorption capacity, which reduces
fluorite recovery. In contrast, the adsorption capacity of bastnaesite is small, and the fixation
strength is weak. Thus, SS has good selectivity [35,38]. At pH 9.5–12.5, SS has the strongest
adsorption capacity on the fluorite surface, which explains why SHA adsorbed on the
fluorite surface decreases significantly in this pH range and further verifies the results of
the single mineral flotation test.
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3.4. Infrared Spectroscopy Analysis

The interference of SS adsorption on bastnaesite and fluorite on SHA was studied by
infrared spectrum analysis of SS, SHA and treated bastnaesite and fluorite. The spectra of
SHA and SS are shown in Figure 8. Table 4 shows the main bands corresponding to the
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relevant chemical bonds. In the FTIR spectra of SHA, 3283 cm−1 and 3050 cm−1 are the
stretching vibrations of -OH with CH3 on the benzene ring [38,39]; the spectra of 1521 cm−1

and 1153 cm−1 correspond to the stretching vibrations of benzene rings C=C and C=O,
respectively. The spectra at 903 cm−1 and 1031 cm−1 are the asymmetrical and symmetrical
tensile vibrations of -C-N and =N-O, respectively, which are major functional groups of
SHA [39]. In the infrared spectrum of SS, the absorption peaks of 3335 cm−1 and 1660 cm−1

are the -OH stretching vibration and bending vibration absorption peaks of SS, and the
absorption peaks of 995 cm−1 are the Si-O stretching vibration absorption peaks of SS at
995 cm−1 [40].
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Table 4. The bands corresponding to the relevant chemical bond in FT-IR spectra of the minerals.

FTIR Band (cm−1) Chemical Bond

SHA

3286 O-H stretching vibration
2865 -CH3 stretching vibrations
1574 C=C stretching vibrations
1153 C-O stretching vibrations
1031 =N-O anti-symmetric stretching vibration
905 N-O symmetric stretching vibration

Bastnaesite

3584 -OH stretching vibration
1824 C=O and cation coordination
1445 CO2−

3 anti-symmetric stretching vibration
1087 CO2−

3 symmetric stretching vibration
867 CO2−

3 plane bending vibration
723 CO2−

3 in-plane bending vibration

Bastnaesite + SS + SHA

3793 N-H stretching vibrations
3696 C-H stretching vibrations
1035 N-O stretching vibrations
1018 N-O stretching vibrations

Figure 9a shows the infrared spectra of SHA- and SS-treated bastnaesite. The charac-
teristic peak at 3584 cm−1 in the pure bastnaesite is due to the -OH stretching vibration
from water in the air or on the surface of the sample, which indicates that the ions are
hydroxylated at pH 10 and that the planar bending vibration and asymmetric stretching
vibration of 2503 cm−1 in bastnaesite occur [41]. The peaks at 1824 cm−1 and 1763 cm−1 are
attributed to stretching caused by the coordination between the C=O bond and rare-earth
element cations [39]. The bands at 1445 cm−1 and 1085 cm−1 are attributed to the asym-
metric stretching of carbonate. The bands at 867 cm−1 and 723 cm−1 are the out-of-plane
and in-plane bending of carbonate [39,42]. After the ore is treated with SS alone, there is no
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SS band, indicating that SS is not obviously adsorbed on the bastnaesite surface. After SS
and SHA treatment, the spectrum of bastnaesite shows the characteristic peaks of tensile
vibration of C-O and N-H at 3793 cm−1, 3696 cm−1, 3660 cm−1 and 3584 cm−1, and the char-
acteristic peaks of out-of-plane bending of =N-O are at 1035 cm−1 and 1018 cm−1 [39,41,42].
The results show that the presence of SS does not affect the adsorption of SHA on the
bastnaesite surface.
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Figure 9b shows the infrared spectrum of fluorite before and after SS and SHA treat-
ment. For fluorite, the broad peaks near 3443 cm−1 and 1632 cm−1 are attributed to
adsorbed water molecules, and the characteristic peaks at 1434 cm−1 and 1399 cm−1 are
attributed to fluorite [43,44]. After SS treatment, there are new characteristic peaks at
1002 cm−1 and 974 cm−1 on the fluorite surface, which may be caused by the tensile vi-
bration of Si-O, indicating that there are SiO(OH)−3 groups on the fluorite surface [45].
Moreover, the characteristic peak of fluorite at 1434 cm−1 moves to 1457 cm−1, indicating
that SS is adsorbed on the fluorite surface [45,46]. There are no new characteristic peaks on
the fluorite surface treated with SHA and SS, unlike that of the surface treated with SS alone.
FTIR analysis showed that the surface of the bastnaesite treated with SS did not affect the
further adsorption of SHA. When SS and SHA are both used as treatments, the IR spectra
of the fluorite are very similar to those of the SS alone. SS can hinder SHA adsorption
behavior on the fluorite surface, which further confirms that SS selectively inhibits the
fluorite surface, thereby reducing fluorite floatability.

3.5. XPS Measurement Results

Table 5 shows the change of the relative atomic concentration before and after the
interaction of the flotation reagent with bastnaesite and fluorite. After SS treatment, the
atomic concentrations of C, Ce, La and F decreased slightly, while the atomic concentrations
of O and Si only slightly increase [47,48]. After SS and SHA treatment, the C and N atomic
concentrations increase by 7.43% and 2.12%, respectively; the Si atomic concentration
increases slightly; the O, Ce and La atomic concentrations decrease by 7.28%, 1.00% and
1.36%, respectively; and the F atomic concentration decreases slightly. When compared
with bastnaesite, the relative atomic concentration of the fluorite surface treated with SS
changes significantly. The atomic concentrations of F, Ca and C decrease by 3.59%, 1.56%
and 0.7%, respectively, and the atomic concentrations of O and Si increase by 3.83% and
2.02%, respectively. Especially, significant changes in the Si content suggest that a lot of SS
is adsorbed on the fluorite surface. Consequently, the adsorption behavior of the flotation
reagents on the mineral surface was further studied. Figure 10 shows the XPS spectra of
minerals treated with/without flotation reagents. Figure 10a shows that after adding SS
alone, there is no obvious change in the spectrum of the bastnaesite. After the interaction
between SS and SHA, a new N 1s peak appears on the surface of the bastnaesite, and SS
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does not affect the adsorption of SHA on the surface of the bastnaesite. Figure 10b shows
that after adding SS alone, the spectrum of the fluorite shows a new peak at Si 2p, and
there are no new peaks where SS and SHA coexist, indicating that a large amount of SS
covers the surface of the fluorite, and the presence of SS hinders the adsorption of SHA on
the fluorite.

Table 5. Atomic concentrations of various elements on the surfaces of bastnaesite and fluorite
untreated and treated by flotation reagents.

Samples Atomic Concentration/%

C N O Ce La Ca F Si

Bastnaesite 32.51 - 44.70 4.53 6.65 - 11.61 -
SS treated bastnaesite 31.96 - 45.12 4.49 6.61 - 10.84 0.98

SS + SHA treated bastnaesite 39.94 2.12 37.42 3.53 5.29 - 11.01 0.69
Fluorite 13.57 - 5.16 - - 27.63 53.64 -

SS treated fluorite 12.87 - 8.99 - - 26.07 50.05 2.02
SS + SHA treated fluorite 12.93 0.12 8.97 - - 26.02 49.93 2.03
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Figure 11a shows the high-definition Ce 3d5/2 XPS spectra of the pure and flotation
reagent-treated bastnaesite samples, and the detailed analysis results of the Ce 3d5/2 XPS
spectra are shown in Table 6. In the pure bastnaesite spectra, the three-dimensional Ce
spectrum consists of spin-orbital split 3d5/2 and 3d3/2 nuclear pores, and 3d5/2 is closely
linked to the 3d3/2 spectrum. In general, the binding energy of 3d3/2 is 18–19 eV higher
than that of 3d5/2, and the intensity ratio between 3d5/2 and 3d3/2 is 1.5 [49,50]. For the
sake of clarity, only the Ce 3d5/2 spectrum is analyzed and displayed in this study. The
peaks of 888.18 eV and 888.18eV are more likely to be related to Ce (III), which may be
due to the complex electron configuration of Ce atoms and the effect of F atoms on the
crystal structure of bastnaesite [50,51]. The Ce 3d5/2 slightly shifted (<0.10) after adding SS
alone, all within the instrument error range [52]. When SS and SHA were added together,
the Ce 3d5/2 peak near 531.55 eV decreased by 0.16 ± 0.02 eV. The decrease in binding
energy indicates that the SHA is chemically adsorbed on the Ce ions on the surface of
the bastnaesite.

Figure 11b shows the high-resolution C 1s XPS spectra of the pure and flotation reagent-
treated bastnaesite samples, and the detailed analysis results of the C 1s XPS spectra are
shown in Table 7. The results show that the C 1s XPS spectra of pure bastnaesite have two
peaks at the binding energies of C-C and CO2−

3 of 284.77 eV and 289.31 eV, respectively. The
results show that the C 1s XPS spectra of pure bastnaesite can have two component peaks
at binding energies of 284.77 eV and 289.31 eV from C-C and CO2−

3 , respectively [53,54]. In
the C 1s XPS spectra of the bastnaesite treated by SS alone, there is no obvious shift of the
C 1s peak, while the peaks at 284.77 eV and 289.31 eV move forward by 0.24 eV and 0.40 eV,
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respectively, after SS and SHA treatment. This shift may be due to the superposition of the
SHA C=O group with CO2−

3 on the surface of the bastnaesite [55].
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Table 6. Analysis results of Ce 3d5/2 XPS spectra of bastnaesite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Bastnaesite

881.89 2.54 /
883.98 2.54 /
886.09 2.54 /
888.18 2.54 /

Bastnaesite + SS

881.87 2.51 −0.02
883.97 2.52 −0.01
886.07 2.51 −0.02
888.14 2.53 −0.04

Bastnaesite + SS + SHA

881.77 2.63 −0.12
883.82 2.61 −0.16
885.91 2.63 −0.18
888.02 2.63 −0.16

Table 7. Analysis results of C 1s XPS spectra of bastnaesite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Bastnaesite
284.77 1.81 /
289.31 1.83 /

Bastnaesite + SS
284.74 1.81 −0.03
289.39 1.80 0.08

Bastnaesite + SS + SHA
285.01 1.86 0.24
289.71 1.87 0.40

Figure 11c shows the high-definition O 1s XPS spectra of the pure and flotation reagent-
treated bastnaesite samples, and the detailed analysis results of the O 1s XPS spectra are
shown in Table 8. The results show that the O 1s region of the bastnaesite can be fitted
to two central peaks of binding energy of 531.55 eV and 533.11 eV in the XPS spectra,
respectively, from CO2−

3 and Ce-OH [55,56]. In the O 1s XPS spectrum of the bastnaesite
treated by SS alone, the O 1s XPS peak of CO2−

3 moves 0.10 in the positive direction. In the
O 1s XPS spectrum of SS- and SHA-treated bastnaesite, the O 1s XPS peak of CO2−

3 shifted
to the positive direction by 0.24 eV, which is due to the benzene-ring-binding -OH group in
SHA [55]. The O 1s XPS peak in the Ce-OH shifts 0.20 eV in the positive direction due to
the reaction of the C=O group of the SHA with the surface of the bastnaesite [57].

Table 8. Analysis results of O 1s XPS spectra of bastnaesite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Bastnaesite
531.55 1.73 /
533.11 1.63 /

Bastnaesite + SS
531.58 1.48 0.03
533.18 1.34 0.07

Bastnaesite + SS + SHA
531.76 1.78 0.21
533.36 1.67 0.25

In addition, Figure 11d shows the high-definition N 1s XPS spectra of the flotation
reagent-treated bastnaesite samples, and the detailed analysis results of N 1s XPS spectra
are shown in Table 9. It is further confirmed that NHA is adsorbed on the bastnaesite
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surface. This adsorption may be attributed to the N atom in the =N-OH forming a new
saturated chelate with the surface of the bastnaesite [24,58].

Table 9. Analysis results of N 1s XPS spectra of bastnaesite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Bastnaesite + SS + SHA
399.48 1.57 399.48
400.78 1.47 400.78

Figure 12a shows the high-definition Ca 2p XPS spectra of the pure and flotation
reagent-treated fluorite samples, and the detailed analysis results of the N 1s XPS spectra
are shown in Table 10. In the spectra of the pure fluorite samples, the binding energies at
347.74 eV and 351.25 eV are the peaks of Ca 2p3/2 and Ca 2p1/2, respectively. In the XPS
spectra of the fluorite samples treated by SS alone, the binding energy offsets of the Ca
2p3/2 and Ca 2p1/2 peaks are 0.39 eV and 0.27 eV (>0.20 eV), respectively. The obvious
shift of the Ca 2p energy spectrum on the fluorite surface indicates that the interaction
between the fluorite and the SS is chemical bonding rather than simple physical bonding.
This observation shows the chemical surroundings of the fluorite surface has changed.
However, the Ca 2p peak of the SS- and SHA-treated fluorite shows no significant change
compared with the SS alone [59].
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Table 10. Analysis results of Ca 2p XPS spectra of fluorite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Fluorite
347.74 2.05 /
351.25 2.05 /

Fluorite + SS
347.32 2.24 −0.42
350.98 2.24 −0.27

Fluorite + SS + SHA
347.38 2.15 −0.36
350.98 2.15 −0.27

Figure 12b shows the high-definition C 1s XPS spectra of the pure and flotation reagent-
treated fluorite samples, and the detailed analysis results of the C 1s XPS spectra are shown
in Table 11. In the spectra of the pure fluorite samples, the C 1s peak is attributed to
CO2−

3 [24]. In the XPS spectra of the fluorite samples treated with SS alone, the binding
energy of the C 1s peak shifts to 0.30 eV and 0.24 eV [24,59]. The fluorite samples treated
with SS and SHA did not show the characteristic peaks of the carbonyl groups and the
benzene ring of SHA. The binding energy offset of the C 1s peak is less than 0.10 eV, which
is within the range of instrument error.

Figure 12c shows the high-definition Si 2p XPS spectra of the flotation reagent-treated
fluorite samples, and the detailed analysis results of the Si 2p XPS spectra are shown in
Table 12. At 102.16 ev and 102.69 ev, the Si 2p peak of the fluorite was fitted by double
peaks [35,37,45]. Because the binding energy of the Si-C bond does not exceed 102 eV near
100.5 eV, it is possible that the SS interacts with the Ca2+ on the surface of the fluorite to
form a new chemical bond [37,45,60], indicating that the SS is adsorbed on the fluorite.
The results show that the SS has chemisorption on the fluorite surface, and the adsorption
capacity is higher than that of the bastnaesite.

Table 11. Analysis results of C 1s XPS spectra of fluorite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Fluorite
284.76 2.21 /
288.26 2.21 /

Fluorite + SS
284.46 2.44 −0.30
288.02 2.44 −0.24

Fluorite + SS + SHA
284.48 3.88 −0.28
288.06 3.88 −0.20

Table 12. Analysis results of Si 2p XPS spectra of fluorite samples untreated and treated by
flotation reagent.

Samples Binding Energy/eV FWHM/eV Chemical Shift/eV

Fluorite + SS + SHA
102.18 2.01 102.18
102.68 1.51 102.68

3.6. Discussion

By previous detection and analysis, we found that SS chelates strongly with Ca2+ on
the fluorite surface at pH 10, but has little interaction with Ce3+ on the bastnaesite surface.
The chelation reaction between SS and calcium ions was formulated as follows. In each cell,
SiO(OH)−3 provides a pair of oxygen atoms with Ca2+ to form a chelation.

Ca2+
<sur f .> + SiO(OH)−3 −→ Ca2+ −OSi(OH)3<sur f .> (2)
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Ca2+ − F<sur f .> + NaSiO(OH)−3 −→ Ca2+ −OSi(OH)3<sur f .> (3)

Under the alkaline condition (pH > 10), the SiO(OH)−3 concentration in the solution is
higher, SS can be firmly adsorbed on the fluorite surface, and then the fluorite flotation has a
fine inhibition effect [19,37,38,45]. These results indicate that SS is more easily adsorbed on
the fluorite surface under specific pH conditions, and a large amount of SS on the fluorite
surface interferes with further adsorption of SHA on the fluorite surface [37]. Conversely,
only a little SS was adsorbed on the surface of bastnasite, which did not significantly affect
the further adsorption of SHA on the surface of the bastnasite. The adsorption model of
flotation reagents on the surface of two minerals is shown in Figure 13.
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4. Conclusions

The efficient and economical inhibitor SS has been shown to promote the separation
of bastnaesite from fluorite. The following is a summary of the study:

(1) The results of micro-flotation show that SS has strong selective inhibition of fluorite
in a SHA flotation system. At a pH of 10, SS dosage 40 mg/L and SHA dosage
4 × 10−4 mol/L, the flotation separation effect of bastnaesite and fluorite can be
improved, and accurate recovery of bastnaesite is realized.

(2) The potentiodynamic potential and adsorption capacity showed that at pH = 10,
the presence of SS did not affect the further adsorption of SHA on the surface of
bastnaesite, but the adsorption of SHA on the surface of fluorite was greatly hindered,
which may be caused by the selective adsorption of SiO(OH)−3 ions on the surface of
fluorite. Under different pH conditions, the adsorption behavior of hydrolysates of SS
on the surface of the two minerals with different strengths leads to the difference in the
final floatability of the two minerals, which is the key to achieving flotation separation.

(3) FTIR and XPS analysis showed that SS has a strong binding force with Ca2+ on the
fluorite surface, while Ce3+ had a weak reaction with the bastnaesite surface. This
also explains that the selective inhibition of SS on fluorite in flotation separation is
determined by the different intensity of action of SiO(OH)−3 ions on the active sites
on the surface of the two minerals. This study has theoretically verified the reason
why SS can selectively inhibit bastnaesite and fluorite in flotation separation, and
provides guidance for the design and development of flotation separation processes
in the future.
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Abstract: Mineral particle size is an important parameter in the mineral beneficiation process. In
industrial processes, the grinding process produces pulp with qualified particle size for subsequent
flotation processes. In this paper, a hierarchical intelligent control method for mineral particle size
based on machine learning is proposed. In the machine learning layer, artificial intelligence tech-
nologies such as long and short memory neural networks (LSTM) and convolution neural networks
(CNN) are used to solve the multi-source ore blending prediction and intelligent classification of dry
and rainy season conditions, and then the ore-feeding intelligent expert control system and grinding
process intelligent expert system are used to coordinate the production of semi-autogenous mill and
Ball mill and Hydrocyclone (SAB) process and intelligently adjust the control parameters of DCS
layer. This paper presents the practical application of the method in the SAB production process of
an international mine to realize automation and intelligence. The process throughput is increased
by 6.05%, the power consumption is reduced by 7.25%, and the annual economic benefit has been
significantly improved.

Keywords: machine learning; mineral particle size; hierarchical intelligent control; LSTM; CNN

1. Introduction

With the continuous depletion of resources and the increasing pressure of environ-
mental protection and production costs, the production mode of mining enterprises is
changing from an extensive production mode driven by human experience to an intelligent
production mode driven by knowledge and data. The popularization of basic industrial
process automation technology and the rapid development of big data and intelligent
control technology also provide basic conditions and technical support for the intelligent
operation of mineral processing [1,2]. More and more production problems that are difficult
to solve by traditional methods need to be solved by artificial intelligence methods such as
machine learning [3,4].

In recent years, with the improvement of computer performance, the rise of intelligent
computing, and the development of AI algorithms such as machine learning and intelligent
perception, machine learning technology has become a universal technology that can be
used in all fields [5]. Machine learning, big data, expert systems, industrial internet, and
other artificial intelligence have achieved practical applications from theoretical research,
and the integration of applications in industrial scenarios shows great potential [6–10]. The
industrial artificial intelligence technology represented by machine learning and intelligent
perception has made breakthroughs and has been successfully applied in many fields,
especially the image processing technology based on deep convolution networks, which has
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been increasingly applied in industrial process control, fault detection, key parameter ac-
quisition of complex industrial systems [11–18] and other fields. Mou et al. introduced the
generation antagonism network (GAN) for soft sensor modeling, established an innovative
hybrid mechanism based on GAN and a data-driven soft sensor framework, and evaluated
the effectiveness of the method in the industrial case of predicting the thermal deformation
of the air preheater rotor of power plant boilers [19]. Wensi Ke et al. developed an LSTM-
based deep neural network structure as a soft sensing method with strong nonlinearity
and dynamics in the processing process and verified the effectiveness of the improved
modeling method through the benchmark test of the sulfur recovery unit [20]. Yan pro-
posed a Bayesian network (BN) based modeling and operational adjustment method is
investigated [21].

Africa is rich in copper, cobalt, and other mineral resources. Because most of them
are open-pit mining, the climate characteristics in the dry season and rainy season are
obviously different, leading to large fluctuations in raw material properties, such as particle
size and mineral composition. The existing control methods based on the determination of
models and parameters have problems such as large parameter drift and weak applicability,
which pose challenges to the production control of the SAB process. This is also a common
problem facing the resource development of the African continent.

This paper focuses on the control problems for particle size in the SAB process of a
copper concentrator in Africa. The layered intelligent control method based on machine
learning is used to solve the above control problems. In the machine-learning layer, the
long short memory neural network (LSTM), convolutional neural network (CNN), and
other artificial intelligence technologies are used to solve the multi-source ore blending
prediction and the intelligent classification of working conditions in dry and rainy seasons,
Then, the intelligent expert control system for ore feeding and the intelligent expert system
for semi-autogenous ball mill are used to coordinate the control of SAB process production
and intelligently adjust the control parameters of DCS layer. This method has successfully
improved SAB process production indicators and increased economic benefits.

2. SAB Process
2.1. SAB Process in Africa

Plant M is located in Africa, with a daily processing capacity of 10,000 tons. The SAB
process is adopted for ore grinding and classification. As shown in Figure 1, The coarse
ore pile is transported to the semi-autogenous mill (SAG mill). SAG mill ore discharge is
screened by drum screen, and the hard stones on the screen are transported to the SAG
mill by belt. The undersized slurry enters the grinding pump tank and is pumped to one
group of hydrocyclones. The hydrocyclone grit returns to the ball mill for grinding. The
ball mill discharge enters the grinding pump tank, and the hydrocyclone group finally
forms a closed circuit. The cyclone overflows into the flotation operation. The fineness of
the grinding product is −0.074 mm, accounting for 66%, and the pulp concentration is 32%,
entering the downstream production process. The stability of the SAB process product
production index seriously affects the production of downstream production processes
and even affects the production efficiency of the entire concentrator. SAB process urgently
needs to adopt automation and intelligent technology to control production stably.
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2.2. Analysis of Operation Problems

For the SAB process of Plant M, due to the variable operating conditions of SAG
grinding equipment, the operating parameters, such as power and axial pressure, vary
greatly with different operating conditions. During the process operation, it is necessary
to make targeted adjustments according to the change of working conditions in time to
ensure that the main equipment operates in the best state. The operator is inexperienced,
so it is difficult for the operator to accurately judge the operation status of the grinding
production process, and cannot make correct production decisions and operate at the
correct time point in time, thus affecting the overall operation efficiency and stability of the
process. Different experiences and habits of different production operators will also lead to
fluctuations in process indicators and equipment status between different production shifts,
affecting the overall stability of the concentrator production. Due to the complex source,
the raw ore obtained in the mining process is a mixture of copper sulfide and copper oxide.
The mixing ratio of the two changes rapidly, resulting in large changes in hardness, lump
powder ratio, and grindability of raw ore. The local climate conditions lead to obvious
differences between the precipitation in the dry season and rainy season, and the open-air
configuration of the grinding material pile leads to a large fluctuation of the raw ore water
content with the seasons. If the ore-feeding fluctuation is not controlled, it will bring great
disturbance to the system operation, making the grinding and classification process and
grinding product quality fluctuate in a large range.

Due to the above characteristics, especially the problems caused by multi-source ore
blending, such as the fluctuation of ore properties and the change of working conditions in
dry and rainy seasons, which are difficult to solve by traditional control methods. It is also
difficult to operate large equipment such as the SAG mill/ball mill stably in Plant M. As
shown in Figure 2, the throughput of the SAG mill changes greatly, the main motor current
of the SAG mill fluctuates frequently, and the main bearing pressure changes constantly,
reflecting that the production of the SAG mill is difficult to stabilize. Production indicators
such as particle size distribution and concentration of mill product will fluctuate violently,
seriously affecting the production of downstream processes.

138



Minerals 2023, 13, 1143

Minerals 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

 

Figure 1. SAB process flowchart of Plant M. 

2.2. Analysis of Operation Problems 

For the SAB process of Plant M, due to the variable operating conditions of SAG 

grinding equipment, the operating parameters, such as power and axial pressure, vary 

greatly with different operating conditions. During the process operation, it is necessary 

to make targeted adjustments according to the change of working conditions in time to 

ensure that the main equipment operates in the best state. The operator is inexperienced, 

so it is difficult for the operator to accurately judge the operation status of the grinding 

production process, and cannot make correct production decisions and operate at the cor-

rect time point in time, thus affecting the overall operation efficiency and stability of the 

process. Different experiences and habits of different production operators will also lead 

to fluctuations in process indicators and equipment status between different production 

shifts, affecting the overall stability of the concentrator production. Due to the complex 

source, the raw ore obtained in the mining process is a mixture of copper sulfide and cop-

per oxide. The mixing ratio of the two changes rapidly, resulting in large changes in hard-

ness, lump powder ratio, and grindability of raw ore. The local climate conditions lead to 

obvious differences between the precipitation in the dry season and rainy season, and the 

open-air configuration of the grinding material pile leads to a large fluctuation of the raw 

ore water content with the seasons. If the ore-feeding fluctuation is not controlled, it will 

bring great disturbance to the system operation, making the grinding and classification 

process and grinding product quality fluctuate in a large range. 

Due to the above characteristics, especially the problems caused by multi-source ore 

blending, such as the fluctuation of ore properties and the change of working conditions 

in dry and rainy seasons, which are difficult to solve by traditional control methods. It is 

also difficult to operate large equipment such as the SAG mill/ball mill stably in Plant M. 

As shown in Figure 2, the throughput of the SAG mill changes greatly, the main motor 

current of the SAG mill fluctuates frequently, and the main bearing pressure changes con-

stantly, reflecting that the production of the SAG mill is difficult to stabilize. Production 

indicators such as particle size distribution and concentration of mill product will fluctu-

ate violently, seriously affecting the production of downstream processes. 

 

(a) 

Minerals 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 2. Difficulty in stabilizing the industrial grinding process. (a) Throughput of SAG Mill. (b) 

Current of SAG mill. (c) Pressure of bearing. (d) Percentage of mesh size (−200). (e) Concentration 

of cyclone overflow. 

3. SAB Process Hierarchical Intelligent Control Method 

3.1. Hierarchical Intelligent Control Structure 

Machine learning is a research hotspot of industrial artificial intelligence. Its theory 

and method have been widely used to solve complex problems in engineering applica-

tions and scientific fields. Aiming at the problems that are difficult to solve by traditional 

control methods, such as the change of ore property of this process and the different work-

ing conditions in dry and rainy seasons, a layered intelligent control method of the SAB 

process based on machine learning is proposed, as shown in Figure 3. 

Figure 2. Difficulty in stabilizing the industrial grinding process. (a) Throughput of SAG Mill.
(b) Current of SAG mill. (c) Pressure of bearing. (d) Percentage of mesh size (−200). (e) Concentration
of cyclone overflow.

3. SAB Process Hierarchical Intelligent Control Method
3.1. Hierarchical Intelligent Control Structure

Machine learning is a research hotspot of industrial artificial intelligence. Its theory
and method have been widely used to solve complex problems in engineering applications
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and scientific fields. Aiming at the problems that are difficult to solve by traditional control
methods, such as the change of ore property of this process and the different working
conditions in dry and rainy seasons, a layered intelligent control method of the SAB process
based on machine learning is proposed, as shown in Figure 3.
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In the machine-learning layer, the subsequent semi-autogenous grinding and ball
milling processes fluctuate dramatically due to the change of ore-feeding properties due to
multi-source ore blending. In this paper, the LSTM-based semi-autogenous grinding ore-
feeding block size prediction method is used to provide block size prediction information
for intelligent expert control of ore. As the dry and rainy seasons lead to the change of
mineral moisture, which affects the control parameters of semi-autogenous grinding and
ball milling, the CNN-based intelligent classification of dry and rainy season working
conditions is adopted to predict the classification of current working conditions online,
adjust the current working condition parameters intelligently, and provide them to the
semi-autogenous grinding expert control system and ball milling expert control system.

In the expert system layer, the intelligent expert control of ore feeding adopts the
expert control method based on fuzzy rules. According to the prediction information
of mineral property, the system intelligently adjusts the ore-feeding block size and ore
quantity. The semi-autogenous grinding expert control and ball milling expert control
adopt the CBR expert control method based on real-time compensation. According to the
working condition parameters intelligently adjusted, the SAG mill and ball mill loads are
intelligently coordinated, and the control parameters of the DCS layer are adjusted.

3.2. Machine Learning Layer
3.2.1. LSTM-Based Prediction Method for Feeding Lump Size of SAG

The precise control of ore feeding is the premise of efficient and stable operation of
SAG and also the basis of the whole grinding intelligent control. For semi-autogenous
grinding ore feeding, its specific control objectives include the stability of the ore-feeding
amount and the stability of the ore-feeding lump size. Due to ore blending at multiple
sources, the rock size in feed ore to the SAG mill will fluctuate, affecting the production
stability of subsequent ball milling equipment. If the fragmentation of SAG mill input
ore can be predicted according to the production data, the fragmentation change can be
predicted in time when the working conditions are shifted due to multi-source ore, and the
expert control system of the SAG mill can be guided to quickly adjust and reach the new
set value, which is conducive to the stability of the whole system.
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There are four ore feeders at the bottom of the raw ore bin. The location of each
feeder is different. The corresponding storage height and ore fragmentation from feeders
are also different and will change with the production process. The ore fragmentation
shows obvious time-varying and nonlinear features. According to experts’ experience and
knowledge, the variables that can be detected online and have a great impact on the block
size are selected, as shown in Table 1.

Table 1. Online detection variables of SAG.

No. Variable Name

1 1# Belt frequency
2 2# Belt frequency
3 3# Belt frequency
4 4# Belt frequency
5 Feedrate of SAG mill
6 Current of SAG mill
7 Water feedrate of SAG mill
8 Pressure of SAG mill bearing
9 SAG mill 2# Belt current

Through the combination and verification of manual belt sampling and screening + video
image manual marking division, the actual ore lump size on the semi-autogenous grinding
feeding belt in a period of time can be quickly obtained. The long short memory neural
network is used to train the prediction model of the ore block size for semi-autogenous
grinding. The LSTM training network used in this paper is shown in Figure 4.
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Figure 4. Prediction of grinding fragmentation based on LSTM.

In the process of LSTM modeling, the problem of overfitting often occurs. The model
network structure is too complex, which exceeds the actual problem. It performs well in
the training set but performs poorly in the test set and has poor generalization performance.
Therefore, Dropout is used to reduce the overfitting phenomenon when training the net-
work. Adam optimizer is selected for updating model parameters. The RMSE and ARGE
are calculated by the formulas in [22–24].

The LSTM network is a deep neural network with many superparameters for pre-
dicting the feeding lump size of the SAG mill. Since all neural networks have an input
layer and an output layer, the complexity of the deep learning model mainly depends
on the number of hidden neurons and the number of neurons in each layer, which is the
main superparameter of the deep learning model. In addition to the network structure, the
LSTM network model also has this time window size, which is more parameters and more
complex to optimize than the general deep neural network. The superparameter learning
method with the following structure is used to optimize the network parameters.
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As shown in Figure 5. SQP algorithm is used to optimize the superparameters of the
prediction model for the feed size of the SAG mill. The optimization problem is expressed
as follows [25]: 




min f (x)
subject to gi(x) ≤ 0 (i = 1, 2, . . . , mp)

gi(x) = 0 (i = mp + 1, . . . , m)
(1)Minerals 2023, 13, x FOR PEER REVIEW 7 of 14 
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Figure 5. Optimization of LSTM parameters based on hybrid genetic algorithm.

For the soft-sensing detection of the feeding lump size of the SAG mill, GA and HGA
are used to optimize the hidden layer of the LSTM network, the unit number of the hidden
layer, and the Dropout probability. In order to ensure the validity of the comparison of
model performance results, the superparameter settings that do not involve optimization
should be the same. In the HGA optimization experiment, the modeling based on GA-
LSTM is first carried out. The initial population size of the genetic algorithm [1] is set to
30, the crossover rate is 0.5, the mutation rate is 0.1, and the total number of iterations
is set to 20. When the genetic algorithm is used to optimize the super parameters of the
LSTM network, the optimal fitness function of the optimal chromosome in the population,
namely the RMSE value of the LSTM network on the test set, gradually converges with
the increase of iteration times. The lump size prediction effect of SAG based on LSTM is
shown in Figure 6.
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3.2.2. Classification of Moisture Content in Dry and Rainy Seasons Based on CNN

Due to the local climate conditions, the precipitation in the dry season is obviously
different from that in the rainy season, while the open pit configuration of the grinding
material pile results in a large fluctuation of the raw ore water content with different
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seasons. In the dry season, the water content of raw ore is about 8%–10%, while in the rainy
season, when the precipitation is large, the water content of raw ore can reach about 15%.
This brings great interference to the grinding production control and affects the control
effect of the optimal control system in the rainy season. In order to improve the adaptability
of the control system, it is necessary to realize the adaptive control algorithm parameters.

A total of 24,500 pieces of data covering 24 months, as shown in Table 2, including
the dry season and rainy season. Moreover, 15,000 pieces of data were used for modeling
training, 5000 pieces of data were used for modeling testing, and 4500 pieces of data were
used for modeling validation.

Table 2. Data variables for CNN training.

No. Variable Name

1 Mesh size (Video extraction)
2 Feedrate of SAG mill
3 Water feedrate of SAG mill
4 Current of SAG mill
5 Bearing pressure of SAG mill
6 Current of ball mill
7 Bearing pressure of ball mill
8 Water feedrate to sump
9 Pressure of cyclone
10 Flow of cyclone
11 Concentration of cyclone
12 Particle size of cyclone overflow

A CNN network using VGG-16 structure [26,27], with five segments connected in
series by multiple 3 × 3 convolutional kernels. The maximum pooling layer with a size
of 2 × 2 is connected after each convolutional segment. The network scales the feature
map through the pooling layer, with three fully connected layers and one softmax layer
connected at the end [28]. The network structure in Figure 7 is used to classify the data
during the dry and rainy seasons, and the classification results are combined with manual
labeling, as shown in Figure 8.
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3.3. Expert Control Layer
3.3.1. Feeding Expert Control

The precise control of ore feeding is the premise of efficient and stable operation of
the SAG mill as shown in the Table 3 and also the basis of the whole grinding intelligent
control. For semi-autogenous grinding ore feeding, its specific control objectives include
two aspects: the stability of the ore-feeding amount and the stability of ore-feeding particle
size distribution. In detail, one is to maintain the stability of mineral feeding materials
under normal working conditions, and another is to quickly adjust and reach the new
set value when working conditions migrate, which is conducive to the stability of the
entire system.

Table 3. Online detection variables of SAG mill.

IF THEN

LL Parameter Group 1 of Expert control layer
L Parameter Group 2 of Expert control layer
M Parameter Group 3 of Expert control layer
H Parameter Group 4 of Expert control layer

HH Parameter Group 5 of Expert control layer

Difficulties of intelligent feeding include large system lag, sometimes variable storage
and measuring tools in the silo, differences among feeders, and sudden occurrence of
various abnormal conditions on-site. As for Plant M, there are four feeders at the bottom of
the raw ore bin. The location of each feeder is different, and its corresponding storage height
and ore block size are different and change with the production process. The ore-feeding
capacity and ore block size show obvious time variation and difference. The distance
between the feeder and the belt scale (measuring mechanism) is about 200 m, with a delay
of about 2 min. In the rainy season, the feeder downport is easy to be blocked. At this time,
the operators must stop the corresponding feeder immediately and start a new feeder to
ensure the continuity of production. In actual production, materials in raw ore are mixed
with various ores with different copper grades and particle sizes according to the feedback
scheduling of the flotation process. Aiming at the actual problems on-site, the feeding
expert control system compensates for the dynamic changes of the feeding process through
the LSTM-based model of the feeding process and conducts real-time control on the amount
and fragmentation of SAG mill feed to ensure the stability of grinding production as shown
in Figure 9.
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If the ore-feeding capacity of the ith feeder (1 ≤ i ≤ 4) is ki, the proportion of large
blocks is pi, its frequency value is ui, the prediction value of ore-feeding amount is Wcal ,
and the prediction value of the proportion of large blocks is Pcal , then:





∑4
i=1 ki·ui = Wcal

∑4
i=1 pi·ki·ui = Pcal ·Wcal

umin ≤ ui ≤ umax

(2)

When there is a deviation between the actual value Wmeans of the ore-feeding amount
measured by the ore-feeding belt scale and the Pmeas measured by the ore lump analyzer
and the set value Wset of the ore-feeding amount and the set value Pset of the ore-feeding
lump proportion given by the grinding and classification expert control, the adjustment
amount of the feeder frequency can be calculated by the increment method:





∑4
i=1 ki·∆ui = Wmeas − Wset

∑4
i=1 pi·ki·∆ui = Pmeas·Wmeas − Pset·Wset

−umax ≤ ∆ui ≤ umax
umin ≤ ui + ∆ui ≤ umax

(3)

In the actual control, according to the coarse and fine classification of the ore feeder’s
blanking block size, the frequency of one coarse and one fine pair of ore feeders can be
adjusted each time, so the above equation can be degenerated into a two-dimensional linear
equation, which can be solved quickly. When the ore-feeding frequency is lower than the
lower limit or higher than the upper limit, poll other ore-feeding port matching schemes or
turn on/off the feeder.

When it is necessary to open or close the feeder, in order to ensure that the belt
materials are not stacked and empty, the physical position of the ore-feeding mouth and the
speed of the transmission belt are measured, and the switching sequence and time of the
feeder at each ore-feeding mouth are precisely controlled, so as to realize the continuous
and stable transmission of the mineral material flow on the ore-feeding belt.

In view of the large delay (2 min) of feeding machine blanking and belt weigher
measurement value, a large interval sampling control is adopted. The cycle of the controller
is greater than the maximum lag time of each feeder with state change in the last control
cycle plus the maximum adjustment time of the feeder (5 s~10 s). Because the control effect
of the regulator output is unknown within the lag time. The basic idea of large interval
sampling is to wait for a period of time after one adjustment until the end of the adjustment
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process, and the measurement result of the belt scale can fully reflect the real ore-feeding
amount before the next adjustment so as to avoid false adjustment due to misjudgment,
resulting in closed-loop system oscillation or instability. Through large interval sampling
control, it can realize stable ore feeding when switching feeder and adjust in place as soon
as possible in case of error.

The effect after the expert control system is shown in Figure 10. The fluctuation
range of fragmentation is reduced, and the production process is more stable, meeting the
production index requirements.
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3.3.2. CBR Expert Control Method

According to the characteristics of the new problem, the case-based reasoning process
first compares the relevance of the historical cases in the case base and then selects one
or several cases that meet a certain degree of similarity from the case base. Similar case
solutions are modified to be the solutions to new problems. And through the effect of
solving the problem, it is decided whether to store the case of the new problem into the case
base so as to solve the following problems. Some edge conditions cause similar cases to be
found in the case retrieval process, or the case matching similarity is low. So, these cases
need to be translated and interpreted through the previously set production rule base and
solved through the pre-chain rules, which are applied to the scene, solving the production
misoperation when the case matching similarity is not high.

Because there is a certain difference between the retrieved case and the current working
condition, there is also a certain difference between the case solutions. Therefore, the case
solution cannot be directly used as the solution to the current working condition. In order
to further improve the accuracy of the model, the RBF neural network method is used to
establish an incremental compensation model to compensate for the retrieved case solution.

4. Application Effect and Analysis
4.1. Intelligent Control System

As shown in Figure 11. The Grinding Process Master software(BPM-G v1.0) has been
developed by using the above technologies. In this SAB process, the closed-loop control and
intelligent optimization of operating variables such as ore feed rate, water feed rate, and
sand pump frequency have been realized, ensuring the safe, stable, and efficient operation
of the entire production process. At present, the SAB process has been in actual operation
for more than one year.
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4.2. Application Effect

After the application of the grinding optimization control system, the closed-loop
automatic control of the grinding and classification process is realized, the intensity of
manual operation is reduced, the dependence on operating experience is reduced, and
labor productivity is improved. Based on stabilizing the production process and reducing
the abnormal disturbance in the production process, the system processing capacity is
increased, and the production unit consumption is reduced.

Through real-time intelligent diagnosis of production process operation status, the
system timely and reasonably adjusts production operation variables to ensure the stability
of production equipment operation status and production process parameters. After the
system is put into use, the fluctuations of key production process indicators are reduced by
more than 20%. The grinding expert system stabilizes the operation parameters of each
piece of equipment in the SAB process within a reasonable range according to different
ore sources. The stability of the process operation ensures the stability of the grinding and
classification of product quality. The grinding particle size is more concentrated in the
optimal mesh size area, as shown in Figure 12.
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As shown in Table 4, after the system is put into use, the grinding expert system can
sensitively capture the changing trend of the key operating parameters of the SAG mill, ad-
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just the efficiency in time when the working conditions change, and ensure the SAG mill to
operate in a reasonable load state range to the greatest extent. On the premise of stabilizing
the working conditions and ensuring the process indicators, the production efficiency of
the process is improved. The average processing capacity of grinding production increased
by 6.05%.

Table 4. Statistical comparison of production parameters on 6 months data.

Variable Name Unit Before After Improve

Throughput fluctuation rate % 33.81% 17.72% −47.6%
Current fluctuation rate of main motor % 10.39% 5.89% −43.3%

Bearing pressure fluctuation rate % 10.78% 7.01% −35.0%
−200 mesh fluctuation rate % 6.72% 3.45% −48.7%

Concentration fluctuation rate % 12.93% 8.39% −35.1%

By stabilizing the operation state of the production process, the system ensures that the
process always operates in a state of high economic benefits under different ore properties,
reduces the unit production consumption, and reduces the wear of the lining plate. Accord-
ing to the statistical data of the grinding system, including process parameter indicators
such as unit efficiency and energy consumption (power consumption, ball consumption),
the power consumption per ton of mill ore decreased by 7.25% on average, increasing the
total amount of ore processing within the service life of a single set of liner plates.

5. Conclusions

Aiming at the control problems of mineral particle size in the SABC grinding process,
this paper proposes an intelligent expert control method of the SABC process based on a
hybrid model. A hybrid model of SVR and mechanism model is adopted to realize the
online perception of overflow fineness. The adaptability of the expert rule base is improved
by intelligent correction of uncertainty, and then combined with the experience of field
operation experts, intelligent optimization control of overflow fineness and unit power
consumption is realized.
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