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Editorial

Editorial for the Special Issue “Advances in the Theory and
Technology of Physical Separation”

Dongfang Lu 1,* and Mehdi Safari 2,3,*

1 School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China
2 Minerals Processing Division, Mintek, Randburg 2125, South Africa
3 Faculty of Engineering and the Built Environment, University of the Witwatersrand, 1 Jan Smuts Ave.,

Johannesburg 2000, South Africa
* Correspondence: ludongfang@csu.edu.cn (D.L.); mehdis@mintek.co.za (M.S.)

With the continuous consumption of mineral resources, ore grades worldwide are
declining, and their increasingly fine-grained, low-grade, mineralogically complex, and
highly heterogeneous characteristics have led to a marked rise in the energy consumption
and processing costs of mineral separation [1,2]. In this context, physical separation, with its
advantages of low operating cost, high throughput, simple flowsheets, and independence
from chemical reagents, has become a key pre-concentration approach for reducing the
amount of material entering downstream operations, upgrading feed grade, and improving
overall resource utilization efficiency. Physical separation techniques not only effectively
remove large proportions of gangue in the early stages of processing, thereby reducing
the load on subsequent operations, but also play important roles in tailings reduction,
solid-waste valorization, and environmentally sustainable mineral processing [3]. With the
continuous upgrading and refinement of separation equipment, physical techniques such
as grinding classification [4,5], gravity separation [6–8], magnetic separation [9–11], sensor-
based sorting [12,13], solid–liquid separation [14,15], and using fluidized bed [16–18] have
been increasingly applied throughout mineral processing flowsheets. Their performance in
terms of processing capacity, separation accuracy, operational stability, and adaptability has
steadily improved, and the range of available equipment has expanded. These technologies
enable efficient separation based on differences in density, magnetic susceptibility, dielectric
properties, and surface characteristics. Although chemical methods play an important
role in modern mineral beneficiation, physical separation techniques such as gravity and
magnetic separation remain indispensable complements when flotation performance is
limited or when its applicability is constrained [19,20].

This Special Issue of Minerals, “Advances in the Theory and Technology of Physical
Separation”, presents nine contributions that address several key areas of physical separa-
tion. They cover flow-field regulation and structural optimization of gravity separation
equipment, the design optimization of magnetic separators and magnetic matrices, the in-
fluence of grinding and classification parameters on subsequent separation performance, as
well as the purification and high-quality preparation of industrial minerals. These studies,
spanning equipment innovation, process intensification, and mechanistic understanding,
collectively demonstrate the latest advances in physical separation technologies for com-
plex mineral systems, providing important theoretical support and practical guidance for
improving resource utilization efficiency and promoting the development of green mining.

Minerals 2026, 16, 59 https://doi.org/10.3390/min16010059
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1. Advances in Fundamental Understanding

Four papers in this Special Issue, from the fundamental perspectives of fluid dynamics,
particle migration, interfacial behavior, and thermal treatment mechanisms, elucidate the
key governing processes in physical separation.

Gao et al. (Contribution 1) explored the influence of cross-sectional geometry on the
internal flow structure and particle separation performance of spiral concentrators. Via
a computational fluid dynamics (CFD) approach, they systematically analyzed how the
cross-sectional profile of the mixed-particle zone affected the secondary flow structure and
separation behavior of 89.5 μm hematite and quartz particles, and they further optimized
line segments through response surface methodology (RSM). The results showed that both
the peak radial flux and the average radial velocity of the secondary flow increased with
the slope of the corresponding line segments. Experimental validation demonstrated that
employing the optimized cross-sectional profile improved the separation performance
by nearly 5% when processing −100 + 75 μm hematite–quartz mixed feed. This work
reveals the intrinsic connection between cross-sectional geometry, flow-field evolution, and
particle migration, providing an important basis for the precise design of spiral concentrator
cross-sections and for achieving efficient mineral separation.

Gao et al. (Contribution 2) investigated how wall roughness in the middle zone of a
spiral concentrator influences the evolution of the flow field of the slurry and the associated
particle separation behavior. By combining surface roughness measurement and numerical
experimental methods, they analyzed the response of slurry film thickness, secondary-flow
structure, and radial flux. The results show that increasing wall roughness suppresses
the intensity of secondary flow, weakens the inward migration of particles toward the
inner trough region, and shifts the enrichment zones outward. This study further demon-
strates that mid-section wall roughness and feed particle size jointly determine the internal
hydrodynamic characteristics and particle stratification in spiral concentrators, thereby
providing a theoretical basis for trough material selection, surface-structure optimization,
and roughness control during operation.

Guo et al. (Contribution 3) systematically examined how grinding parameters, includ-
ing grinding concentration, media proportion, and filling ratio, influence the particle-size
distribution, interfacial properties, and agglomeration behavior of galena. By integrating
laboratory experiments with discrete element method (DEM) simulations, the study clari-
fied how different grinding conditions regulate particle-size composition and showed that
appropriate adjustments can significantly change the yields of the +25 μm and −10 μm
fractions. Flotation tests demonstrated that excessive generation of −10 μm particles greatly
reduces galena recovery because these ultrafine particles exhibit lower contact angles and
smaller agglomerate sizes, which weaken their floatability. DEM simulations further in-
dicated that moderately reducing grinding intensity can effectively limit the formation of
−10 μm particles. The study establishes a mechanistic pathway in which grinding-induced
abrasion intensity governs the generation of ultrafine particles, alters their interfacial be-
havior, and ultimately affects separation efficiency. This work provides new mechanistic
insight into the longstanding challenge of poor physical separation performance for fine
minerals and offers practical guidance for the coordinated optimization of grinding and
separation processes in industrial applications.

Huang and Zhang (Contribution 4) focused on the development and underlying mech-
anisms of a combined process for producing high-purity quartz through impurity removal
via pretreatment and subsequent metallurgical purification, with particular emphasis on
thermal treatment mechanisms. Using river-sand–derived quartz with an SiO2 content
of 92.31% as the raw material, the authors proposed a multi-step flowsheet consisting of
magnetic separation, reverse flotation, microwave roasting, and acid leaching, enabling

https://doi.org/10.3390/min16010059
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the efficient upgrading and high-value utilization of low-grade quartz. Magnetic separa-
tion removed 87.24% of iron-bearing impurities, while flotation, microwave roasting, and
leaching further reduced total impurity levels to below 100 ppm. Through SEM, TG–MS,
and in situ XRD analyses, the study elucidated the key mechanisms of microwave-assisted
impurity removal, including the rupture of fluid inclusions and lattice substitution. The
results verify the effectiveness and feasibility of microwave thermal treatment for purifying
low-grade quartz. In addition, the optimized magnetic separation and roasting parameters
provide useful guidance for the industrial production of high-quality quartz.

Individually, these studies provide new scientific insights into how equipment
structural parameters, grinding behavior, and impurity occurrence states influence
separation performance.

2. Innovative Techniques and Applications

Five contributions in this Special Issue present technological advances and applied so-
lutions that expand the capabilities and industrial relevance of physical separation processes.

Liu et al. (Contribution 5) demonstrated that a laboratory-scale reflux classifier (RC)
could effectively preconcentrate ultrafine ilmenite tailings with a particle size D50 of 13.8 μm
and TiO2 grade of 11.62%; a TiO2 concentrate with a grade of 20.3% and a recovery
rate of 82.8% could be obtained, and the separation efficiency reached 50%. The study
elucidated the synergistic control mechanisms of fluidized-bed density, hindered settling,
and inclined-surface flow on fine particle stratification. Comparative tests showed that
magnetic separation performed poorly due to entrainment of magnetic gangue, whereas
the RC achieved cleaner separation based on density disparity, significantly improving
separation precision and economic efficiency. This approach provides a new, low-cost
pathway for the preconcentration of ultrafine particles.

Liu et al. (Contribution 6) addressed the limited processing capacity of transverse-field
high-gradient magnetic separators (HGMS) by systematically optimizing the structural
parameters of the matrix box, including the diameter of the rod matrix, the filling ratio, the
depth of the matrix in the direction of slurry flow. The study showed that these structural
factors jointly determined the distribution of the magnetic capture zone, particle capture
probability, and the ore unloading efficiency. Finally, an optimal double-layer matrix ring
was applied to an industrial transverse-field HGMS, and its inner and outer rings were
equipped with matrix boxes with ϕ3 mm and ϕ2 mm rods, respectively, which significantly
enhanced ilmenite preconcentration efficiency and processing capacity, yielding higher TiO2

grades and recovery than conventional longitudinal-field HGMS. This work highlights the
critical role of structural optimization in improving the magnetic separation performance
and provides a clear, engineering-feasible pathway for industrial matrix design.

Shi et al. (Contribution 7) proposed a 1 mm dry flip-flow screening technique to
improve the screening of fine ilmenite particles, where conventional systems often suffer
from clogged holes and reduced efficiency. Using a laser displacement measurement
system, the researchers analyzed the dynamic characteristics of the flip-flow screen and
evaluated its performance under different feed-size distributions and different ratios of
obstructive particles. The results showed that the 1 mm screening efficiency reached 85.41%,
demonstrating a significant improvement in fine-particle classification. The study also
developed a pre-throwing tailings process based on 1 mm multi-stage screening, which
does not use water and is particularly suitable for dry, water-scarce, or high-altitude
permafrost regions. This provides strong potential for practical application.

Xu et al. (Contribution 8) evaluated the effects of smooth and humped flow channels on
the recovery of industrial magnetic seeds in a drum magnetic separator. The results showed
that under a range of operating conditions, the humped channel consistently achieved

https://doi.org/10.3390/min16010059
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higher recovery than the smooth channel, with improvements of up to 3%. Simulations of
the magnetic field, flow field, and particle trajectories revealed that the humped channel
shifted impurity magnetic seeds from regions of weak magnetic force into those of stronger
magnetic force, thereby significantly enhancing their capture efficiency. This work provides
a clear structural optimization strategy for drum magnetic separators and offers practical
value for improving magnetic flocculation performance in water-treatment applications.

Shafiee et al. (Contribution 9) developed an optimized and scalable synthesis route
for high-purity barium sulfate using D-optimal methodology. By systematically varying
BaCl2 and sulfate concentrations, feed rate, and reaction temperature, the researchers
established and validated the key parameters controlling product yield and density. Under
the optimized conditions, the process produced barium sulfate with a density of 4.25 g/cm3

and an average purity of 96.08%. The method reduces reagent consumption, minimizes
secondary waste, and demonstrates strong potential for sustainable and cost-effective scale-
up, offering a practical approach for the green preparation of high-purity inorganic salts.

Collectively, these studies show how innovations in device structures, screening strate-
gies, magnetic configurations, and process optimization can translate physical-separation
principles into practical, scalable, and industry-ready solutions.

3. Future Directions

The contributions in this Special Issue reflect two major trends in physical separation
research: (1) the continuous deepening of fundamental mechanistic investigations into
multiphysics processes, such as flow-field evolution, particle migration, interfacial interac-
tions, and impurity occurrence; (2) the effective translation of these mechanistic insights
into engineering practice, driving structural optimization and performance enhancement
of physical separation equipment, as well as the emergence of scalable and industrially ap-
plicable mineral processing technologies. Together, the presented studies demonstrate that
physical separation, as a critical pillar of mineral processing, is continuously evolving. It
not only retains its irreplaceable role in the beneficiation of traditional ores but also exhibits
increasing strategic importance in the treatment of ultrafine and low-grade minerals, the
efficient recovery of critical minerals, the revalorization of tailings, and environmentally
responsible resource development.

Looking forward, the deep integration of computational multiphysics modeling,
intelligent optimization algorithms, high-efficiency physical separation equipment, and
green, low-carbon mineral processing flowsheets will serve as a central driving force
for the continued advancement of physical separation and for empowering the broader
mineral processing value chain. Meanwhile, the convergence of physical separation,
multiscale multiphysics simulation, particle–fluid coupling models, intelligent sensing and
process digitalization, data-driven process optimization, and environmentally sustainable
processing technologies will represent a key direction for future development, guiding the
industry toward higher efficiency, lower energy consumption, greater intelligence, and
long-term sustainability.

We thank all the authors for their valuable contributions, the reviewers for their
thoughtful evaluations, and the editorial team of Minerals for their support. We anticipate
that the presented studies will serve as valuable references for researchers and practitioners,
while also inspiring new directions in the theory and technology of physical separation.

Author Contributions: Writing—original draft preparation, D.L. and M.S.; writing—review and
editing, D.L. and M.S. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Humped Flow Channel in Drum Magnetic Separator Leads to
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Abstract: This study examines the effect of smooth and humped flow channels on the re-
covery of industrial magnetic seeds in a drum magnetic separator. The results demonstrate
that under varying feeding slurry quantities and drum rotational speeds, the humped
channel consistently achieves higher recovery rates compared with the smooth channel,
with an improvement of up to 3%. Scanning electron microscopy and vibrating sample
magnetometry analyses of the samples reveal the presence of a small amount of impurities
(predominantly consisting of elements, such as Al, Si, and Ti) in the industrial magnetite
magnetic particles. These impurities exhibit lower magnetization, leading to reduced cap-
ture efficiency in the conventional smooth-channel drum magnetic separator. Simulations
of the magnetic field, flow field, and particle trajectory indicate that the magnetic field force
at the bottom of the smooth channel is only 0.6 kg2/(m·s4·A2), i.e., approximately 18 times
lower than that at the roller surface. The incorporation of a humped channel shifts the
impure magnetic seeds from a region with low magnetic field force to a region with higher
magnetic field force, significantly enhancing the capture efficiency of the impure magnetic
seeds.

Keywords: drum magnetic separator; humped flow channel; magnetic seeds; magnetite;
impurity

1. Introduction

Magnetic flocculation wastewater treatment technology can be used as a novel ap-
proach to water treatment that combines the advantages of traditional flocculation tech-
nology and magnetic separation technology [1,2]. It has gained widespread attention and
application in recent years [3]. The principle of this technology is the addition of magnetic
seeds at its core, which, under the network-trapping action of flocculants, aggregate with
suspended pollutants in the wastewater to form magnetic flocs. These magnetic flocs are
then separated from the water through gravity settling or the application of an external
magnetic field by utilizing the high density or high magnetic properties of the magnetic
seeds [4,5]. This process achieves the purification of water and the removal of pollutants.
This technology effectively accelerates the settling speed of flocs, enhances the removal
efficiency of solid particles in wastewater, and addresses issues that are commonly encoun-
tered in traditional sedimentation methods, such as low surface load, slow settling speed,

Minerals 2025, 15, 732 https://doi.org/10.3390/min15070732
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large land occupation, and significant water quality fluctuations, through rapid separation
via an external magnetic field. Furthermore, magnetic flocculation technology exhibits
good selectivity and adjustability, enabling the selection of different flocculants based on
the characteristics of various water qualities and pollutant types and thus optimizing the
treatment effect [6]. This technology has demonstrated superior performance in removing
heavy metal ions [7], organic pollutants [8], oil [9], bacteria [10], and other substances [11]
from water, making it particularly suitable for the treatment of difficult-to-handle or cost-
prohibitive industrial wastewater and municipal sewage.

To reduce treatment costs and enhance the environmental protection of the system
in this process, magnetic seeds must be efficiently recovered and reused using magnetic
separation equipment. Therefore, improving the structure of magnetic separation equip-
ment and enhancing the recovery of magnetic seeds are of considerable importance for the
advancement of this technology. The literature has reported on magnetic seed recovery
equipment, which includes electromagnetic high-gradient [12], disc-permanent [13], and
drum-permanent magnetic separators [14]. The first is suitable for recovering fine and
weakly magnetic seeds (e.g., modified magnetic seeds, such as limonite, hematite, and
ilmenite), while the latter two are suitable for recovering coarser and stronger magnetic
seeds (e.g., magnetite, steel slag, and pure iron powder). Tang et al. [15] investigated
the influence of separation chamber shape in dry magnetic separators, demonstrating
that a wavy-shaped separation chamber (WSC) promotes airflow turbulence and vortex
generation. This design effectively disperses aggregated fine particles, improving the
recovery of magnetite and high-grade intergrowths while enhancing the overall separation
efficiency. Their work highlights the significant role of chamber shape in manipulating par-
ticle behavior and separation outcomes. Wang et al. [16] focused on optimizing magnetic
field gradients in a wet low-intensity magnetic separator (LIMS), proposing an innovative
precise low-intensity magnetic separator (PLIMS) with a gradient magnet assembly (GMA).
The GMA is designed to gradually increase the remnant flux density along the slurry
flow direction, enabling “precise magnetic force” application to magnetic particles. This
approach balances the capture of high-liberation magnetite and low-grade intergrowths,
outperforming uniform magnet assemblies (UMAs) in separation performance. Their work
emphasizes the potential of tailored magnetic field gradients to enhance both concentrate
grade and recovery efficiency. At present, the magnetic seeds that are widely used in
industrial wastewater and municipal sewage treatment are strongly magnetic magnetite,
and the primary recovery equipment is the drum magnetic separator [4]. Magnetite exhibits
advantages, such as its abundant sources, simple preparation process, low production cost,
and high recycling rate, compared with other magnetic seeds. However, a relatively high
loss rate of magnetic seeds is frequently observed when using traditional drum magnetic
separators for mineral processing to recover magnetic seeds [17], inadvertently increasing
the cost of wastewater treatment and possibly leading to secondary pollution of the water.

The current study focuses on the issue of magnetic seed loss that is commonly encoun-
tered in traditional drum magnetic separators through conducting research on optimizing
the flow channel structure. First, industrial condition experiments were performed to
compare the effects of humped and traditional smooth channels on magnetic seed recovery.
Subsequently, scanning electron microscopy (SEM) and vibrating sample magnetometry
(VSM) were conducted to analyze the products of industrial magnetite magnetic seed
separation and determine the primary causes of high seed loss rates. Finally, magnetic field
and flow field simulations, particle body force calculations, and finite-/discrete-element
coupled particle trajectory simulations were utilized to reveal the influence mechanism
of the shape of a flow channel on magnetic seed recovery. This research will provide
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theoretical and practical guidance for enhancing the recovery of magnetic seeds in the
magnetic flocculation process.

2. Materials, Equipment, and Methods

2.1. Raw Magnetic Seeds

The raw magnetic seeds used in this study originated from an industrial magnetite
sample used in a wastewater treatment company in Zhejiang Province (Taizhou, China).
The SEM analysis of this sample is shown in Figure 1. Figure 1a indicates that the overall
particle size distribution of the magnetic seeds is broad, with a minimum particle size of
6.41 μm and a maximum particle size of 244.20 μm, demonstrating a considerable size
variation. Figure 1b shows the presence of a few impurities in the magnetic seeds (as
indicated by the dark particles at Point 1), which are distinctly different from the magnetite
(as indicated by the light particles at Point 2). Figure 1c reveals that the impurities at Point
1 contain other excessive elements, such as Mg, Al, Si, Ca, and Ti, in addition to the major
elements Fe and O. The presence of these elements significantly reduces the proportion
of Fe, thus weakening the magnetic properties of the particles and increasing the loss rate
of the magnetic seeds during subsequent magnetic capture processes. Figure 1d shows
that the Fe mass fraction in the magnetite particles at Point 2 is 69.27%; therefore, the
theoretical purity of this magnetite is 95.68%, indicating relatively high purity. Figure 2
further provides the energy-dispersive X-ray spectroscopy (EDS) mapping spectra of the
raw magnetic seeds, wherein the distributions of Ti and Si are clearly visible. Ti exhibits a
distinct granular distribution, while Si presents a scattered point distribution. Combined
with the distribution of the major elements Fe and O, the impurities in these magnetic
seeds can be presumed to exist in the form of ilmenite monomers and silicate mineral
intergrowths. Compared with magnetite, ilmenite and silicate minerals have a relatively
lower magnetic susceptibility. The presence of these weakly magnetic impurity mineral
phases is the primary reason for the high loss rate of industrial magnetite magnetic seeds
during their reuse.

 

Figure 1. SEM images and EDS spectra of the raw magnetic seeds: (a) particle size distribution,
(b) impurity distribution, (c) spectra of Point 1, and (d) spectra of Point 2.
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Figure 2. EDS mapping spectra of the raw magnetic seeds.

2.2. Drum Magnetic Separator and Separation Principle

For the magnetic seed recovery equipment, we used a drum-type magnetic separator
developed by our team. Its 3D physical drawing, structure diagram, and on-site application
are depicted in Figure 3. As seen in Figure 3b, this magnetic separator consists of several
major components, including a magnetic system, a rotating roller, a slurry inlet, a sludge
outlet, and a magnetic seed discharge area. The magnetic system uses NdFeB permanent
magnets (N42), which are arranged in an alternating N–S–S–N magnetic pole structure.
The flow channels are designed with both smooth and humped types. The diameter of the
roller is 600 mm, and the depth of the flow channel is 30 mm. The humped-type channel
features three evenly spaced humps on the bottom wall, as shown in the zoomed view of
the flow channel in Figure 3b.

 

Figure 3. Three-dimensional physical drawing (a), schematic of structure (b), and on-site application
(c) of the drum magnetic separator.
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The difference in motion trajectories of the magnetic seeds and sludge within the flow
channel enables their separation and the reuse of the magnetic seeds. The motion trajectory
of particles of different types is primarily determined by the combined body forces acting
on particles, such as magnetic, fluid drag, gravitational, centrifugal, and frictional forces,
as shown in Figure 4. When the magnetic seeds and sludge flow through the channel of
the magnetic separator, the magnetic force acting on the magnetic seed particles must be
greater than the combined force of the competing forces (e.g., gravity and fluid drag) [15],
causing the particles to be stuck onto the roller surface and then collected in the magnetic
seed discharge area for reuse after the drum’s rotation. By contrast, the magnetic force
acting on the sludge particles is smaller than the combined forces of gravity and fluid drag,
causing the sludge particles to flow out through the sludge outlet with the fluid. Particles
that have already become stuck onto the roller surface are also subject to centrifugal and
frictional forces in addition to magnetic, fluid drag, and gravitational forces due to the
drum’s rotation. This situation can continue to clean the sludge carried with the magnetic
seeds from the roller surface. In practice, researchers frequently assume microfine particles
to be spherical to simplify the calculation of body forces [18]. The corresponding magnetic
force Fm, fluid drag force Fd, gravitational force Fg, centrifugal force Fc, and frictional force
Ff can be calculated using Equations (1)–(5) [19].

Figure 4. Separation process of the magnetic seeds and sludge in the drum magnetic separator.

The magnetic force acting on particles can be expressed as follows:

Fm =
4
3

πR3 κBgradB
μ0

, (1)

where R is the particle radius, μ0 is the vacuum permeability, κ is the volume susceptibil-
ity, and B and gradB are the induced magnetic field strength and gradient, respectively.
The units and specific values of all parameters in this study’s equations are provided in
Tables 1 and 2.

11



Minerals 2025, 15, 732

Table 1. Specific magnitudes of parameters in the body forces.

Parameters Units Magnitudes

Particle diameter (2R) m 5–250 × 10−6

Vacuum permeability (μ0) N/A2 or H/m 4π × 10−7

Induced magnetic field force
(BgradB) kg2/(m·s4·A2) 0–11

Magnetic susceptibility of
impurity (κ) dimensionless 1.0

Viscosity of fluid (η) Pa·s 1.01 × 10−3

Flow velocity in the channel
(v) m/s 0–1.31

Density of impurity (ρP) kg/m3 5.0 × 103

Density of fluid (ρf) kg/m3 1.0 × 103

Radius of roller (a) m 0.6

Rotational angular velocity of
roller (ω) rad/s 0.53π

Acceleration due to gravity (g) m/s2 9.8

Table 2. Specific magnitudes of parameters in the discrete-element particle trajectory simulation [20].

Parameters Units Magnitudes

Particle diameter (2R) m 38 × 10−6

Density of magnetite/impurity (ρP) kg/m3 5.0 × 103

Rotational angular velocity of roller (ω) rad/s 0.53π

Acceleration due to gravity (g) m/s2 9.8

Surface energy of magnetite/impurity (γ) J/m3 0.05

Shear modulus of magnetite/impurity (G) Pa 1 × 109

Young’s modulus of magnetite/impurity (E) Pa 2.5 × 109

Magnetic susceptibility of magnetite (κ) dimensionless 4.0

Magnetic susceptibility of impurity (κ) dimensionless 1.0

Poisson’s ratio of magnetite/impurity (υ) dimensionless 0.25

Restitution coefficient of magnetite/impurity
(e) dimensionless 0.15

Static friction coefficient of
magnetite/impurity (fs)

dimensionless 0.68

Rolling friction coefficient of
magnetite/impurity (fr)

dimensionless 0.05

In addition, the fluid drag, gravitational, and centrifugal forces acting on the particles
are, respectively, given as follows:

Fd = 6πηRΔv, (2)

Fg =
4
3

πR3
(

ρP − ρ f

)
g, (3)

Fc =
4
3

πR3ρPω2a, (4)
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where η is the viscosity of air, Δv is the relative velocity between a particle and airflow, ρP

is the density of a particle, ρf is the density of fluid, ω is the rotational angular velocity of
the roller, a is the radius of the roller, and g is the acceleration due to gravity. Friction is the
force acting in the reverse direction of particle movement, which is a function of normal
force and the coefficient of friction (f ). It can be expressed as follows:

Ff = f
(

Fm − Fc − Fg cos θ
)
. (5)

2.3. Experimental Methods

This experiment primarily investigated the effect of variations in flow channel shape on
the capture of magnetic seeds. Therefore, we disregarded the effect of sludge on magnetic
seed capture during the experimental process. In the experiment, 10 L of clean water was
first added to a stirring tank, followed by the addition of 1000 g of the raw magnetic seeds.
Then, the water and the seeds were thoroughly mixed. The flow channel of the drum
magnetic separator was then filled with clean water, and the drum speed was adjusted to
set values (12, 16, 24, and 32 r/min). Thereafter, a pump was used to feed the prepared
slurry from the stirring tank into the magnetic separator at the desired flow rates (20, 30, 40,
and 50 m3/h) for each smooth and humped channel. Once the slurry had been fully fed,
the magnetic seeds that escaped with the clean water were collected. The corresponding
mass was recorded after drying and weighing. Subsequently, representative samples of the
raw and escaped magnetic seeds were selected for comparative analysis by using SEM and
VSM to identify the causes of magnetic seed loss. The method for calculating the recovery
rate of the magnetic seeds for different flow channels was as follows:

ε =

(
1 − Me

MT

)
× 100%, (6)

where Me is the mass of the escaped magnetic seeds, and MT is the total mass of the feeding
magnetic seeds.

3. Experimental Results

3.1. Experimental Conditions

In the comparison experiment of feeding slurry quantity, the rotating speed of the
roller was fixed at 16 r/min, and slurry quantity was adjusted separately in the smooth
and humped channels. The experimental results are presented in Figure 5. As shown in
the figure, the recovery of the magnetic seeds in both channels slowly decreased within
the range of 20 m3/h to 30 m3/h with the feeding slurry quantity increasing from 20 m3/h
to 50 m3/h, and then rapidly decreased when the quantity exceeded 30 m3/h. In partic-
ular, recovery dropped from the initial 99.78% to 97.90% in the smooth channel, with a
significant decrease. The increase in quantity raised the superficial velocity in the chan-
nel, increasing the drag force of the fluid, which affected the capture of the magnetic
seeds. Compared with that in the smooth channel, magnetic seed recovery in the humped
channel was significantly higher, with the advantage becoming more pronounced as the
quantity increased. At quantities of 30 m3/h and 50 m3/h, the recovery rates of magnetic
seeds in the humped channel were 99.90% and 99.05%, respectively, which were 0.22%
and 1.15% higher than those in the smooth channel. The humped channel can effectively
mitigate the effect of flow fluctuations on magnetic seed capture during the wastewater
treatment process.
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Figure 5. Experimental results of different feeding slurry quantities (with a roller rotating speed of
16 r/min).

In the comparison experiment under varying roller rotating speed conditions, rotating
speed was adjusted in the smooth and humped channels with a fixed feeding slurry quantity
of 30 m3/h. The experimental results are presented in Figure 6. As can be observed in the
figure, the recovery of the magnetic seeds in both channels consistently decreased as the
rotating speed increased from 12 r/min to 32 r/min, with a more pronounced decline at
higher speeds. In particular, the recovery rate in the smooth channel decreased from an
initial 99.93% to 94.59%, i.e., a reduction of 5.34%. The increase in rotating speed leads
to a higher centrifugal force acting on the particles within the channel, thus intensifying
the tendency of the particles to move toward the bottom wall of the channel and affecting
the capture of the magnetic seeds. Compared with that in the smooth channel, magnetic
seed recovery in the humped channel was significantly higher, and the advantage became
more evident with higher rotating speeds. At a rotating speed of 16 r/min and 32 r/min,
recovery rates in the humped channel were 99.90% and 97.59%, respectively, which were
0.22% and 3.00% higher than those in the smooth channel. Therefore, the humped channel
allows for a moderate increase in roller rotating speed without compromising the magnetic
seed capture, thus enhancing the processing capacity of the drum magnetic separator.
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Figure 6. Experimental results of different roller rotating speeds (with a feeding slurry quantity of
30 m3/h).
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3.2. Product Analysis

SEM and VSM analyses of the raw and escaped magnetic seeds were conducted
under the following conditions: feeding slurry quantity of 30 m3/h and roller rotating
speed of 16 r/min. The results are presented in Figures 7–9. As depicted in Figure 7,
the escaped magnetic seeds are finer in size compared with the feeding raw magnetic
seeds. This discrepancy is primarily due to the fact that the magnetic force acting on the
particles is proportional to the cube of particle size. That is, smaller particles experience a
weaker magnetic force, making them less likely to be stuck onto the roller surface. Further
observation of the particle size distribution of the escaped magnetic seeds under the
smooth and humped channels reveals that the escaped magnetic seeds exhibit a wide
range of sizes in the smooth channel, with some larger particles (>100 μm) still escaping.
By contrast, particle size distribution in the humped channel is more uniform, with no
significant presence of large particles. This finding suggests that the humped channel
increases the capture probability of large magnetic seeds and effectively prevents their loss
due to imbalances between magnetic and competing forces (e.g., gravitational and fluid
drag forces).

 

Figure 7. SEM images of the raw magnetic seeds (a), escaped magnetic seeds in the smooth channel
(b), and escaped magnetic seeds in the humped channel (c).

Figure 8 further illustrates the EDS mapping spectra of the samples. Based on this
figure, the content distribution of Al, Ti, and Si elements in the escaped magnetic seeds
is significantly higher than that in the feed magnetic seeds, suggesting that the escaped
magnetic seeds are primarily particles with higher impurity content and relatively weaker
magnetic properties, making them more difficult to capture. Furthermore, the content
of Al, Ti, and Si elements in the escaped magnetic seeds from the humped channel is
generally higher than that in escaped magnetic seeds from the smooth channel, indicating
that the humped channel enhances the capture of fine, high-purity magnetite particles, thus
alleviating the loss of effective magnetic seeds.
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Figure 8. EDS mapping spectra of the raw magnetic seeds (a), escaped magnetic seeds in the smooth
channel (b), and escaped magnetic seeds in the humped channel (c).

 
Figure 9. Volume magnetic susceptibility of the feeding and escaped magnetic seeds.

To further investigate the effect of impurity elements, such as Al, Si, and Ti, on the
magnetic properties of the magnetic seeds, Figure 9 presents the magnetic susceptibility
curves of the feeding and escaped magnetic seeds. Evidently, the susceptibility of the
escaped magnetic seeds, which contain higher levels of impurity elements, is significantly
lower than that of the feed magnetic seeds. In addition, the susceptibility of the escaped
magnetic seeds in the humped channel is lower than that of those in the smooth channel.
Therefore, based on the aforementioned results, a conclusion can be drawn that the impurity
elements Al, Si, and Ti present in industrial magnetite magnetic seeds affect the purity of
certain magnetite particles, reducing their magnetic properties and consequently leading
to a higher magnetic seed loss rate. The use of the humped channel in the drum magnetic
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separator, replacing the traditional smooth channel, helps increase the capture of magnetic
seeds and reduce the loss of weakly magnetic impurity seeds.

4. Analysis of Mechanism

For this analysis, we performed a theoretical study on smooth and humped chan-
nels by using methods such as finite-element magnetic field simulation [21], computa-
tional fluid dynamics simulation [22], numerical estimation of particle body forces, and
discrete-element particle trajectory simulation [20], providing a detailed explanation of the
enhancement mechanism of magnetic seed capture by the humped channel.

4.1. Simulation of Magnetic and Flow Fields

The magnetic field distribution obtained via finite-element magnetic field simulation
is shown in Figures 10 and 11. Figure 10 presents the distribution of the induced magnetic
field strength around the magnetic system of the drum magnetic separator, while Figure 11
illustrates the magnitude curves of the induced magnetic field strength and magnetic field
force at different distances from the roller surface. The dashed arcs in Figure 10 represent
the positions of 1, 14, and 28 mm away from the surface, in which the total depth of the
flow channel is 30 mm. From Figure 10, the induced magnetic field strength in the flow
channel decreases gradually in the radial direction. In the region within 14 mm of the roller
surface, the induced magnetic field strength is consistently greater than 0.15 T, but the
induced magnetic field strength is approximately 0.05 T, which is relatively low, near the
bottom wall of the channel. The specific magnitude of the induced magnetic field strength
at different dashed arcs is shown in Figure 11. Along the circumferential direction of the
magnetic system, the induced magnetic field strength and the magnetic field force exhibit a
distinct alternating pattern of peaks and valleys, with more pronounced fluctuations closer
to the roller surface. At a distance of 1 mm from the roller surface, the maximum induced
magnetic field strength and the magnetic field force reach 0.39 T and 11.0 kg2/(m·s4·A2),
respectively. At 14 mm, these values are reduced to 0.21 T and 2.20 kg2/(m·s4·A2), while
at 28 mm, they are further reduced to 0.12 T and 0.60 kg2/(m·s4·A2), respectively. The
reduction in the induced magnetic field strength and the magnetic field force is significant,
indicating that magnetic seed particles closer to the roller surface experience stronger
magnetic forces.

Figure 10. Induced magnetic field distribution of the permanent magnetic system of the drum
magnetic separator.
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Figure 11. Magnitude curves of the induced magnetic field strength (a) and the magnetic field force
(b) at different distances from the roller surface.

The flow field distributions in the smooth and humped channels, which are obtained
through computational fluid dynamics simulation, are shown in Figures 12 and 13, re-
spectively. Figure 12 presents the flow field contour map and vector distribution, while
Figure 13 shows the magnitude curves of flow velocity at different heights from the roller
surface. As seen in Figure 12a, velocity distribution in the smooth channel is relatively
uniform. Overall flow velocity in the channel fluctuates around a superficial velocity of
0.6 m/s, with the deviation being less than 0.1 m/s. In this channel, the magnetic particles
move in a relatively regular circumferential motion along the streamlines after entering
the flow path. The magnetic particles at the bottom of the channel are unable to transition
from regions of low magnetic field force to regions of high magnetic field force, increasing
the loss rate. By comparison, the presence of humps disrupts the original regular circum-
ferential flow in the humped channel shown in Figure 12b. At each hump, the channel
narrows, and the fluid at the bottom moves upward along the hump, providing kinetic
energy for the transition of particles in the magnetic field force, and potentially increasing
the probability of magnetic particle capture. The specific flow velocity magnitudes at
1, 14, and 28 mm away from the roller surface in the smooth and humped channels are
shown in Figure 13a,b, respectively. As can be observed along the circumferential direction,
although the introduction of humps facilitates the transition of magnetic particles toward
higher-magnetic-force regions, it also leads to localized velocity surges. Compared to the
smooth channel with velocity fluctuations between 0.45 m/s and 0.60 m/s, the maximum
velocity in the humped channel can reach 1.14 m/s. Whether it enhances magnetic seed
capture still requires further evaluation through the estimation of body forces acting on
the particles.
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Figure 12. Flow field contour map and vector distribution in the smooth channel (a) and the humped
channel (b).

 
Figure 13. Magnitude curves of flow velocity at different distances from the roller surface in the
smooth channel (a) and the humped channel (b).
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4.2. Estimation of Body Forces Acting on Particles

Variation in the shape of the flow channel affects the magnetic force and fluid drag
acting on the impure magnetic seeds, while body forces, such as gravitational, centrifugal,
and friction forces, remain unchanged. Therefore, only the magnetic and fluid drag forces
at Points 3 and 4, as indicated in Figure 12, were calculated using Equations (1) and (2).
The specific magnitudes of parameters in these equations are listed in Table 1, and the
results are presented in Figure 14. As seen in Figure 14a, the magnetic and fluid drag forces
at Point 3 (in the smooth channel) for particles of different sizes are smaller than those
at Point 4 (in the humped channel). For particles with a size of 38 μm, the magnetic and
fluid drag forces at Point 3 are 1.37 × 10−8 N and 2.06 × 10−8 N, respectively, with the
magnetic force being smaller than the drag force, causing the impure magnetic seeds to
tend to escape. By contrast, the magnetic and fluid drag forces are 4.57 × 10−8 N and
4.05 × 10−8 N, respectively, at Point 4, with the magnetic force exceeding the drag force,
causing the impure magnetic seeds to be captured. Figure 14b further presents the ratio
of the magnetic force to the drag force at Points 3 and 4 for particles of different sizes.
As shown in the figure, although the humped flow channel leads to a local increase in
flow velocity, the ratio of the magnetic force to the drag force in the high-velocity region is
significantly increased, and the coarser the particle size, the more pronounced the increase.
Therefore, the particle transition phenomenon caused by the humped channel contributes
to enhancing the magnetic capture process.

 
Figure 14. Magnitude (a) and ratio curves (b) of the magnetic and fluid drag forces at Points 3 and 4.
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4.3. Trajectory of Particles

We coupled the simulation data of the magnetic and flow fields with discrete particle
motion simulations to obtain the dynamic capture process of magnetite and the impure
magnetic seeds in the smooth and humped channels. The specific parameters for particle
properties are provided in Table 2, and the computational results are presented in Figure 15
(the dynamic videos are available in the Supplementary Materials). In this figure, black
particles represent magnetite, while red particles represent impurities. As seen in Figure 15,
the magnetite particles are generally captured and stuck onto the surface of the roller
regardless of whether the channel is smooth or humped. However, a significant difference
exists in the capture of impurity particles between the two types of channels. In the smooth
channel, a portion of the impurity particles is clearly dispersed in the lower region of the
channel after 0.8 s and cannot be stuck onto the roller surface. By contrast, the impurity
particles noticeably shrink toward the roller surface after passing through the first hump
in the humped channel. After 0.8 s, they do not disperse to the bottom of the channel but
remain on the roller surface, significantly improving the capture rate. This result further
theoretically confirms that the humped channel effectively alleviates the issue of excessive
magnetic seed loss due to the presence of impurities during the industrial recycling process
of magnetic seeds.

 

Figure 15. Dynamic capture process of magnetite (black) and impurity (red) magnetic seeds in the
smooth (a) and humped (b) channels.

5. Conclusions

This study aimed to address the issue of high loss rates of industrial magnetic seeds in
the magnetic flocculation process. The effect of smooth and humped channels on magnetic
seed recovery was studied in a drum magnetic separator. SEM and VSM were utilized to
analyze separated samples, identify the primary causes of high magnetic seed loss, and
confirm the enhanced recovery mechanism of the humped channel through magnetic field
simulation, flow field simulation, particle force calculation, and discrete-element coupling
particle trajectory simulation. The major conclusions drawn are as follows:
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(1) The SEM and VSM analyses of the samples indicate that a small amount of impu-
rities, which are rich in elements such as Al, Si, and Ti, exist in the industrial magnetite
magnetic particles. These impurities have lower magnetization, resulting in lower capture
rates in the conventional smooth-channel drum magnetic separator and contributing to the
high rate of magnetic seed loss.

(2) The experimental results of magnetic seed capture in channels of different shapes
indicate that the recovery of magnetic seeds in the humped channel consistently outper-
forms that in the smooth channel under various feeding flow rates and drum rotational
speeds, with a recovery rate of up to 3%. The humped channel alleviates the high magnetic
seed loss problem.

(3) The magnetic field, flow field, and particle trajectory analysis results show that
the magnetic field force at the bottom of the smooth channel is only 0.6 kg2/(m·s4·A2),
which is around 18 times lower than that at the roller surface. The application of the
humped channel pushes the impure magnetic seeds to transition from the region with a
low magnetic field force to a region with high magnetic field force, significantly improving
the rate of impure magnetic seed capture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min15070732/s1, Video S1: Dynamic capture process of magnetite
(black) and impurity (red) magnetic seeds in the smooth channel; Video S2: Dynamic capture process
of magnetite (black) and impurity (red) magnetic seeds in the humped channel.
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Abstract: This study introduces a controlled laboratory-scale method for synthesizing bar-
ium sulfate, with promising potential for industrial scalability to meet increasing demand
for quality and sustainable production. Statistical tools—specifically, design of experiments
(DOE) and the D-optimal methodology via DX12.0.3.0 software—were employed to de-
termine optimal reaction parameters. The synthesis process involved the precise control
of barium chloride and sulfate concentrations, feed rate, and temperature to ensure the
production of barium sulfate. Under optimized conditions (BaCl2 = 1.5 M, SO4

2− = 0.41 M,
flow rate = 2.53 mL/min, temperature = 20.03 ◦C), a yield of 9.20 g of barium sulfate with
a density of 4.25 g/cm3 was achieved. The analysis confirmed the purity of the product,
validating its suitability for demanding industrial applications. This approach not only
improves product quality but also minimizes waste and reduces operational costs, offering
a sustainable and scalable solution for barium sulfate production. These findings mark a
meaningful step forward in mineral processing and purification technologies.

Keywords: barium sulfate; optimization; purity; density; precipitation

1. Introduction

Barite (BaSO4) has transitioned from being a low-value mineral to a resource of
strategic significance across various industries, especially in the energy sector. Its unique
attributes, including high density and chemical inertness, render it essential for oil explo-
ration and drilling. Notably, nearly 90% of global barite consumption is attributed to its
function as a weighting agent in drilling fluids, which are critical for stabilizing wellbores
and managing formation pressures to ensure operational safety and efficiency [1–6]. The
exceptional density and minimal solubility of barite make it ideally suited for drilling
applications, as it effectively counters formation fluid pressures, thereby reducing blowout
risks and enhancing stability. Beyond oil and gas, barite’s versatility has facilitated its
adoption across diverse industries. Its physical and chemical properties are leveraged in
pigment production, where its high refractive index and chemical inertness contribute to
superior optical and functional traits [7,8]. As a critical component in drilling mud, barite’s
characteristics—being clean, soft, inert, and economically viable—are further amplified by
its specific gravity exceeding 4 g/cm3, making it an effective weighting agent [9,10]. Its
functions extend to cooling and lubricating drill bits, lining well casings, and facilitating
drilling fluid transport, concurrently controlling abnormal formation pressures [11]. Natu-
ral barium sulfate with a purity of 90%–95% and minimal iron oxide contamination (<1%)
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is extensively utilized in manufacturing high-quality white pigments and as a viscosity
modifier in paints. In contrast, synthetic barium sulfate, commonly known as blanc fixe,
is produced through the precipitation of pure barium sulfate from a chemical reaction
between sodium sulfate (Glauber’s salt) and barium sulfide [12–15]. In pharmaceuticals, al-
though overall industrial mineral consumption is lower, barite’s economic value is notable
when processed to meet rigorous standards, requiring purity levels exceeding 97.5% [16–18].
Barium sulfate serves a crucial role as a contrast agent in X-ray and CT imaging, enhancing
diagnostic image quality by improving the visibility of internal structures [19–21]. How-
ever, care is necessary for patients with certain conditions due to the potential adverse
effects if used improperly [22,23]. In cases where barite contains witherite, the resulting
solution can become toxic, potentially causing kidney dysfunction or paralysis. Therefore,
the use of barium sulfate in medical procedures should always adhere to the guidance of a
qualified healthcare professional [24–26].

At the turn of the 19th and early 20th centuries, several materials were tested as con-
trast agents for X-ray imaging. Initially, heavy metal salts and oxides were suggested for
this purpose. The first material employed was bismuth nitrogen compounds, which, how-
ever, caused significant toxicity. Subsequently, bismuth carbonate and high-atomic-number
metal oxides, such as thorium oxides, were utilized. Due to the hazardous nature of these
substances, barite (barium sulfate) emerged as a safer alternative. Nevertheless, the use of
barite was not devoid of complications, as impurities often resulted in toxic effects [27–29].
In 1911, the Mallinckrodt Chemical Company introduced a method called the “black ash
process” to purify barite and convert it into soluble barium salts [30]. By 1913, this method
was industrially implemented, marking a significant advancement in barite refinement.
The black ash process facilitated the removal of impurities, rendering barite a safer and
more efficient material for diverse applications [31–33]. In 1930, Henry Farr proposed an
alternative process using calcium chloride instead of oil and gas to convert barium sulfate.
This method involved purifying barite and transforming it into a complex salt, followed
by hydrolysis of the complex salt, which led to the precipitation of barium sulfate. Other
salts, such as potassium chloride, potassium nitrate, and chromium or iron sulfates, could
also form complex salts with barite. This method produced fine precipitates, effectively
separating impurities like iron oxides and siliceous materials from barite [34–36]. Later,
in 1936, Norris and colleagues expanded on Farr’s invention and succeeded in extracting
soluble salts from both barium and strontium sulfates. The reaction demonstrated optimal
efficiency when equimolar ratios of barium sulfate and calcium chloride (containing 3–5
parts water) were subjected to intense heat for a brief period, resulting in their fusion. The
resulting product was cooled using a methanol–ethylene glycol mixture, yielding barium
chloride with a purity of 95% or higher [37–41]. Tasbolatovna reviewed various methods
for producing high-purity barium sulfate. The study highlighted common impurities in
the synthesis process, including sodium and ammonium chlorides, as well as sulfur-based
compounds such as sulfur chloride or SO2. The use of barium hydroxide was found to
effectively reduce sulfide impurities. In one method, sulfuric acid and hydrochloric acid
were employed for washing barite, with high-purity barite being essential for optimal
results. This process upgraded barite with an initial purity of 95%–98% to a final grade
of 99% purity. Additionally, barite purification was achieved by dissolving it in molten
salt mixtures of sodium chloride and calcium chloride. After separating the solid and
molten phases and washing with water, pure barium sulfate was obtained. This high-
purity barium sulfate has proven applications in industries such as battery production and
papermaking [42].

Recent studies emphasize the growing need for sustainable mineral processing routes
to produce high-purity compounds with minimal environmental impact [43]. These appli-
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cations require not only high chemical purity but also narrow particle size distribution and
high density, which are difficult to achieve using conventional techniques. Our approach
aligns with these modern standards by applying statistically optimized synthesis methods
to produce BaSO4 with over 96% purity, reducing reagent waste. In addition to achieving
high purity and yield, the proposed synthesis method demonstrates improved environmen-
tal sustainability. The use of a statistically optimized D-optimal design allowed for minimal
reagent consumption—specifically reducing excess use of barium chloride and sulfuric
acid [44–46]. As the reaction proceeds via a simple precipitation mechanism under ambient
temperature and pressure, it eliminates the need for high-energy input or hazardous cata-
lysts. Furthermore, no secondary or toxic by-products are formed during the process, and
the resulting supernatant is non-corrosive and can be treated using standard neutralization
protocols, making the approach compliant with green chemistry principles. Compared to
conventional high-temperature or multi-step methods, our process significantly lowers the
environmental footprint and aligns with recent efforts to develop cleaner mineral synthesis
techniques [47,48].

In this study, we introduce a streamlined and environmentally conscious synthesis
method for producing barium sulfate. Traditional synthesis routes often require extensive
material input and generate unnecessary waste. In contrast, our methodology leverages
the D-optimal design approach within a Design of Experiments (DOE) framework to
systematically optimize key variables—including reactant concentrations, flow rate, and
reaction temperature. Implemented through DX12 software, this statistical strategy al-
lowed for efficient identification of ideal process conditions using fewer experimental
runs [49–51]. By refining these parameters, we achieved consistent product quality with im-
proved mass yield and density, while minimizing chemical usage and operational overhead.
This integrated approach not only enhances scalability and reproducibility but also aligns
with sustainable processing practices by reducing environmental impact—addressing both
performance and ecological considerations in industrial mineral synthesis.

2. Materials and Methods

2.1. Production of Barium Sulfate

Barium carbonate (BaCO3), hydrochloric acid (HCl) and sulfuric acid (H2SO4) were
used. All reagents used in the experiments are industrial grade purity reagents. Barium
chloride (BaCl2) was synthesized by reacting barium carbonate (BaCO3) with hydrochloric
acid (HCl) according to the following reaction (Equation (1)):

2HCl(aq) + BaCO3(s) → BaCl2(aq) + H2O(aq) + CO2(g) (1)

Hydrochloric acid was added to an acid-resistant vessel, followed by the gradual
introduction of barium carbonate powder while continuously stirring with a mechani-
cal stirrer. This ensured an enhanced reaction rate and prevented premature precipita-
tion of barium carbonate. The reaction proceeded until the pH was adjusted neutral-
ity, at which point a portion of barium carbonate remained as a precipitate. Once com-
plete sedimentation was achieved, the remaining solution was carefully separated for
further processing.

To prepare 1 L of 1 M H2SO4, 55 mL of concentrated sulfuric acid was carefully added
to approximately 800 mL of distilled water in a fume hood with continuous stirring, and
then the solution was diluted to a final volume of 1 L using a volumetric flask. During the
experimental procedure, varying concentrations of barium chloride solution were reacted
with the prepared H2SO4 under magnetic stirring. This reaction resulted in the formation
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of barium sulfate (BaSO4) as a precipitate and hydrochloric acid (HCl) as a byproduct, as
represented by the following chemical equation (Equation (2)):

BaCl2(aq) + H2SO4(aq) → BaSO4(s) + 2HCl(aq) (2)

The density of the barium sulfate samples was determined using a standard pyc-
nometer method in accordance with ASTM D2330 [52]. A pycnometer of known volume
(25 mL) was used for the measurement. Approximately 5–15 g of oven-dried sample was
accurately weighed and placed into the pycnometer. Deionized water was then added to
fill the pycnometer, ensuring that no air bubbles remained trapped. Then, the mass of the
filled pycnometer was recorded. The density of the dry sample (ρs) was calculated using
the following equation (Equation (3)):

ρs =
ms × ρw(

mpw − mp
)− (

mpsw − mp − ms
) (3)

where
ms is the mass of the dry sample,
mp is the mass of the empty pycnometer,
mpw is the mass of the pycnometer filled with water,
mpsw is the mass of the pycnometer filled with sample and water,
ρp is the density of the water at the measurement temperature.
Each measurement was performed in triplicate, and the average value was reported

to ensure accuracy and repeatability.

2.2. Experimental Design

The following sections describe the experimental design and synthesis methodology
used to produce barium sulfate via a synthetic approach. Initial experiments revealed a
direct correlation between the barium concentration and the density of the resulting barium
sulfate. Consequently, the density of the synthesized barium sulfate was selected as a key
response variable for the optimization study. To efficiently determine the optimal synthesis
conditions while minimizing the number of experimental trials, the design of experiments
(DOE) methodology was applied. This statistical approach allows for the evaluation of
both individual parameters and their interactions on the synthesis process [53–55]. The
experimental design was developed using DX12 software, employing the D-optimal design
strategy to guide the optimization.

The input parameters were defined as the barium chloride concentrations, sulfate
concentrations, feed rate, and temperature. The output parameters were the mass of
the produced barium sulfate (in grams) and its density. The minimum and maximum
concentrations of barium chloride and sulfuric acid were set between 0.35 M and 1.5 M,
based on the solubility product constants (KSP) of the chemical compounds, the relevant
literature, and experimental constraints. The concentration range was considered to be
from 0.35 to 1.5 M. Increasing the concentration beyond this value would cause high acidity
of the medium and failure of the reaction to complete. The feed rate was determined to
range from 2.5 to 20 mL/min, considering the limitations of the laboratory burette. The
solution temperature range was specified as 20–80 ◦C. The input parameter ranges used
in the software, based on the results of preliminary experiments, are provided in Table 1.
Additionally, the experimental design by DX12 software is detailed in Table 2.
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Table 1. The range of the input variables used in the experimental design.

Parameter Type
Minimum

Value
Maximum

Value
Mean

Barium chloride concentration
(mol/L) A 0.35 1.5 0.919

Sulfate concentration (mol/L) B 0.35 1.5 0.904
Feed rate (mL/min) C 2.5 20 10.617

Temperature (◦C) D 20 80 53.776

Table 2. Experimental design for process optimization.

Experiment
No.

Barium
Chloride

Concentration
(M)

Sodium
Sulfate

Concentration
(M)

Flow Rate
(mL/min)

Temperature
(◦C)

1 1.5000 0.4398 20.00 72.05
2 0.3500 1.5000 2.50 20.00
3 1.3742 0.7143 11.51 46.57
4 0.3500 0.3500 2.50 80.00
5 0.3500 0.9625 20.00 42.49
6 1.5000 1.5000 20.00 80.00
7 1.5000 1.5000 11.24 39.45
8 1.5000 0.8547 2.50 20.00
9 1.5000 0.8547 2.50 20.00

10 0.9634 0.3500 2.50 42.86
11 0.3500 1.4820 2.50 71.46
12 0.8551 1.5000 20.00 20.00
13 1.5000 0.3500 5.58 80.00
14 1.5000 1.5000 2.50 80.00
15 0.3500 0.3500 20.00 80.00
16 0.3500 1.5000 17.32 80.00
17 0.9191 0.9310 11.21 80.00
18 1.5000 1.5000 2.50 80.00
19 0.9250 0.9250 11.25 20.00
20 0.3500 0.3500 2.50 80.00
21 1.5000 0.3500 20.00 20.00
22 0.3500 0.3500 11.23 20.00
23 0.9483 1.1748 3.59 47.04
24 0.3500 0.9625 20.00 42.49
25 0.3500 0.3500 20.00 80.00

3. Results and Discussion

The product process optimization of barium sulfate was evaluated using DX12 soft-
ware. In this regard, the key parameters, including barium chloride concentration, sulfate
concentration, feed rate, and temperature, were studied.

3.1. Numerical Experimental Results

The input parameters considered were barium chloride concentration, sulfate con-
centration, feed rate, and temperature, while the output parameters were the mass of the
produced barium sulfate and its density. The experimental results were analyzed using
DX12 software. The regression equations for the mass of the produced barium sulfate and
density are given as Equations (4) and (5), respectively (the models are expressed in terms
of coded variables).

28



Minerals 2025, 15, 621

Mass = 15.48 + (4.91 × A) + (7.36 × B) + (−0.34 × C + (−0.10 × D) + (4.37 × AB)

+(0.19 × AD) + (−0.16 × BC) + (0.23 × CD) +
(
−2.95 × A2

)
+

(
−1.87 × B2

)
+
(
−0.60 × C2

)
+

(
1.58 × D2

)
+

(
−1.06 × A2B

)
+

(
−1.60 × A2D

)
+

(
0.74 × AD2

)
+
(
−1.79 × BC2

)
+

(
2.45 × C2D

) (4)

Density = 3.90 + (0.06 × A ) + (−0.07 × B) + (−0.03 × C) + (−0.04 × D) + (−0.04 × AB)

+(−0.004 × BC) + (0.06 × BD) + (0.02 × CD) +
(

0.03 × A 2
)
+

(
−0.05 × B2

)
+(−0.05 × BCD) +

(
0.04 × B2C

) (5)

The statistical results of the developed models are presented in Table 3. The value
of the adequate precision component exceeds four, indicating a satisfactory level of
accuracy [56,57]. Other parameters, such as the coefficient of determination (R2), also
demonstrate the efficacy of these models in predicting the mass of the produced barium
sulfate and density [58–60].

Table 3. Statistical evaluation of model accuracy in predicting mass and density of synthesized
barium sulfate.

Model R2 Adjusted R2 Standard
Deviation

Mean
Adequate
Precision

Coefficient of
Variation (%)

Mass (g) 1.00 0.99 12.86 12.86 247.33 0.78
Density
(g/cm3) 0.82 0.64 0.083 3.88 7.80 2.16

The data presented in Table 4 show the results of the model for the mass of produced
barium sulfate. The F-value of the model is 8458.53, which indicates that the model is
statistically significant. The probability of obtaining an F-value this large due to random
variation or noise is only 0.01%, affirming the robustness of the model. Furthermore, p-
values less than 0.05 suggest that the corresponding model terms are statistically significant.
In this context, the following terms are significant: A, B, C, AB, AD, BC, CD, A2, B2, C2,
D2, A2B, A2D, AD2, BC2, and C2D. On the other hand, terms with p-values greater than 0.1
are considered not significant, implying that their contribution to the model is negligible.
As presented in Table 5, the data correspond to the model of barium sulfate density. The
F-value of 4.59 indicates that the model is statistically significant. This value suggests that
there is only a 0.66% probability that such an F-value could arise due to random variation
or noise, reinforcing the robustness of the model. Further analysis reveals that p-values less
than 0.0500 denote statistically significant model terms. In this case, the model terms A, B,
and BD are significant, confirming their relevance in predicting the barium sulfate density.
Conversely, any model term with a p-value greater than 0.1000 is considered non-significant,
and such terms do not contribute meaningfully to the model’s predictive capability. This
statistical significance of the model terms and the low probability of noise-driven results
underline the model’s strong predictive accuracy and reliability [61].
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Table 4. Results of the analysis of variance (ANOVA) for the developed model on the mass of barium
sulfate produced.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 1449.19 17 85.25 8458.53 <0.0001 significant
A 22.61 1 22.61 2243.47 <0.0001
B 22.61 1 22.61 2243.12 <0.0001
C 1.03 1 1.03 102.42 <0.0001
D 0.0200 1 0.0200 1.99 0.2013

AB 94.39 1 94.39 9365.88 <0.0001
AD 0.1983 1 0.1983 19.68 0.0030
BC 0.2080 1 0.2080 20.64 0.0027
CD 0.3143 1 0.3143 31.18 0.0008
A2 14.87 1 14.87 1475.61 <0.0001
B2 4.10 1 4.10 406.45 <0.0001
C2 0.3894 1 0.3894 38.64 0.0004
D2 4.84 1 4.84 480.01 <0.0001

A2B 0.8433 1 0.8433 83.68 <0.0001
A2D 1.36 1 1.36 135.19 <0.0001
AD2 0.3161 1 0.3161 31.37 0.0008
BC2 2.37 1 2.37 235.36 <0.0001
C2D 2.63 1 2.63 261.00 <0.0001

Residual 0.0705 7 0.0101
Lack of

Fit 0.0055 2 0.0027 0.2113 0.8164 not signif-
icant

Pure
Error 0.0650 5 0.0130

Cor Total 1449.26 24

Table 5. Results of the analysis of variance (ANOVA) for the developed model on the density of
barium sulfate produced.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 0.3864 12 0.0322 4.59 0.0066 significant
A 0.0803 1 0.0803 11.43 0.0055
B 0.0633 1 0.0633 9.02 0.0110
C 0.0020 1 0.0020 0.2837 0.6040
D 0.0199 1 0.0199 2.83 0.1182

AB 0.0172 1 0.0172 2.45 0.1431
BC 0.0002 1 0.0002 0.0233 0.8812
BD 0.0425 1 0.0425 6.06 0.0300
CD 0.0026 1 0.0026 0.3659 0.5565
A2 0.0021 1 0.0021 0.2941 0.5975
B2 0.0074 1 0.0074 1.06 0.3243

BCD 0.0143 1 0.0143 2.03 0.1793
B2C 0.0032 1 0.0032 0.4532 0.5136

Residual 0.0842 12 0.0070
Lack of

Fit 0.0510 7 0.0073 1.09 0.4772 not signif-
icant

Pure
Error 0.0333 5 0.0067

Cor Total 0.4707 24
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3.1.1. Mass of Barium Sulfate

Figure 1 displays the normal probability plot for the barium sulfate mass model,
illustrating the distribution of residuals and the likelihood of each experimental outcome
based on residual interpolation. The clustering of data points along the reference line
indicates that the model accurately captures the relationship between sulfuric acid and
barium chloride in barium sulfate production. This alignment suggests strong predictive
capability and minimal deviation in error distribution. Figure 2 further supports this by
comparing the actual mass of barium sulfate produced with the model’s predicted values.
The data points lie closely along the line of identity, confirming the model’s robustness and
reliability in predicting barium sulfate mass. Together, these plots validate the model’s
effectiveness in representing the key dynamics of the synthesis process.

Figure 1. Normal probability plot of the response errors for the barium sulfate mass model.

Figure 2. The difference between the actual and predicted values of the mass of barium sulfate
(in grams).

Figure 3 illustrates that with the increase in the concentrations of barium chloride and
sulfuric acid, the mass of the produced barium sulfate rises correspondingly. However, an
excessive concentration of sulfuric acid in the reaction environment inhibits the growth
of barium sulfate crystals, leading to a reduction in the overall material production. The
feed rate also impacts the mass of the produced material; specifically, an increase in the
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feed rate results in a lower mass of produced material. Temperature does not significantly
influence this process.

Figure 3. Effect of parameters on the mass of produced barium sulfate. A: barium chloride concentra-
tion; B: sulfate concentration; C: feed rate; D: temperature.

Figure 4 showcases the influence of critical parameter interactions on the mass of
produced barium sulfate. The response surface plots offer an in-depth visualization of
how varying conditions impact the synthesis process. In Figure 4a, the effects of barium
chloride and sulfate concentrations are analyzed. The data clearly indicate that simultane-
ously increasing the concentrations of these reactants significantly enhances the mass of
barium sulfate produced, underscoring that higher reactant concentrations promote more
efficient barium sulfate precipitation. Figure 4b illustrates the relationship between BaCl2
concentration and temperature. The findings reveal that while an increase in BaCl2 concen-
tration markedly boosts production, the temperature, ranging from 20 ◦C to 80 ◦C, exerts a
minimal influence on the mass. This observation suggests that within the examined range,
temperature is not as crucial a parameter as reactant concentration. Figure 4c investigates
the impact of sulfate concentration and flow rate. It becomes evident that reducing the flow
rate leads to a notable increase in the mass of barium sulfate produced, even with slight
variations in sulfate concentration. This indicates that lower flow rates extend the residence
time, thereby enhancing precipitation efficiency. Figure 4c suggests that reducing the flow
rate leads to increased mass production, likely because lower flow rates provide more time
for the barium sulfate particles to nucleate and grow. This is particularly important in
continuous flow reactors, where optimizing the residence time can lead to higher yields
without the need for excessive increases in reactant concentrations. Figure 4d examines the
interaction between temperature and flow rate. The analysis reveals that variations in flow
rate have a more substantial impact on the mass of barium sulfate at lower temperatures.
As temperatures rise, this effect lessens, highlighting a complex interaction where specific
temperature ranges dampen the influence of flow rate on the precipitation process. In
conclusion, the response surface methodology illustrated in Figure 4 emphasizes the critical
role of optimizing reactant concentrations and flow rate to maximize the efficiency of
barium sulfate production, while temperature assumes a more secondary role.
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Figure 4. Impact of different parameter interactions on the mass of produced barium sulfate.
(a) Barium chloride and sulfate concentration; (b) barium chloride concentration and temperature;
(c) feed rate and sulfate concentration; (d) feed rate and temperature.

3.1.2. Density of Barium Sulfate

Figures 5 and 6 present, respectively, the normal probability plot and the distribution
of actual response values versus predicted values for the density model. The data in
both of these plots align with the model’s predictions, further validating its accuracy and
consistency.

Figure 5. Normal probability plot of the response errors for the barium sulfate density model.
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Figure 6. The difference between the actual and predicted values of the density of barium sulfate.

Additionally, Figure 7 demonstrates that as the concentration of barium chloride
increases, the density of barium sulfate rises. Conversely, increasing the concentration of
sulfate and temperature results in a decrease in density. The feed rate does not have a
significant effect on the density of the barium sulfate produced using sulfuric acid.

Figure 7. Effect of parameters on the density of barium sulfate. A: barium chloride concentration; B:
sulfate concentration; C: feed rate; D: temperature.

Figure 8 presents a series of response surface plots that illustrate the interactions
between key parameters and their effect on the density of produced barium sulfate. These
plots provide valuable insights into how variations in factors such as concentration, flow
rate, and temperature influence the synthesis process and the resulting barium sulfate
density. The slight increase in density with increasing concentrations of barium chloride
and sulfate (as shown in Figure 8a) reflects the tendency for denser products to form
under higher concentrations of reactants. This may be due to enhanced crystal growth
and aggregation of particles, leading to a more compact structure. In industrial applica-
tions, higher density barium sulfate can be beneficial for certain applications, such as in
drilling fluids, where product density is a critical parameter. Figure 8b explores the rela-
tionship between sulfate concentration and flow rate. The findings indicate that changes
in flow rate have a relatively minor effect on the density of barium sulfate, particularly
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when the sulfate concentration is held constant. This suggests that adjustments in flow
rate alone may not significantly impact the overall density unless they are coupled with
changes in other factors. It reinforces the idea that under certain conditions, flow rate
alone does not play a dominant role in influencing the product’s characteristics. In Fig-
ure 8c, the influence of temperature, in conjunction with sulfate concentration, on barium
sulfate density is assessed. The data show that within the temperature range of 70 ◦C to
80 ◦C, fluctuations in temperature have a negligible effect on density. This suggests that
when sulfate concentration is controlled, temperature changes do not substantially affect
the precipitation process, pointing to the limited role of temperature within the studied
range. Finally, Figure 8d examines the interaction between temperature and flow rate. The
relatively flat surface in this plot indicates that neither temperature nor flow rate, within the
ranges tested, significantly influences the density of barium sulfate. This suggests that there
exists a threshold beyond which further changes in these parameters do not substantially
alter the final density of the product. This observation implies that optimizing these vari-
ables might be less critical compared to other factors, such as concentration. The relatively
insensitive nature of barium sulfate density to variations in temperature and flow rate,
as indicated in Figure 8c,d, suggests that temperature and flow rate adjustments beyond
certain thresholds do not significantly alter the physical characteristics of the product. This
finding is consistent with the concept of thermodynamic equilibrium, where the synthesis
conditions may reach a point beyond which further changes in temperature or flow rate
yield diminishing returns in terms of product properties. Overall, the response surface
methodology presented in Figure 8 emphasizes the importance of optimizing reactant
concentrations to achieve the desired barium sulfate density. It also illustrates the relatively
minor impact of temperature and flow rate variations within the experimental ranges.
These insights are valuable for the development of efficient and cost-effective strategies
for barium sulfate synthesis, offering a pathway for optimizing the process and improving
product yield.

Figure 8. Impact of parameter interactions on the density of barium sulfate. (a) Barium chloride and
sulfate concentration; (b) sulfate concentration and temperature; (c) feed rate and sulfate concentra-
tion; (d) feed rate and temperature.
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3.2. Optimization Conditions

The optimal conditions for this process were determined by the software as follows:
under the experimental optimum conditions, BaCl2 concentration = 1.5 M, SO4

2− concen-
tration = 0.41 M, flow rate = 2.53 mL/min, and temperature = 20.03 ◦C. Under these condi-
tions, the software predicted the production of 9.21 g of barium sulfate with a density of
4.25 g/cm3. The optimal condition tests were repeated three times, yielding the results pre-
sented in Table 6. This shows that the experimental values closely align with the predicted
output, confirming the reliability of the model.

Table 6. Experimental results and average values for barium sulfate synthesis under
optimized conditions.

Test No. Mass (g) Density (g/cm3)

1 9.11 4.29
2 9.27 4.2
3 9.23 4.26

Average 9.20 4.25

Table 7 displays the results from the X-ray fluorescence (XRF) analysis of barium sulfate
synthesized under optimum conditions. The XRF analysis clearly supports the notion
that the synthesis method employed produces barium sulfate of exceptional purity (high
elemental purity), which is critical for industries that require high-quality materials, such as
pharmaceuticals, ceramics, and cosmetics. The minute quantities of impurities (e.g., Al2O3

and SrO) are within acceptable thresholds for proposed applications, ensuring the integrity
of the end product for stringent industrial uses. These minor quantities of impurities are
due to the use of industrial-grade purity reagents. The most notable observation from the
data is the absence of significant impurities such as silica and potassium oxide, which are
often problematic in synthesizing materials. The presence of minor traces of aluminum
oxide (Al2O3) and strontium oxide (SrO) further emphasizes the controlled nature of the
synthesis process, where such components are kept to minimal levels. This result affirms
the robustness of the synthesis method, which could be of great interest to industries
requiring barium sulfate with high performance characteristics. The average purity of the
barium sulfate was determined to be 96.08%.

Table 7. The XRF analysis results of synthesized barium sulfate.

Component % Component %

Potassium Oxide (K2O) 0.04 Cadmium Oxide (CdO) 0.025
Sodium Oxide (Na2O) 0.12 Silver Oxide (Ag2O) 0.023
Iron(III)7Oxide (Fe2O3) 0.011 Copper Oxide (CuO) 0.014
Strontium Oxide (SrO) 0.33 Chlorine (Cl) 0.93

Aluminum Oxide
(Al2O3) 0.82 Calcium Oxide (CaO) 0.083

Barium Oxide (BaO) 62.44 Phosphorus Pentoxide
(P2O5) 0.017

Sulfur Trioxide (SO3) 33.64 Magnesium Oxide
(MgO) 0.027

The high purity of the synthesized barium sulfate, coupled with its low levels of
contaminants, demonstrates the suitability of the product for critical industrial applications
where impurity levels must be carefully controlled. The method presented here could
serve as a valuable contribution to improving existing production systems for barium
sulfate, especially for industries that demand high grades of material for their processes.
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Furthermore, the scalability of this synthesis method holds promise for industrial-scale
production. Given the efficiency in achieving high purity and the low operational costs, this
technique could offer a pathway for more sustainable and economically viable large-scale
manufacturing of barium sulfate.

4. Conclusions

This study successfully developed a methodology for the synthesis of barium sulfate
at the laboratory scale. Using the D-optimal design, critical reaction parameters—such as
barium chloride and sulfate concentrations—were systematically optimized. Under the
experimental optimum conditions—BaCl2 concentration = 1.5 M, SO4

2− concentration =
0.41 M, flow rate = 2.53 mL/min, and temperature= 20.03 ◦C—9.21 g barium sulfate with
a density of 4.25 g/cm3 can be achieved. The experimental results and corresponding
average values for barium sulfate synthesis under optimized conditions demonstrate that,
on average, 9.20 g of barium sulfate with a density of 4.25 g/cm3 was produced. This
shows that the experimental values closely align with the predicted output, confirming
the reliability of the model. The analysis of barium sulfate produced in the optimum
conditions confirmed the purity, with a barium oxide content of 62.44% and sulfur trioxide
at 33.64%, verifying the material’s industrial applicability. The robustness and reliability
of the optimization process were validated through rigorous statistical analysis, which
demonstrated strong predictive capabilities with high F-values and R2 indicators for both
mass and density outcomes. Future research should focus on scaling the process for large-
scale industrial applications and exploring additional variables that could further enhance
production efficiency and sustainability.
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Abstract: The processing of low-grade, lead-containing practical ores requires fine grinding
to liberate galena and enhance flotation recovery. The ball mill is still one of the most
common approaches used in industry for fine grinding. This study investigated the effect
of the grinding parameters in a ball mill on the fine grinding product of galena and on
flotation performance. The grinding product had a particle size below 30 μm, which was
classified into +25 μm, −25 + 10 μm, and −10 μm fractions. Grinding experiments showed
that modifications to the grinding concentration, media proportion, and filling ratio exerted
significant effects on the yields of the +25 μm and −10 μm fractions. Flotation experiments
showed that the yield of −10 μm particles negatively affected the flotation performance of
galena. Discrete element method simulation results revealed that an increase in the motion
velocity of the media group enhanced attrition effects during fine grinding, promoting the
generation of −10 μm particles. The higher yield of −10 μm particles facilitated a smaller
contact angle and smaller agglomerate size, resulting in lower recovery. To optimize the
particle size distribution and improve fine-grained galena flotation recovery, it is essential
to reduce the attrition of the grinding media on the mineral.

Keywords: grinding parameters; fine grinding; galena; particle size distribution; fine
particle flotation

1. Introduction

Lead is recognized as a critical national strategic resource, playing an indispensable
role in the electrical, mechanical, military, and metallurgical industries, and serves as a
cornerstone of national economic development [1–3]. Galena, the most widely distributed
lead-bearing mineral, is the primary raw material for lead metal production. As global
demand for lead continues to rise, the recycling and utilization of microfine-grained
galena resources have garnered increasing attention, with corresponding research efforts
intensifying [4]. Fine grinding is a well-established technique for enhancing the liberation
of microfine mineral particles and optimizing flotation recovery efficiency [5]. Given the
growing emphasis on resource efficiency and technological innovation, investigating the
impact of fine grinding on the flotation performance of microfine-grained galena is of
significant scientific and practical importance.

Ball mills and stirred mills are commonly used equipment for fine ore grinding [5].
Although stirred mills have advantages, such as lower energy consumption and higher

Minerals 2025, 15, 618 https://doi.org/10.3390/min15060618
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grinding efficiency compared to ball mills [6], the design and development of large-scale
stirred mills within a short timeframe remain challenging due to structural limitations
and material strength constraints [7]. Consequently, traditional ball mills remain the most
widely used fine grinding equipment, due to their high throughput and simple structure [8].
Given their widespread application, investigating the effects of fine grinding in ball mill
systems remains highly significant.

The surface properties of galena particles in the ball mill grinding product vary with
particle size. Generally, the finer the galena particles, the more complex their surface
properties [9–11]. It has been proven that under identical flotation reagent conditions,
−25 μm galena particles are more soluble and oxidize more readily than +25 μm particles,
enhancing their surface hydrophilicity [12], and that galena particles smaller than 10 μm
are more affected by iron oxidation species from grinding media than those in the inter-
mediate size range of −53 + 10 μm [13]. Therefore, in the fine grinding stage of galena,
achieving an optimal particle size distribution is crucial for ensuring effective separation
and enhancing flotation recovery [14,15], and it is essential to study the factors influencing
the particle size distribution of galena grinding products. It has been established that the
material composition [16,17], shape [18,19], and size [20] of the grinding media, along with
variations in the mill mechanisms [21–23], directly impact the particle size distribution of
fine-ground mineral products. Additionally, determining appropriate grinding parameters,
such as the grinding concentration, media proportion, and filling ratio, is also critical for
achieving the desired particle size distribution in fine-ground products, thereby ensuring
optimal separation efficiency [24,25]. When adjusting the grinding parameters, the varia-
tion regularity of the particle size distribution of galena fine grinding products remains
unclear and requires further investigation.

During the fine grinding stage, mineral particles are generally ground to below
30 μm [26]. This paper investigates galena with 65% of particles finer than 74 μm, which is
ground to achieve a particle size below 30 μm in a ball mill system. The study examines
the effects of the grinding parameters, including grinding concentration, media proportion,
and filling ratio, on the particle size distribution of the fine-ground galena product. The
variation in flotation recovery confirms the reliability of the analysis results for the changes
in grinding product particle size distribution. The research findings provide new insights
into how the grinding parameters affect the particle size distribution of galena during fine
grinding, thus facilitating the recycling of fine-grained galena resources.

2. Materials and Methods

2.1. Pure Minerals

The galena sample used in this study was purchased from the Mingfa Mineral Spec-
imen Company in Guangzhou, China and is sourced from a medium-low temperature
hydrothermal deposit. The X-ray fluorescence (XRF) analysis, which was performed using
an Axios mAX device made by PANalytical, which was located in Almelo, The Netherlands,
showed that it contained 85.83% Pb, which meant that the purity of galena was 99.09%.
Following hand selection, crushing, and grinding, the galena sample exhibited the particle
size distribution shown in Figure 1, with 65% of the particles smaller than 74 μm. As shown
in Figure 1, since the minerals were crushed below 200 μm in the crushing stage, and
grinding in the grinding stage targeted minerals under 100 μm from the crushing product,
the minerals in the 100–200 μm range were not ground. Thus, the laser particle size analysis
results of galena showed a second peak, with the maximum particle size around 200 μm.
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Figure 1. The laser particle size analysis results of galena (the feed material for the
grinding experiments).

2.2. Grinding Experiments

The experimental process is shown in Figure 2. Grinding experiments were
conducted using a stainless-steel cylindrical mill with a grinding chamber size of
80 mm (D) × 100 mm (L). Literature reports have demonstrated that small-scale ball mill
jars have been effectively utilized in laboratory settings to investigate the impact of grind-
ing conditions on the properties of ground products and have consistently shown stable
outcomes and well-defined trends [27]. For each test, 60 g of galena sample, deionized
water and stainless-steel balls were placed in the ball mill, which had an effective volume
of 500 mL, and ground for 10 min at a mill speed of 109 r/min; the critical speed of the mill
is 149 r/min. The grinding parameters were set as detailed in Table 1. When 65% of the
particles in the feed material are smaller than 74 μm, relevant research has demonstrated
that in laboratory-scale tests, the fine grinding efficiency of minerals is optimal when the
media sizes are selected as 5 mm, 3 mm, and 2 mm [28]. The grinding concentration is
defined as the ratio of the mass of solids to the mass of pulp, which is equivalent to the
ratio of the mass of solids to the sum of the mass of solids and the mass of water. The media
proportion refers to the combination ratio of the grinding media of different sizes or types
within a ball mill. The filling ratio is the percentage of the grinding media volume relative
to the mill’s effective volume.

Table 1. The grinding parameters and their values examined in the experiments.

Title Value

Grinding concentration 50% 67% 75%

Media proportion 5 mm:3 mm:2 mm
= 4:3:3

5 mm:3 mm:2 mm
= 4:4:2

5 mm:3 mm:2 mm
= 5:3:2

Filling ratio 30% 40% 50%

Pre-tests were carried out to explore the grinding parameters appropriate to grind
60 g of galena samples to below 30 μm under the above-mentioned conditions of a mill
speed of 109 r/min and a grinding time of 10 min. The results show that a grinding
concentration of 67%, a media ratio of 4:4:2, and a filling ratio of 40% are required to
achieve a grinding product size of less than 30 μm. Based on these conditions, the grinding
concentration, media proportion, and filling ratio were successively varied to obtain the fine-
ground products for each set of grinding parameters, which were then used for subsequent
experiments and analysis. For example, when adjusting the grinding concentration, the
media ratio was 4:4:2 and the filling ratio was 40%. When adjusting the media ratio, the
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grinding concentration was 67% and the filling ratio was 40%. When adjusting the filling
ratio, the grinding concentration was 67% and the media ratio was 4:4:2.

 

Figure 2. Schematic diagram of the experimental process.

2.3. Laser Particle Size Analysis

The particle size distribution of the fine-ground products was analyzed using a Mas-
tersizer 2000 laser particle size analyzer manufactured by Malvern Instruments, located in
Malvern, UK. During the experiments, 1 g of the sample was dispersed in 900 mL of water
in a beaker. Dispersion was facilitated by a stirrer operating at 2500 rpm, and ultrasonic
treatment was applied for 1 min. The average particle size was automatically calculated by
the analyzer. In the laser particle size analysis experiments, multiple measurements were
taken for the same sample. The average particle size and the yields of the three average
particle size fractions were obtained after processing the particle size distribution data.

2.4. Flotation Experiments

In the flotation experiments, analytical grade NaOH, industrial-grade sodium di-
ethyldithiocarbamate trihydrate, and analytical-grade methyl isobutyl carbinol (MIBC)
were used as the pH adjusters, collectors, and frothers, respectively.

For each flotation experiment, 15 g of the fine-ground galena product was placed in
a 140 mL flotation tank, and deionized water was added; the pulp density used during
flotation was 15.79 wt.%. The mixture was stirred at 1992 rpm for 2 min. The slurry pH was
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adjusted to 9, followed by the sequential addition of the collector sodium diethyldithiocar-
bamate trihydrate at dosages of 5, 10, 15 g/Mg with two minutes of stirring and the frother
MIBC at a dosage of 10 g/Mg with one minute of stirring. Flotation was conducted for
5 min. After flotation, the products were filtered, dried, weighed, and the galena recovery
was calculated based on the weights of the concentrate and tailing products. The specific
calculation formula is expressed as follows:

ε =
m1

m1+m2
× 100% (1)

In the formula, ε denotes the galena recovery, m1 is the concentrate product weight,
and m2 is the tailing product weight.

2.5. Discrete Element Simulation

In this study, the grinding process in a ball mill was numerically simulated using the
discrete element method (DEM) to elucidate the motion behavior of the grinding media and
investigate the mechanisms by which the grinding parameters influence the fine-grinding
efficiency of galena. The ball mill model and the reference model of the steel ball media
used in the DEM simulation are shown in Figure 3. Figure 3 only shows the model of the
5 cm ball; models of the 3 cm and 2 cm balls were also used in the simulation, matching the
actual grinding experiment. The Hertz–Mindlin (no slip) contact model was employed in
the simulation, as it effectively predicts the motion state of the media group within the ball
mill [29]. The particle contact parameters are listed in Table 2. Each simulation ran for a
total duration of 5 s, divided into 50 time steps, with a step size of 0.1 s. This study utilized
EDEM commercial software (EDEM 2022, Altair, Troy, MI, USA).

 

Figure 3. The model used in the DEM simulations.

Table 2. Particle contact parameters (derived from the manufacturer’s test report).

Type of Contact Steel-Steel Steel Ball-Cylinder

Rolling friction coefficient 0.3 0.2
Static friction coefficient 0.5 0.5

Restitution coefficient 0.15 0.15
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2.6. Contact Angle Measurements

After taking a sample identical to the feed for the flotation test from the finely ground
product, it was mixed with deionized water and stirred in a beaker under the flotation
reagent system with a collector dosage of 10 g/Mg at 1992 r/min, and when no collector
was added, no treatment was performed. After stirring, the pulp was filtered and dried, and
the dried product was then pressed into a smooth slice. A JC2000DM contact angle meter
was used to measure the contact angle of the samples through the sessile drop method. In
this method, a stable water droplet with a diameter of 3–4 mm was precisely deposited
onto the slice surface using a microsyringe for contact angle measurement. Each sample
was measured three times at different locations, and the average value was recorded.

2.7. Observation of Hydrophobic Agglomerates

An optical microscope (OLYMPUS CX33, PLENIC-Pro, Hangzhou, China) was used to
observe the aggregate particle size of the fine-ground galena products. After fine grinding,
a 1 g sample was taken from the product and stirred with deionized water in a beaker
under the flotation reagent system with a collector dosage of 10 g/Mg at 1992 r/min, and
when no collector was added, no treatment was performed. After stirring, 1 mL of the pulp
was extracted using a pipette and placed on a glass slide to ensure a uniform monolayer
distribution of the aggregates. The slide was then placed under the optical microscope, and
the sample was examined at 100× magnification. Subsequently, the average agglomerate
size was analyzed using OPLENIC-Pro software (V1.95). In each stirring test, ten samples
were observed for analysis and discussion to ensure data accuracy. The calculation of
the average agglomerate size and error was based on the measurements of the largest
agglomerate size during each of the ten observations. The photos that best represent the
average agglomerate size were selected for presentation [30].

3. Results and Discussion

3.1. Particle Size Distribution of the Fine-Ground Galena Products

Figures 4 and 5 present the particle size distribution curve and the average particle
size of the fine-ground galena products under different grinding concentrations, media
proportions, and filling ratios. As shown in Figure 5, when the grinding concentration
increased from 50% to 75% or the media proportion shifted from 4:3:3 to 5:3:2, the average
particle size of the fine-ground product initially decreased and then increased. This can be
attributed to the fact that lower grinding concentrations and specific media proportions
provide optimal grinding conditions. Low grinding concentrations reduce the buffer
effect between grinding media, enhancing the impact and attrition forces on the galena
particles. However, excessively high concentrations may lead to overloading, reducing the
efficiency of energy transfer to the particles [24]. Similarly, the optimal media proportion
(4:3:3) balances the impact and grinding actions of different media sizes. Deviating from
this proportion disrupts the grinding dynamics, resulting in coarser particles at higher
concentrations and specific media ratios. In contrast, increasing the filling ratio from 30%
to 50% caused a gradual reduction in average particle size. A higher filling ratio increases
the number of grinding media in the mill, leading to more frequent collisions and grinding
actions on the galena particles. This results in more effective size reduction [31]. The shifts
in the particle size distribution curves under various grinding process parameters shown
in Figure 4 demonstrate well the reliability of the analysis results regarding changes in
average particle size.
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Figure 4. Particle size distribution curve of the fine-ground galena products obtained from different
(a) grinding concentration, (b) media proportion, and (c) filling ratio.
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Figure 5. Average particle size of the fine-ground galena products obtained from different (a) grinding
concentration, (b) media proportion, and (c) filling ratio.
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The influence of the grinding parameters on the particle size distribution of the fine-
ground products was further explored. The fine-ground products with a particle size
below 30 μm obtained under different grinding parameters were classified into +25 μm,
−25 + 10 μm, and −10 μm fractions, and the yield of each size fraction was calculated, as
shown in Figure 6. Figure 6 illustrates that as the grinding concentration increased from
50% to 75%, the yield of +25 μm particles initially decreased and then increased. This trend
is consistent with the average particle size variation, indicating that moderate grinding
intensities favor the reduction of coarse particles. The yield of −25 + 10 μm particles
remained relatively stable, suggesting that this size fraction is less sensitive to changes in
grinding concentration within the tested range. Meanwhile, the yield of −10 μm particles
first increased and then decreased, indicating that both excessively high and low grinding
concentrations are not conducive to the formation of fine particles. This is similar to the
trend observed when the media proportion was adjusted from 4:3:3 to 5:3:2. This suggests
that both the grinding concentration and media proportion significantly affect the grinding
efficiency and particle size distribution [32]. When the filling ratio increased from 30% to
50%, the yield of +25 μm particles gradually decreased, the yield of −25 + 10 μm particles
showed negligible variation, while the yield of −10 μm particles progressively increased.
This indicates that higher filling ratios enhance grinding efficiency.
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Figure 6. Yield of each size fraction in the fine-ground galena products obtained from different
(a) grinding concentration, (b) media proportion, and (c) filling ratio.

3.2. Flotation Experiments on the Fine-Ground Galena Products

The recovery of the fine-ground galena products under different grinding parameters
is shown in Figure 7. As Figure 7 shows, under a constant collector dosage, increasing
grinding concentration from 50% to 75% initially decreased the galena recovery, followed by
a subsequent increase, consistent with the variation observed when the media proportion
was adjusted from 4:3:3 to 5:3:2. When the filling ratio increased from 30% to 50%, the galena
recovery gradually declined. Combined with the particle size distribution analysis results,
the variation in +25 μm particles, particularly the yield of −10 μm particles, significantly
impacted galena recovery. Specifically, a higher yield of −10 μm particles led to lower
galena recovery. When the filling rate reached 50%, the yield of −10 μm particles in the
fine-ground product was highest at 53.38%, while the galena recovery was lowest. This
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indicates that the flotation performance is closely related to the particle size distribution
of the ground products. Coarser particles (+25 μm) may not be sufficiently liberated,
leading to lower flotation recovery. Finer particles (−10 μm) may increase the risk of over-
pulverization, which can negatively affect flotation efficiency. The −25 + 10 μm fraction
represents a balance between liberation and over-pulverization, making it the most suitable
size range for optimal flotation performance. Therefore, understanding and controlling the
particle size distribution through grinding parameters is crucial for optimizing the flotation
process and achieving higher galena recovery and concentrate quality.

 

Grinding concentration (%) Media proportion Filling ratio (%)
50 67 75 4:3:3 4:4:2 5:3:2 3 0 4 0 5 0

0

20

40

60

80

100

 5 g/Mg
 10 g/Mg
 15 g/Mg

R
ec

ov
er

y 
(%

)

(a) (c)(b)

Figure 7. The effect of different (a) grinding concentration, (b) media proportion, and (c) filling ratio
on the recovery of the fine-ground galena products (the collector dosages were 5, 10, and 15 g/Mg).

3.3. Results of DEM

The motion state of the grinding media in the mill was analyzed using discrete
element simulation to elucidate the influence of different grinding parameters on fine
grinding performance in the grinding experiments [33,34]. The velocity cloud diagram of
the media group is presented in Figure 8. Generally, a higher motion velocity of the media
group corresponds to a larger effective grinding area, enhancing material breakage [35].
As shown in Figure 8, with increasing grinding concentration or adjusting the media
proportion from 4:3:3 to 5:3:2, the motion velocity of the media group first increased and
then decreased. In contrast, the motion velocity of the media group increased progressively
with an increase in the filling ratio. At a filling ratio of 50%, the media group exhibited the
highest motion velocity, resulting in the most effective crushing and grinding of materials.
This phenomenon occurs because an increase in the filling rate leads to a greater overall
media volume, raising the shoulder position of the media balls within the rotating cylinder.
Consequently, the potential energy increases and is progressively converted into kinetic
energy during descent, thereby increasing the motion velocity of the media balls [36].

Under different grinding parameters, the normal and tangential forces of media
collisions in the mill are shown in Figure 9. Generally, the normal force primarily facilitates
impact breakage of the material, with the intensity of media impact determined by its
magnitude. The tangential force primarily contributes to attrition. Among them, the
grinding action primarily affects the yield of −10 μm particles in the grinding product,
showing a positive correlation [37–39].
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Figure 8. Velocity cloud of media group under different (a) grinding concentration, (b) media
proportion, and (c) filling ratio.

In Figure 9, adjustments to the grinding parameters altered the normal and tangential
forces exerted by the grinding media on the minerals, thereby influencing both impact and
attrition effects, which, in turn, affected the particle size distribution of the fine-ground
products. It should be noted that during fine grinding in a ball mill, attrition is the primary
mechanism. As the particle size of the mineral decreases, the grinding action exerted by
the media on the mineral becomes stronger, while the impact action gradually weakens.
However, the simulation results indicate that the normal force, which characterizes the
impact action, is relatively large. This may be due to the higher mill speed, which causes
some grinding media balls to be in a state of free fall. Additionally, since mineral particles
were not included in the simulation and the effective contact area between media balls
is small, grinding action is difficult to generate. Therefore, in the simulation results, the
normal force representing the impact action is greater than the tangential force [36,40]. Nev-
ertheless, when keeping other simulation conditions constant, the influence of the grinding
process parameters on the tangential force, which characterizes the grinding action, can
still be observed. Therefore, it can still be concluded that adjusting the grinding process
parameters changes the grinding action, thereby affecting the particle size distribution
of the finely ground product. The normal and tangential forces exerted by the media on
the mineral exhibited a unimodal trend with increasing grinding concentration or when
the media ratio was adjusted from 4:3:3 to 5:3:2; in contrast, both forces demonstrated
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a monotonic increase with rising filling rate. At a filling ratio of 50%, the normal and
tangential forces reached their maximum values, resulting in the strongest impact and
attrition effects exerted by the media on the minerals. This observation is consistent with
Figures 4–6, where the fine-ground galena products exhibited the smallest average particle
size and the highest yield of −10 μm particles.
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Figure 9. The variation in normal and tangential collision forces with time of different (a) grinding
concentration, (b) media proportion, and (c) filling ratio.

3.4. Contact Angle Analysis

The surface wettability of minerals varies with particle size [41–43], while grinding
parameters influence the particle size distribution of the fine-ground galena product. As
shown in Figures 10 and 11, the contact angle values presented in the bar chart on the
right, along with the error bars, are derived from three measurements taken at different
locations on the sample. Each photo on the left is an exemplary photo of the three photos
for each sample. The effects of the grinding parameters on the surface contact angle of
galena are presented under two conditions: without a collector and with a collector dosage
of 10 g/Mg. Based on the particle size distribution analysis results, Figures 10 and 11, when
the grinding parameters were adjusted, an increase in the yield of the −10 μm fraction
in fine-ground galena products correlated with a smaller surface contact angle and lower
galena recovery. Specifically, at a filling rate of 30%, the yield of the −10 μm fraction was
minimized, while the galena surface contact angle was maximized, resulting in the highest
galena recovery.
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Figure 10. Influence of (a) grinding concentration, (b) media proportion, and (c) filling rate on the
surface contact angle of the fine-ground galena products (pH = 9, sodium diethyldithiocarbamate
trihydrate = 0).

 

Figure 11. Influence of (a) grinding concentration, (b) media proportion, and (c) filling rate on the
surface contact angle of the fine-ground galena products (pH = 9, sodium diethyldithiocarbamate
trihydrate = 10 g/Mg).

3.5. Hydrophobic Agglomeration

Due to variations in the surface wettability of minerals with different particle sizes, the
agglomeration behavior of particles changes during flotation, with larger agglomerate size
exhibiting better floatability [44,45]. The effects of the grinding parameters on the average
agglomerate size of the fine-ground galena products, under conditions without a collector
and with a collector dosage of 10 g/Mg, are shown in Figures 12 and 13. The average
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agglomerate size values and error bars presented in the bar chart on the right are derived
from the measurement of the largest agglomerate size during each of the ten observations.
Each photo on the left is selected from ten observations of a single stirring experiment
to best represent the average agglomerate size and the most representative agglomerates.
Based on the particle size analysis, Figures 12 and 13, when grinding parameters such as
the grinding concentration, media proportion, and filling ratio were adjusted, the −10 μm
yield in fine-ground galena products rose, the average agglomerate size decreased, and the
galena recovery declined. Specifically, at a filling rate of 50%, the −10 μm yield peaked, the
average agglomerate size was minimal, and the galena recovery was lowest.

 

Figure 12. Influence of (a) grinding concentration, (b) media proportion, and (c) filling rate on the
average agglomerate size of the fine-ground galena products (pH = 9, sodium diethyldithiocarbamate
trihydrate = 0).

 

Figure 13. Influence of (a) grinding concentration, (b) media proportion, and (c) filling rate on the
average agglomerate size of the fine-ground galena products (pH = 9, sodium diethyldithiocarbamate
trihydrate = 10 g/Mg).
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3.6. Effects of Grinding Parameters on Particle Size Distribution and Recovery of the Fine-Ground
Galena Products

As can be seen from Figure 14, changes in the grinding parameters led to different
tangential forces exerted by the media on minerals, influencing the generation of −10 μm
particles (Figure 9), leading to differences in the average particle size, +25 μm yield, and par-
ticularly, the −10 μm yield of the fine-ground galena products (Figure 6), which ultimately
influenced interfacial behaviors, such as the surface contact angle (Figures 10 and 11), ag-
glomeration (Figures 12 and 13), and flotation (Figure 7). As shown in Figure 15, the yield
of the −10 μm particle size fraction in the finely ground galena product shows a positive
linear correlation with the tangential force, which characterizes the attrition, and a negative
linear correlation with the contact angle of the mineral surface, the average aggregate size,
and the galena recovery.

 

Figure 14. Effects of grinding parameters on particle size distribution and recovery of the fine-ground
galena products.

 

Figure 15. Linear fitting results: (a) −10 μm yield vs. tangential force (plot in purple); (b) Contact
angle and average aggregate size vs. −10 μm yield (plot in red); (c) Average aggregate size vs.
−10 μm yield (plot in green); (d) Galena recovery vs. −10 μm yield (plot in gray).
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4. Conclusions

The fine-ground product with a particle size below 30 μm was classified into three
size fractions: +25 μm, −25 + 10 μm, and −10 μm. Changes in the grinding concentration,
media proportion, and filling ratio significantly affected the yields of the +25 μm and
−10 μm fractions, and the yield of the −25 + 10 μm particle size fraction remained relatively
unchanged. When the filling rate increased from 30% to 50%, the yield of the +25 μm
particle size fraction decreased by 15.04%, and the yield of the −10 μm particle size
fraction increased by 16.10%. Discrete element simulation results revealed that increasing
the motion velocity of the media group and enhancing attrition effects by adjusting the
grinding parameters during fine grinding promoted the generation of −10 μm particles.

The −10 μm particle yield significantly affected mineral flotation behavior, with higher
yields leading to lower galena recovery. Surface wettability and agglomeration analyses
showed that the higher yield of −10 μm particles resulted in a smaller contact angle, smaller
average agglomerate size, and lower galena recovery.

To achieve optimal particle size distribution and enhance fine-grained galena flotation
recovery, thus promoting the effective recovery of micro-fine galena, it is essential to reduce
the attrition of the grinding media on the mineral by adjusting the grinding parameters,
such as by lowering the filling ratio. This minimizes galena overgrinding, lowers the
−10 μm yield, and enhances flotation recovery. This provides some guidance for the
industrial practice of reducing the yield of the −10 μm particle size fraction by adjusting
the grinding process parameters.
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Abstract: Screening is a key step in the mineral process of ilmenite. As the grading particle
size decreases, the phenomenon of clogged holes on the screening-plate intensifies, the
screening environment deteriorates, and the screening effect deteriorates, seriously restrict-
ing subsequent sorting operations. This study proposes a 1 mm dry flip-flow screening
method for ilmenite to achieve efficient deep classification of fine-grained materials. Firstly,
a laser displacement testing system is used to study the dynamic characteristics of the
flip-flow screen; based on the characteristics of different feed particle sizes, further research
is conducted on the 1 mm dry flip-flow screening effect of ilmenite under different ratios of
obstructive particles and difficult-to-screen particles. The 1 mm screening effect can reach
85.41%. Finally, the pre-throwing tailings process based on 1 mm multi-stage screening is
put forward. This pre-throwing tail process has the characteristic of not using water and
is suitable for sorting in arid, water deficient, and high-altitude frozen soil areas. It has
important promotion and application value.

Keywords: ilmenite; flip-flow screen; dynamic characteristics

1. Introduction

Titanium, a crucial metal, serves as an essential constituent in the fabrication of high-
strength and lightweight alloy materials [1,2]. Titanium predominantly occurs in minerals
such as ilmenite. In recent years, with the continuous intensification of exploration and
mining endeavors for ilmenite, and considering the extensive yet uneven distribution
of ilmenite mineralization zones, ilmenite resources currently exhibit characteristics of
low grade, complex associated minerals, and challenging development [3,4]. Thus, the
development and utilization of ilmenite hold great significance.

Mineral processing can accomplish the enrichment and separation of useful miner-
als and is the fundamental technology for the efficient and clean utilization of mineral
resources [5]. As the grade of ilmenite declines, particularly when the grain size of valuable
components becomes finer, the raw ore needs to be thoroughly crushed and liberated
through finer grinding. The finer the crushing and grinding particle size, the more readily
useful minerals can be liberated, leading to higher efficiency in subsequent separation
operations and a higher comprehensive recovery rate of useful minerals [6–8]. With the

Minerals 2025, 15, 308 https://doi.org/10.3390/min15030308
58



Minerals 2025, 15, 308

reduction in the raw ore particle size, it becomes necessary to further lower the lower limit
of the classification particle size.

Screening is a pivotal step in the efficient and clean utilization of mineral resources.
Its principle involves classifying materials into two or more different size fractions based
on their particle size [9–11]. It mainly undertakes functions such as preparation screening,
inspection screening, desliming screening, dewatering screening, desliming screening, and
tailings dry discharge in mineral processing [12–18]. In the traditional dry screening pro-
cess, the screened particles tend to become stuck on the screen surface and adhere to form
aggregates, resulting in difficult stratification, the phenomenon of screen surface hole blind-
ing intensifies, reduced processing capacity, and decreased screening efficiency [19–23].
Consequently, efficient dry deep screening technology has always been at the forefront and
a research hotspot in the field of screening.

At present, a series of studies have been conducted both domestically and interna-
tionally on the screening of 6 mm and 3 mm. Yu et al. established a dynamic model of
a vibrating flip-flow screen and verified through experiments that the vibrating flip-flow
screen has good performance in screening sticky fine particles of 3 mm [24]. Chen et al. con-
structed a DEM-FEM coupled simulation model to study the motion of particles during the
flip-flow screening process [25]. Akbari et al. optimized the separation performance tech-
nology by proposing a flip-flow screening technology based on airflow enhancement [26].
As the ore grade decreases, especially for minerals with finer disseminated grain size such
as ilmenite, it is necessary to further break through the lower limit of dry screening to
1 mm. Through 1 mm screening, materials can be effectively separated, improving the
efficiency of subsequent beneficiation processes, reducing the loss of useful minerals, and
reducing the mechanical load on subsequent equipment. For the beneficiation process of
ilmenite, fine ilmenite particles can be screened out in advance through 1 mm screening,
avoiding them from entering the grinding stage and being over ground, which improves
the recovery rate of ilmenite and effectively reduces the energy consumption of grinding
equipment.

The flip-flow screen is based on the principle of double mass sub-resonance. Driven
by the fixed frame and floating frame of the flip-flow screen, the polyurethane screen plate
experiences alternating relaxation and tension, generating significant acceleration [27,28].
This can effectively facilitate the rapid loosening and stratification of ilmenite, thereby
achieving efficient screening. At present, the flip-flow screen has basically achieved large-
scale and efficient 3 mm dry screening of fine-grained materials, but there is relatively little
research on the 1 mm high-efficiency dry screening technology and theory.

Consequently, this study puts forward a 1 mm dry flip-flow screening approach for
ilmenite. Initially, the dynamic characteristics of the screening body during the screening
process were investigated. Subsequently, further research was carried out on the 1 mm
dry screening performance of ilmenite under different feed particle-size characteristics,
validating the effectiveness of this method. Finally, the pre-throwing tailings process based
on 1 mm multi-stage screening is put forward.

2. Experimental System and Materials

2.1. Flip-Flow Screening Experimental System

This study established the flip-flow screening experimental system for conducting
1 mm dry deep flip-flow screening experiments of fine-grained ilmenite. The system
mainly includes key structures such as floating frame, fixed frame, excitation motor, elastic
support, screen bracket, screen base, floating beam, fixed beam, flip-flow screen plate, shear
spring, etc. In Figure 1A, the excitation motor is located above the fixed frame and two
motors are arranged in parallel to generate vibration excitation for the screen; The elastic
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support is located above the bracket and connected to the fixed frame, mainly used for
shock absorption. The fixed frame and floating frame are connected by a shear spring, as
shown in Figure 1B. The schematic diagram of the structure of the flip-flow screen plate
is shown in Figure 1C,D, with both ends connected to the floating beam and the fixed
beam, respectively.

Figure 1. Flip-flow screening experimental system ((A). Front view of the flip-flow screen; (B). Partial
diagram of shear spring; (C). Top view of screen-plate; (D). The bottom support beam of the flip-
flow screen).

2.2. Evaluation Indicators for Flip-Flow Screening Effect

During the screening process of ilmenite, due to the inability of particles to pass
through 100%, a portion of fine particles appeared in the oversized product; at the same
time, due to the deformation of the elastic screen holes, some coarse particles appeared in
the underflow products through the screen holes. Therefore, in the actual screening process,
it is necessary to evaluate the screening performance of the flip-flow screen, and the specific
calculation is as follows, and the definition of each parameter is shown in Table 1.

Table 1. The definition of each parameter [25].

Parameter Definition Unit Parameter Definition Unit

Uc Oversized fraction % Of Undersize fraction %

γc,t
Theoretical yield of
oversized product % γ f ,t

Theoretical yield of
undersize product %

γc Actual yield of oversized product % γ f
Actual yield of undersize

product %

Mc
Misplaced materials of

coarse particles % Mf
Misplaced materials of fine

particles %

Mo Total misplaced materials % η
Overall screening

efficiency %

Ec
Effective placement efficiency of

coarse particles % Ef
Effective placement

efficiency of fine particles %

Mc = 100 × γc × Of (1)

Mf = 100 × γ f × Uc (2)
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Mo = Mc + Mf (3)

η = Ec + Ec − 100 (4)

Ec =
γc − Mc

γc,t
× 100 (5)

Ef =
γ f − Mf

γ f ,t
× 100 (6)

2.3. Characterization of ILMENITE

The screening test utilized dry ilmenite raw ore with particle size distribution divided
into seven fractions: 6–4 mm, 4–3 mm, 3–2 mm, 2–1 mm, 1–0.71 mm, 0.71–0.5 mm, and
0.5–0 mm. Elemental analysis of the ilmenite ore was conducted using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The iron content was determined to be
13.046%, while titanium constituted 3.490% of the total composition.

3. Results and Discussion

3.1. Dynamic Characteristics and Spatial Motion Trajectory of Flip-Flow Screen

This study employed a laser displacement sensor based on the triangulation measure-
ment method for dynamic testing. Specifically, the laser emitter projected the laser beam
onto the surface of the tested screen-body. Subsequently, the scattered laser beam from the
screen-body was captured by the camera within the receiver. The displacement of the object
was calculated by measuring the distance between the laser beam and the screen-body.
The flip-flow screen-body mainly consisted of a floating frame and a fixed frame, which
were connected by a shear spring. During the screening process, the flip-flow motion of
the screening body was achieved through the alternating movement of the floating frame
and the fixed frame. Therefore, this study focused on the dynamic characteristics of the
flip-flow screen floating frame and fixed frame.

Due to the fact that the floating frame mainly moves along the direction of material
flow, the displacement in the other two directions remains almost unchanged. Therefore,
the focus is on studying the time-varying characteristics of displacement in this direction.
Firstly, experiments were carried out on the feeding area, middle area, and discharge area of
the screen-body. The displacement changes of each measuring point on the floating frame
of the screen-body over time were obtained, as presented in Figure 2. From the graph, it is
evident that as time progresses, the displacement of each measuring point demonstrates
periodic variations.

Figure 2. Time-varying displacement characteristics of measuring points in various areas of the
floating frame of the screen-body ((A). Measurement points in the feeding area; (B). Measurement
points in the discharge area).
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In Figure 2A, the displacement range of the feeding end of the screen-body floating
frame is from −5 mm to 7 mm, and the amplitude of the feeding end movement of the
screen-body floating frame is 12 mm. In Figure 2B, the displacement range of the discharge
end of the screen floating frame is from −7 mm to 6 mm, and the amplitude (the difference
between the highest and lowest points of the movement) of the discharge end of the screen
floating frame is 13 mm. The displacement magnitudes of the floating frame, in descending
order, are: discharge area, feeding area.

Regarding the fixed frame of the screen-body, it primarily adheres to the direction
of material flow and the normal direction perpendicular to the material flow. Herein,
the x-axis direction denotes the movement direction along the material flow, while the
y-axis direction represents the direction normal to the material flow. The time-varying
displacement curves of the feeding and discharging ends of the screen-body’s fixed frame
along the x- and y-axes are depicted in Figure 3. As time elapses, the displacements of the
feeding and discharging ends of the screen-body’s fixed frame in the x and y directions
exhibit periodic fluctuations.

Figure 3. Time-varying displacement curves and motion trajectories of measuring points in various
areas of the fixed frame of the screen-body ((A). Measurement points in the feeding area along the
x-axis direction; (B). Measurement points in the feeding area along the y-axis direction; (C). Mea-
surement points in the discharge area along the x-axis direction; (D). Measurement points in the
discharge area along the y-axis direction).

In the feeding area illustrated in Figure 3A,B, the displacement range of the screen-
body’s fixed frame along the x-axis is from −1.25 mm to 4 mm, and the displacement range
along the y-axis is from −198 mm to 188 mm. Evidently, the variation in displacement
amplitude along the y-axis is significantly greater than that along the x-axis. In Figure 3C,D,
within the discharge area, the displacement range of the screen-body’s floating frame along
the x-axis is from −2.25 mm to 0.25 mm, and the displacement range along the y-axis is
from −66 mm to 62 mm. Along the material flow direction, the displacement amplitude
of the feeding area of the screen-body’s fixed frame is larger than that of the discharging
area. Along the normal direction of the material flow, the displacement amplitude of
the discharge area is greater than that of the feeding area. As can be observed from the
figure below.
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3.2. Influence of Particle-Size Distribution on the 1 mm Flip-Flow Screening Performance
of Ilmenite

The foregoing research successfully derived the dynamic characteristics of the flip-
flow screen. These characteristics enabled the stable operation of the screen-body and
further facilitated the 1 mm screening experiment research on ilmenite. During the flip-flow
screening process, the particle-size distribution characteristics of different materials played
a crucial role. They affected both the probability of particles coming into contact with the
screen-mesh and the probability of particle groups passing through the screen, ultimately
influencing the final screening efficiency. In particular, for materials with particle sizes close
to the screen aperture, the impact of particle-size distribution characteristics on the flip-flow
screening performance was even more pronounced. Based on these findings, this section
focused on exploring how the particle-size distribution characteristics of materials with
sizes close to the screen aperture affected the screening performance of ilmenite, aiming to
provide guidance for practical production.

Regarding particles with sizes close to the screen aperture, in combination with
traditional particle-size classification methods in the screening process, and according to
the screening difficulty of particles, they were classified into four categories: coarse particles
(6–4 mm, 4–3 mm, 3–2 mm, 2–1.5 mm), hindering-particles (1.5–1 mm), difficult-to-screen
particles (1–0.71 mm), and easy-to-screen particles (0.71–0.5 mm, 0.5–0 mm). Among these,
hindering-particles and difficult-to-screen particles were the particle-size grades close to
the screen aperture size. Meanwhile, the external moisture content of the materials was
tested before and after each experiment. Due to the evaporation of moisture during the
experiment, there was a certain difference in the external moisture content before and after
the experiment, and the external moisture content of the materials was tested to be between
1.1% and 1.6%.

3.2.1. Influence of Particle-Size Distribution of Hindering Particle on the 1 mm Flip-Flow
Screening Performance of Ilmenite

Given that the material within the 2–1 mm particle-size range was predominantly
concentrated in the 1.5–1 mm range, and the quantity of material within the 2–1.5 mm
particle-size range was extremely limited. For the sake of statistical convenience and
calculation accuracy, the particle-size range of 2–1 mm was adopted to represent obstructive
particles. The core objective of this study was to examine the influence of the gradation
characteristics of hindering-particles and difficult-to-screen particles on the deep screening
efficiency of the dry screening process.

The variations in the yield and weighted average particle size of the products obtained
from dry deep flip-flow screening under different particle-size distribution conditions
were presented in Figure 4. In Figure 4A, as the proportion of hindering-particles rose,
the yield of the screened product showed a gradual increase, spanning from 58.47% to
67.32%. Concurrently, the weighted average particle size gradually diminished, ranging
from 2.5 mm to 2.91 mm. In Figure 4B, with the gradual increase in the proportion of
hindering-particles, the yield of the screened product gradually declined, within the range
of 32.68% to 41.53%. Meanwhile, the weighted average particle size gradually increased,
varying from 0.71 mm to 0.75 mm.

In Figure 5, as the proportion of hindering-particles gradually increased from 10% to
30%, the upper limit rate of the dry deep flip-flow screening product gradually increased,
ranging from 1.68% to 5.87%, and the lower limit rate gradually decreased, ranging from
10.34% to 13.03%.

The distribution rate of materials with different particle sizes in the screened product
under different hindering particle-size distribution conditions was depicted in Figure 6. As
the proportion of hindering-particles increased, the distribution curve gradually shifted to
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the left. Regarding the distribution rate of materials of the same particle size, the larger the
proportion of hindering-particles in the screened feed, the greater the amount of material
of that particle size in the screened product. In Figure 6B, as the proportion of hindering-
particle rose, their particle-size distribution gradually decreased, ranging from 1.23 mm to
1.25 mm. Simultaneously, the separation accuracy gradually declined, with a range from
0.19 mm to 0.22 mm.

Figure 4. Yield and weighted average particle size of the dry deep flip-flow screening products under
different proportions of hindering-particle. ((A). Overflow; (B). Underflow).

 

Figure 5. Oversize fraction and undersize fraction of the dry deep flip-flow screening products under
different proportions of hindering-particle.

 

Figure 6. Distribution curve and separation accuracy of the dry deep flip-flow screening products
under different proportions of hindering-particle. ((A). Distribution curve; (B). Separation accuracy).
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The alterations in the screening efficiency and total mismatch content of the flip-flow
screen under different particle size distribution conditions were presented in Figure 7. In
Figure 7A, as the proportion of obstructive particles increased, both the positive blending
ratios of materials with particle sizes less than 1 mm in the undersized product and materi-
als with particle sizes greater than 1 mm in the oversized product decreased. Meanwhile,
the overall dry deep flip-flow screening efficiency also declined from 82.92% to 78.46%.
In Figure 7B, as the proportion of hindering particles gradually rose, the total mismatch
content of dry deep flip-flow screening gradually increased from 8.32% to 8.88%.

 

Figure 7. Screening efficiency and total misplaced materials of the dry deep flip-flow screening under
different proportions of hindering-particle. ((A). Screening efficiency; (B). Misplaced materials).

3.2.2. Influence of Particle-Size Distribution of Particle Difficult to Be Screened on the 1 mm
Flip-Flow Screening Performance of Ilmenite

The variations in the yield and weighted average particle size of the products from dry
deep flip-flow screening under different difficult particle-size grading conditions were pre-
sented in Figure 8. In Figure 8A, as the proportion of difficult-to-screen particles increased,
the yield of the screened product initially decreased and then increased. Meanwhile, the
weighted average particle size of the screened material gradually diminished. In Figure 8B,
the yield of the screened material first increased and then decreased. Correspondingly, its
weighted average particle size first rose and then fell.

 

Figure 8. Yield and weighted average particle size of the dry deep flip-flow screening products under
different proportions of difficult-to-screen particles. ((A). Overflow; (B). Underflow).

In Figure 9, as the proportion of difficult-to-screen particles increased, the upper
limit rate of dry deep screening products gradually decreased within the range of 10% to
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30%, specifically from 4.06% to 5.88%. Meanwhile, as the proportion of difficult-to-screen
particles gradually rose, the lower limit rate of dry deep flip-flow screening products
gradually increased, ranging from 6.17% to 31.65%.

 
Figure 9. Oversize fraction and undersize fraction of the dry deep flip-flow screening products under
different proportions of difficult-to-screen particles.

Evidently, the trend of the lower limit rate was more notable. This was mainly because
as the proportion of difficult-to-screen particles increased, their particle size was slightly
smaller than the screen hole size, classifying them as fine-grained materials. Moreover, the
lower limit rate reflected the scenario where fine-grained materials failed to pass through
the screen. Consequently, as the proportion of such materials increased, more fine-grained
materials faced difficulties in passing through the screen. On the other hand, this also
demonstrated that the lower limit rate was more sensitive to the changes in difficult-to-
screen particles.

The distribution rate of each particle size in the flip-flow screening product under
different particle-size distribution conditions was presented in Figure 10. As the proportion
of difficult-to-screen particles increased, the distribution curve of the flip-flow screening
products gradually shifted to the left. Regarding the distribution rate of materials of the
same particle size, the larger the proportion of difficult-to-screen particles in the screened
feed, the greater the amount of material of that particle size in the screened product. In
Figure 10B, as the proportion of difficult-to-screen particles rose, the particle-size distribu-
tion gradually decreased, ranging from 0.89 mm to 1.28 mm. Simultaneously, the separation
accuracy gradually declined, with a range from 0.16 mm to 0.38 mm.

Figure 10. Distribution curve and separation accuracy of the dry deep flip-flow screening products
under different proportions of difficult-to-screen particles. ((A). Distribution curve; (B). Separation
accuracy).
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The alterations in the screening efficiency and total mismatch content of the dry
deep flip-flow screen under different particle-size distribution conditions were depicted in
Figure 11. In Figure 11A, as the proportion of difficult-to-screen particles increased, the
positive blending ratio of materials smaller than 1 mm in the undersized product decreased,
while that of materials larger than 1 mm in the oversized product increased. Consequently,
the overall screening efficiency of the screen gradually declined from 85.41% to 52.49%. In
Figure 11B, as the proportion of difficult-to-screen particles rose, the total mismatch content
of the dry deep flip-flow screen gradually increased from 6.07% to 23.76%.

Figure 11. Screening efficiency and total misplaced materials of the dry deep flip-flow screen.
((A). Screening efficiency; (B). Misplaced materials).

3.3. Pre-Throwing Tailings Process for Ilmenite Based on 1 mm Multi-Stage Dry Screening

The aforementioned study validated the feasibility of the 1 mm dry screening technol-
ogy for ilmenite from two perspectives: the dynamic characteristics of flip-flow screening
and the impact of the feed particle-size characteristics on the 1 mm screening efficiency.
Consequently, a tail-discarding sorting process for titanium-iron ore based on 1 mm dry
multi-stage screening was put forward, as depicted in Figure 12.

The ilmenite raw ore was initially crushed, and the crushed product then proceeds
to the first screening operation. The first screening utilized double-layer screen. The
upper screen aperture was set at 12 mm, which could be adjusted in accordance with the
crushing process requirements. The lower screen aperture was 1 mm. The +12 mm coarse
product was returned to the crushing operation, while the 12–1 mm product was fed into
the dry grinding operation, which employed a high-pressure roller mill. The grinding
products were then directed to the second screening operation. The second screening used
a 1 mm single-layer screen. The oversized product on the +1 mm was re-introduced into
the dry grinding operation. The undersize product screened by the −1 mm was combined
with the undersize product from the first screening and then enters first and second dry
magnetic separation operations. Through two-stage strong magnetic separation and weak
magnetic separation operations, titanium rough concentrate, iron rough concentrate, and
tailings could be obtained. Moreover, the dry pre-tailing disposal of ilmenite tailings was
successfully achieved.

This process reduced the number of fine particles entering the high-pressure roller
mill through 1 mm multi-stage dry screening, which could effectively avoid excessive
crushing of materials; at the same time, it reduced grinding energy consumption and
achieved energy conservation and emission reduction. This pre-throwing tail process had
the characteristic of not using water and was suitable for sorting in arid, water deficient,
and high-altitude frozen soil areas. It has important promotion and application value.
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Figure 12. Pre-throwing tailings process for ilmenite based on 1 mm multi-stage screening.

4. Conclusions

As the lower limit of particle-size decreased, the difficulty of dry deep screening also
increased. In response to the industry challenge of reducing the lower limit of screening
from 6 mm and 3 mm to 1 mm, this study proposes a 1 mm dry flip-flow screening method
for ilmenite to achieve effective deep classification of fine-grained materials and verifies the
feasibility of this method by examining both the dynamic characteristics of the screening
machine and its performance under different particle-size distributions. Based on this, a
pre-throwing tailings process based on 1 mm multi-stage screening is proposed.

1. The floating frame has undergoes cyclic reciprocating motion along the direction of
the material flow, with displacement amplitudes ranging from 12 to 13 mm. The
screen-body experiences periodic, approximately linear motion.

2. As the proportion of hindering particles increased, the 1 mm screening efficiency also
decreased from 82.92% to 78.46%. As the proportion of difficult-to-screen particles
increased, the 1 mm screening efficiency also decreased from 85.41% to 52.49%.

3. Pre-throwing tailings separation process based on 1 mm multi-stage screening is
proposed. This process effectively avoids excessive crushing of materials and reduces
grinding energy consumption.
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Abstract: The spiral concentrator is usually the first operation in the combined process
of iron ore beneficiation. The industrial separation index decreases as the trough surface
undergoes increased wear. A combination of surface roughness measurement and nu-
merical experimental methods is utilized to systematically investigate the effect of wall
roughness in the middle zone on the evolution of the flow field of a slurry consisting of
hematite, quartz and water in a spiral concentrator. The radial migration and distribution
characteristics of hematite and quartz particles are analysed, and the separation indexes
are further evaluated. The results show that an increase in wall roughness (Ks value) in the
middle zone has been shown to decrease the depth of slurry flow, the velocity and radial
flux of secondary flow in the inner and middle zones of the trough, and to narrow the space
of inward flow. The variation in hydrodynamic parameters is particularly pronounced
as the Ks value increases from 0.1 mm to 0.2 mm, resulting in a significant reduction in
the space available to the separation fluid and an observable interruption in the inward
flow. The migration tendency of hematite and quartz particles to the inner trough is re-
duced depending on the flow field parameters, and their enrichment zones are both shifted
outward. The migration amount and distance of particles show apparent differences in
density and size. The separation indexes decrease slightly as the wall roughness (Ks value)
in the middle zone increases in the 0.01 to 0.1 mm range, but the iron grade of concentrate
decreases significantly, and the separation effect worsens as the Ks value increases from
0.1 mm to 0.2 mm. The separation effect of hematite and quartz particles in the spiral
concentrator is influenced by the comprehensive interaction of feed size and wall roughness
in the middle zone. The results of this study provide a theoretical basis for the selection
of trough material, surface structure design and the production process control of the
spiral concentrator.

Keywords: spiral concentrator; wall roughness; slurry flow field; radial flux; particle separation

1. Introduction

The spiral concentrator is a kind of thin-film flow gravity separation equipment which
is widely used in ore separation and coal washing due to its simple manufacture, low cost
and environmental protection. In the rotating flow field of the spiral concentrator, solid
particles make complex three-dimensional movements based on the combined effect of
centrifugal inertia force and gravity. Ultimately, separation is achieved based on differences
in motion behaviour. The intrinsic reason for the separation is based on the differences in the

Minerals 2025, 15, 208 https://doi.org/10.3390/min15030208
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physical properties of the particles, while the extrinsic reason is based on the characteristics
of the flow field in the separation space. Over the past decades, researchers have conducted
many physical and numerical experiments to investigate the effects of structural and
operational factors on this complex flow pattern and particle separation [1–8]. However,
most of these studies are based on an assumption of smooth walls, and do not consider
actual wall conditions.

The liquid flow on the surface of the spiral concentrator involves laminar, turbulent
and transitional flow, which is characterised by the coexistence of multiple flow regimes.
Wall roughness is one of the most important properties of the wall surface, and the separa-
tion of particles in the spiral concentrator arises from the interaction between the slurry
and the wall surface, resulting in the main flow and secondary flow [9]. Experimental
studies of turbulent boundary layers have shown that wall roughness significantly affects
the turbulence structure, boundary layer thickness and even the velocity distribution of the
main flow streams [10,11]. Variations in fluid flow characteristics and turbulence further
affect the velocity and distribution of particles, which can lead to differences in the collision,
attachment and separation processes of different particles [12–15]. Therefore, the wall
roughness has an important effect on the liquid flow and particle movement process in
the spiral concentrator. In iron ore production, the spiral concentrator is usually used
as the first operation of the combined separation process. Due to the constraints of the
previous grading operation and the impact of equipment conditions, the bottom of the
trough body is often attached to the material layer or even piles up and breaks the flow,
seriously affecting the separation performance of the equipment. Nonetheless, owing to
the discrepancy in processing and production technology, coupled with the abrasion of
ore particles in the production process, the wall roughness of the spiral concentrator is not
quantitative and complex. Inadequate control readily results in a reduction in production
indicators [16].

In fact, the roughness usually occurs in a random pattern because it contains different
sizes and irregularities that cause the effect of surface roughness to increase gradually, and
each rough element becomes active when it reaches a critical Reynolds number. Therefore
it is quite difficult to make detailed measurements or numerical simulations of the flow,
especially near the wall roughness [17,18]. Roughness affects many turbulent flows in engi-
neering and the natural sciences, and understanding its effects is important for predicting
flow behaviour in most practical applications. The two main numerical simulation methods
for assessing the effect of surface roughness on drag are the equivalent sand roughness
model (Ks) and the discrete element model (DEM). The equivalent sand roughness model
is empirical. Rough surfaces with different characteristics are compared with data from the
flow in a pipe to assign an equivalent grit roughness height value to the rough surface. It
overcomes the need for fine mesh resolution of each roughness element and has been the
most widely used roughness model due to its simplicity and versatility [19,20].

In recent years, research work on wall roughness for spiral concentrators and re-
lated cyclones has opened up more possibilities for improving their separation perfor-
mance [9,21–25]. The liquid flow pattern in the spiral concentrator shows thin inner and
thick outer film-type flow along the surface of the trough, and the hydrodynamic pa-
rameters at the bottom of the trough are more sensitive to the change of wall roughness.
Arnold et al. [21] found that, when the height of the protrusion in the middle of the trough
surface reaches 5%–10% of the fluid depth, that is sufficient to cause fluid splitting, sig-
nificantly affecting the continuity of the secondary circulation, whereas the free surface is
not sensitive to the trough protrusion. Romeijn et al. [22] further found that the change
in wall roughness also had no significant effect on either the free surface shape of the
water in the tank surface or the bubble line. These studies have improved the intuitive
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understanding of the effect of wall roughness on the flow field in spiral concentrators,
and also laid a hydrodynamic foundation for the in-depth revelation of the mechanism
of particle–fluid interaction. In addition, the above effects of wall roughness on the flow
field are mainly focused on the outer edge of the spiral concentrator and the thicker flow
layer in the spiral channel [21,22]. However, it is a fact that the main zones, where stacking
and sanding occur, are the inner and middle zones of the thin-flow film distribution in
the spiral concentrator. In addition, the middle zone of the trough surface is often the
easy mixing zone of low-density coarse particles and high-density particles in the spiral
concentrator separation process, and the geometric parameter of the middle section has a
significant effect on the particle separation process [26–28]. On this basis, it is necessary
to systematically study the effect of the wall roughness of the middle trough surface on
the slurry flow characteristics and particle separation, as well as the intrinsic correlation
between the two. This can provide a basis for improving the separation efficiency of the
spiral concentrator.

Based on the above research and application background, a spiral flow field and
particle phase calculation model with higher accuracy, established in the previous stage,
is used [26,29]. The hematite–quartz slurry system is taken as the research object, and
experiments are carried out through wall roughness setting and rationality verification.
The effect of wall roughness on the longitudinal evolution of fluid parameters, such as the
spreading of the slurry flow layer, the spatial distribution of the secondary flow, the fluid
velocity and the radial flux, is systematically investigated in the middle trough of the spiral
concentrator. The radial migration behaviour and distribution characteristics of hematite
and quartz are further examined. The hematite–quartz segregation index was evaluated,
and changes in particle motion with fluid evolution are analysed. Suitable wall roughness
conditions are explored. Mechanisms of the hydrodynamic influence of wall roughness in
the middle zone on the process and outcome of particle separation are identified.

2. Methodology

2.1. Geometric Modelling and Meshing

A laboratory cubic parabolic spiral concentrator is taken as the object of study. Its
sectional curve is shown in Figure 1, and other geometric parameters are shown in Ta-
ble 1. The same structural parameters are taken for numerical simulation and validation
experiments.

R

r

 
Figure 1. Cross-sectional profile of the spiral concentrator.

The entire spiral concentrator computational domain is shown in Figure 2a, which
can be divided into inlet surface, outlet surface, upper surface and wall surface, and the
wall surface includes the inner and outer side walls and the bottom wall of the trough.
Figure 2 further shows an enlarged view of the 1.25-turn computational domain mesh, an
enlarged top view of the computational domain mesh, and the mesh at the cross-section.
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Based on the mesh-independence test, the fluid computational domain is divided into
8.71 × 105 hexahedral meshes. The bottom wall mesh is also locally encrypted to capture
the complex flow at the bottom wall with a minimum bottom wall mesh height of 0.1 mm
and a minimum y+ value of about 2.

Table 1. Structural parameters of the spiral concentrator.

Structural Parameters Value

Outer radius R/mm 200
Inner radius r0/mm 50
Pitch of spiral/mm 240

Downward sloping angle γ/◦ 12.81
Turns 3.25

Figure 2. Mesh division of the computational domain of the spiral concentrator. (a) Overall computa-
tional domain mesh; (b) enlarged view of the 1.25-turn computational domain mesh; (c) enlarged top
view of the computational domain mesh; and (d) mesh at the cross-section.

2.2. Numerical Model and Test Conditions
2.2.1. Multiphase Flow Model

Simulation of the gas–liquid–solid multiphase flow is required to capture the changes
in the shape of the flow film and the particle motion characteristics in the slurry system.
Relevant literature has shown that coupling the VOF (Volume of Fluid) model with the
TFM (Two-Fluid Model) can exhibit good prediction performance for this complex sys-
tem [30–34]. This coupled model is known as the Eulerian Multi-fluid VOF multiphase
flow model, which identifies stratified and mixed flows based on the local interfacial dif-
fusion values in the mesh [35]. In systems where stratified and mixed flows coexist, VOF
and TFM models are used to capture the interphase interfaces and predict the motion
behaviour of discrete-phase particles, respectively [36,37]. Gao et al. have tried to simulate
the gas–liquid–solid multiphase flow in the spiral concentrator using the Eulerian Multi-
fluid VOF multiphase flow model, and the results of the separation test and numerical
simulation show that they can predict well the separation process and indexes of the spiral
concentrator under the high-concentration feed ore [26,27,38].

The Eulerian Multi-fluid VOF multiphase flow model is coupled with the VOF
model and the TFM model. The governing equations of the VOF model are shown in
Equations (1) and (2):

∂α

∂t
+

∂α

∂xi
uj = 0 (1)
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∂ρui
∂t

+
∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

[
μ

(
∂ui
∂xj

+
∂uj

∂xi

)]
+ ρgi (2)

where α is the volume fraction of a phase (gas or liquid), gi is the gravitational acceleration
and ρ and μ are the average density and viscosity of the fluid, respectively, and are
calculated using the following equation:

ρ = αρair + (1 − α)ρwater (3)

μ = αμair + (1 − α)μwater (4)

In the TFM model, each phase has a separate set of control differential equations,
and the interphase interactions can be calculated from mass and momentum transfer and
coupled phase volume fractions. For this q-phase fluid, the continuity and momentum
equations can be expressed as [39]:

∂

∂t
(
αqρq

)
+

∂

∂xi

(
αqρquq,j

)
= 0 (5)

∂
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(
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(
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)
= −αq

∂p
∂xi

+
∂
=
τq,ij

∂xi
αqρqgi + ∑N

p=1 Rpq,i + Fi (6)

where q represents the different phases. As q is taken as 1, it represents the aqueous phase.
As q takes 2, it represents the gas phase. As q takes 3 to N, it represents different particulate
phases.

=
τq,ij is the stress–strain tensor of phase q. Rpq,i is the interphase force term. Fi is the

additional force term.
=
τq,ij and Rpq,i are expressed as:

=
τq,ij = −∂pq

∂xi
δijαqμq

(
∂ui
∂xj

+
∂uj

∂xi

)
+ αq

(
λq − 2

3
μq

)
∂uq,i

∂xi
δij (7)

Rpq,i = Kpq
(
up,i − uq,i

)
(8)

where pq is the solid-phase pressure generated by the particle phase, which needs to be
considered only in the particle-phase momentum equation. μq is the shear viscosity of
the fluid; λq is the bulk viscosity of the fluid. δij is the Kronecker Delta sign. Kpq is the
interphase momentum exchange coefficient, which is related to the interphase trailing
force model.

Fluid properties such as collision behaviour, pressure and shear stress between discrete
phase particles can be described using the KTGF model [40]. The momentum exchange coef-
ficient Kpq between the liquid and solid phases is described using the Gidaspow model [41].
The momentum exchange coefficient Kpq between the liquid and gas phase is described
with the Symmetric model [35]. Meng et al. [38] found, in numerical simulation and valida-
tion experiments, that numerically simulated iron grade and particle concentration values
were low at the inner edge of the spiral concentrator and high in the middle zone. It was
determined that the simulation inaccuracy in the existing model could be related to neglect
of the Bagnold effect. This prevents the mixed quartz in the lower layer of the flow film
from being effectively lifted in the separation process; it then gradually migrates inward
under the driving force of the inward flow. When the Bagnold lifting model is adopted,
the vertical layering between quartz and hematite particles can be better predicted, which
provides favourable conditions for the subsequent radial segregation.
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2.2.2. Turbulence Model

The flow on the trough surface of the spiral concentrator involves multiple states
of laminar, turbulent and transitional flow. Considering the effect of the low Reynolds
number, the RNG (Renormalization Group) k-ε differential formulation theory provides
a way to obtain effective viscosity from the analysis. Therefore, the RNG k-ε turbulence
model is used in this study to describe the turbulence characteristics of the fluid in the
spiral concentrator. The equations of differential transport for turbulent kinetic energy and
turbulent dissipation rate are shown below, respectively [42]:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
αkμe f f

∂k
xj

)
+ Gk + Gb − ρε − YM + Sk (9)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

(
αkμe f f

∂ε

xj

)
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
− Rε + Sε (10)

where Gk represents the turbulent kinetic energy due to the mean velocity gradient. Gb

represents the turbulent kinetic energy due to buoyancy. YM represents the fluctuations due
to diffusion of the transition in compressible turbulence. μe f f is the effective viscosity (sum
of the molecular viscosity and the turbulent viscosity). Sk and Sε are customized source
terms. Rε is an additional term in the turbulent kinetic energy dissipation rate equation.

2.2.3. Wall Roughness Model

Standard wall functions are used for film flow characteristics within the trough surface.
Experiments on rough pipes and channels show that the average velocities near rough walls
have the same slope (1/κ) but different intercepts when plotted on a semilogarithmic scale.
The mean velocity near the wall is corrected for roughness as shown in Equation (11) [43]

upu∗

τw/ρ
=

1
κ

ln
(

E
ρu∗yp

μ

)
− ΔB (11)

where up is the velocity in the parallel wall direction at a distance yp from the wall. u∗ is
the shear flow velocity. τw is the wall shear stress. κ is the von Karmen constant. E is an
empirical coefficient. yp is the distance from the wall at point p. μ is the kinetic viscosity.
ΔB is a function of the shape and size of the wall roughness.

For sand roughness and similarly uniform roughness elements, ΔB is closely related
to the roughness height K+

s (K+
s = ρKsu∗/μ, Ks represents the sand roughness height or

diameter). The roughness function is not a single function of K+
s but takes different forms

depending on the K+
s differences. The formula proposed by Bradshaw [44] is usually used

to calculate ΔB as shown in Equation (12):

ΔB =

⎧⎪⎨
⎪⎩

0 , K+
s ≤ 2.25

1
κ ln

(
K+

s −2.25
87.75 + CsK+

s

)
× sin{0.4258(ln K+

s − 0.811)} , 2.25 < K+
s ≤ 90

1
κ ln[1 + CsK+

s ] , K+
s > 90

(12)

where Cs is the correction factor for the type of roughness, and uniform sand takes 0.5.
The correction of the mean velocity near the wall shifts the logarithmic velocity profile

downward, leading to singularities with large Ks and small y+ values. Therefore, this
problem was avoided by moving the wall roughness to half the height of the roughness
element while ensuring that the fine mesh was handled correctly [45]. The y+ value
correction at the centre of the first cell is shown in Equation (13).

y+ = y+ + K+
s /2 (13)
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Normally, the numerical equivalent sand roughness height, Ks, is 5 to 10 times the
surface roughness, Ra [25]. Therefore, the equivalent wall roughness simulation experiment
set five Ks values of 0.01, 0.02, 0.03, 0.04 and 0.05 mm. The spiral concentrator separation
test system is shown in Figure 3. A flow valve was used to control the return flow to
facilitate flow control. In addition, a removable feed device was used to allow interception
of the product at the end of the third turn. The spiral concentrator separation experiment
used narrow particle size hematite and quartz simple minerals. The purity of the samples
was 97% and 96%, respectively. Median particle size was used instead of narrow-grain
feed, where the hematite median size was D50 = 105.49 μm, and the quartz median size was
D50 = 107.97 μm. The two particles were prepared as an artificially mixed ore in the ratio
of 1:1 by volume (1.87:1.00 by mass). The iron grade in the feed ore was 46.12%, the feed
flow rate was 7.2 m3/h (12 L/min) and the solid mass fraction of the feed ore was 16.74%.

Figure 3. Separation test system of spiral concentrator. (a) Experimental system and (b) illustration
of the separation system.

In the simulation experiment of equivalent wall roughness, the outlet of the spiral con-
centrator was divided into three product zones: zone I (50~100 mm), zone II (100~165 mm)
and zone III (165~200 mm). A fixed container was used to collect the slurry from each
zone for 10 s, record the volume of the respective slurry and calculate the slurry flow rate
(L/min). The slurry was then dried, weighed, sampled and assayed for iron grade. To
ensure the accuracy of the separation experiments, the three experiments were repeated,
and the final results were averaged. The comparative information for the slurry flow rate
and iron grade of each product zone in the physical and numerical experiments is shown
in Figure 4.
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Figure 4. Comparison of experimental and simulated values of product indexes at different wall
roughness. (a) Slurry flow rate and (b) grade of iron.
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As can be seen in Figure 4, the measured values of slurry flow rate and grade of iron
for the products of zone I are in high agreement with the simulated values at all values of
Ks. In contrast, the measured and simulated values for the products of zone II and zone
III have some differences. For the slurry flow in zone II and zone III, the Ks values with
smaller deviations are 0.03 mm and 0.05 mm, and 0.02 mm and 0.03 mm, respectively. For
the iron grades of zone II and zone III products, the Ks values with small deviations are
0.02 mm, 0.04 mm and 0.03 mm, and 0.03 mm and 0.02 mm, respectively. In comprehensive
assessment, when Ks = 0.03 mm is selected in numerical simulation, the simulated values
of each index obtained have the highest agreement with the measured values.

Based on the correspondence and the average value of the measured wall roughness of
the trough Ra = 4.61 μm, the relation Ks ≈ 6.51 Ra is obtained through calculation. The corre-
spondence equation matches the results of related studies [25,46]. Therefore, it is used as the
basis for the wall roughness setting in the subsequent numerical simulation experiments.

2.2.4. Experimental Setup and Conditions

The preliminary flow field containing only water and gas phases is first simulated
using the Eulerian Multi-fluid VOF multiphase flow model and the RNG k-ε turbulence
model. The particulate phase is injected based on the computational stabilisation of the
flow field. The simulations are performed using the Eulerian Multi-fluid VOF model that
takes into account the Bagnold effect [47]. This model is a coupled Euler–Euler and VOF
model, which can examine discrete phases simultaneously and is suitable for sharp and
dispersed interfaces. The interphase forces are considered as drag Fd and lift Fl, where
the drag model uses the Gidaspow and Symmetric models to predict liquid–solid and
gas–liquid interactions, respectively. The lift model loads the Bagnold lift equation into the
lift coefficient module by using a user-defined function (UDF).

The boundary of the computational domain is divided into inlet, outlet, upface and
wall. The boundary condition for the inlet is velocity inlet. The outlet uses the pressure
outlet boundary condition. The wall uses a no-slip boundary condition. Standard wall
functions are used for the near-wall treatment. The upface is set as a free-slip bound-
ary condition.

Hematite and quartz are still used as separation objects in the numerical experiment
for the adjustment of wall roughness in the middle zone. According to the properties of the
samples from the production site, the densities of both were 4950 kg/m3 and 2650 kg/m3,
respectively. The feed size composition refers to the feeding conditions of the spiral
concentrator in the concentrating section of the Qidashan iron ore processing plant [25].
Two particle sizes of 90 μm and 38 μm are set for both minerals, representing coarse and
fine particles in the feed, respectively. The four particles are matched according to the mass
ratio of 1.87:1.87:1:1 (hematite of 90 μm; hematite of 38 μm; quartz of 90 μm; and quartz of
38 μm). The grade of iron in the feed ore is 45.59%. The slurry solids mass concentration
and slurry flow rate are 20% and 0.72 m3/h (12 L/min), respectively.

2.2.5. Method of Setting Wall Roughness for the Middle Zone

The actual production and use conditions of the spiral concentrator result in variations
in trough surface wall roughness, which is not uniform. At the same time, the coarse low-
density particles migrate inward and mix with the high-density particles in the middle zone,
thus forming a particle mixing zone in the middle zone of the trough surface. Therefore,
to investigate the effect of wall roughness variation in the middle zone on the separation
process of the spiral concentrator, the 150 mm wide spiral trough surface was divided
equally into three radial zones. They are the inner zone (50~100 mm), the middle zone
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(100~150 mm) and the outer zone (150~200 mm). The division of radial zones within the
single-turn trough surface is shown schematically in Figure 5.

Figure 5. Radial zone divisions of the single-turn trough of the spiral concentrator.

2.3. Data Processing and Methodology

The secondary flow distribution cloud maps are first extracted at intervals of 0.5 turns
to facilitate the extraction and analysis of the hydrodynamic parameters. After that, the
secondary circulation is divided into inward flow (radial velocity is negative) and outward
flow (radial velocity is positive), according to the velocity direction. The area-averaged
radial velocities of the fluid are extracted at intervals of 0.25 turns for the three equally
divided zones of the inner, middle and outer zones, using which the strength of the
secondary flow is characterised.

The evolution of the radial migration behaviour of the fluid and particles is charac-
terised by the variation of the radial flux of the fluid and the cumulative radial flux of the
particles with the number of overflow turns, respectively. The fluid radial flux is the radial
flow rate of the fluid in the spiral between two adjacent overflow turns at a given radial
position. The cumulative radial flux of particles is the cumulative value of the radial flux
of particles between the inlet and the target number of overflow turns at a given radial
position. The thin-flow film area at the inner and the middle zones is considered to be the
main zone of particle accumulation and separation. Five representative radial positions
of 60, 80, 100, 120 and 140 mm are selected at equal intervals from the inner zone to the
middle zone (50~150 mm) to facilitate the comparison. The data are extracted and analysed
separately with a turn extraction interval of 0.125.

In processing the particle distribution data, the trough surface at the end of the
3rd turn, where the flow field develops to a stable level, is divided into six narrow intervals
with a width of 25 mm. These are labelled as radial zones r1~r6 from inside to outside.
In this way, the distribution of hematite and quartz particles in the narrow intervals
is examined in detail. Mass flow rates of hematite and quartz particles are processed
under different simulation conditions, and particle yields in different radial intervals are
calculated sequentially. On this basis, concentrate products with different distribution
widths are obtained by adjusting the splitter position. The concentrate yield, iron grade and
iron recovery are calculated accordingly. Meanwhile, the separation efficiency of hematite
and quartz particles with different particle sizes is calculated using Equation (14) [48]
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Es = Rv − Rg (14)

where Es is the separation efficiency, Rv is the recovery of hematite in concentrate, and Rg

is the recovery of quartz in concentrate.

3. Results and Discussion

3.1. Effects of Wall Roughness in the Middle Zone on the Distribution and Evolution of Flow Field
Parameters in Hematite–Quartz Slurry

Based on the simulation experiment of the equivalent wall roughness mentioned
above, the equivalent wall roughness Ks value for the spiral concentrator is determined to
be 0.03 mm. Therefore, the overall wall roughness Ks value of 0.03 mm is taken as the base
wall. The wall roughness Ks values in the middle zone are set to 0.01, 0.05, 0.1 and 0.2 mm
for numerical simulations. The depth of spreading of the slurry and the evolutionary
characteristics of the spatial distribution, average velocity and radial flux of the secondary
flow are systematically investigated.

3.1.1. Variation of Slurry Spreading Depth

The depth of the slurry flow determines the size of the separation space. Fluid
distribution characteristics along the trough surface and the evolution law are especially
important for the fluid film concentrator. Figure 6 shows the radial distribution curve of
the depth of slurry flow in each turn of the trough surface as the roughness of the middle
zone changes.
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Figure 6. Depth of slurry flow with the adjustment of wall roughness in the middle zone. (a) The 1st
turn; (b) the 2nd turn; and (c) the 3rd turn.

As illustrated in Figure 6, the radial distribution characteristics of the slurry flow
along the trough surface demonstrate a shallow flow layer at the inner and middle zones
and a deep flow layer at the outer zone. As the number of turns increases, the slurry flow
gradually spreads inward, and the depth of the slurry flow in the inner edge zone increases.
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With the increase of wall roughness, the depth of slurry flow varies in different degrees at
different stages. At the end of the first turn, the depth of slurry flow in the inner and middle
zones decreases with an increase in wall roughness. The depth of slurry flow increases in
the range near the outer edge (130~180 mm). At the end of the second turn, the decrease in
the depth of slurry flow at the inner and middle zones slows down. The depth of slurry
flow at the outer edge tends to remain constant. In the stable third turn, the slurry flow
depth in the inner and middle zones exhibits a slight decrease when the wall roughness
Ks value in the middle zone is increased within the range of 0.01~0.1 mm. Furthermore,
an increase in wall roughness from 0.1 mm to 0.2 mm leads to a decrease in the depth of
slurry flow in the inner edge zone to less than 1 mm, thereby significantly reducing the
space available for sorting fluid. This suggests that increasing wall roughness in the middle
zone effectively prevents the flow layer from spreading inward, reducing the distribution
of slurry flow at the inner edge.

3.1.2. Evolution of the Spatial Distribution of Secondary Flow in the Slurry

Secondary flow constitutes an important form of fluid flow in a spiral concentrator,
influencing the spreading behaviour of the flow film along the surface of the trough.
Concurrently, it is also a pivotal flow field feature, able to expand the difference in the
movement of particles of different densities. Whether the upper and lower flow layers
produce relative motion in the radial direction is often the basis for assessing the existence
of secondary flow. The spatial distribution of secondary flow in the trough surface with
different numbers of turns when adjusting the wall roughness in the middle zone is shown
in Figure 7.

Figure 7. Spatial distribution cloud of secondary flow in the trough at the end of different turns
with wall roughness adjustment in the middle zone. (a) 0.5 turn; (b) 1 turn; (c) 1.5 turn; (d) 2 turns;
(e) 2.5 turns; (f) 3 turns.

As demonstrated in Figure 7, the distribution area of secondary flow exhibits signifi-
cant alterations under varying conditions of wall roughness, concomitant with an increase
in the number of overflow turns.

(1) In the initial stage (0.5 turn), when the slurry flow is fed into the trough surface, both
the inward and outward flow show an obvious intermittent distribution.

(2) Within 1 to 2 turns of the stroke, the inward and outward flow gradually evolved to
exhibit continuous distribution characteristics.

81



Minerals 2025, 15, 208

(3) Within 2.5 to 3 turns stroke, the upper and lower distributions of the inward and
outward flow tend to be stable and consistent.

The overall thickness of the flow layer at the bottom of the trough of the inward flow
at the inner and the middle zones decreases gradually with the increase in the number of
overflow turns. Increasing the wall roughness in the middle zone, the distribution space of
the inward flow significantly reduced in the initial stage. The overall thickness of the flow
layer of the inward flow at the inner and the middle zones of the trough surface becomes
smaller. The distribution range of the outward flow in the upper layer of the flow film is
enlarged. In addition, when the value of wall roughness Ks is increased to 0.2 mm, the
inward flow in the middle zone shows an obvious large-scale discontinuity.

3.1.3. Variation of Velocity Distribution of Secondary Flow in the Slurry

The magnitude of the secondary flow velocity is a key parameter that affects the
strength of the particle motion migration behaviour. The distribution of the average
velocities of the inward flow and the outward flow along the longitudinal stroke (trough
length) when adjusting the wall roughness in the middle zone is shown in Figure 8.

Figure 8. Evolution of the average radial velocity of secondary flow along the longitudinal stroke with
wall roughness adjustment in the middle zone. (a) Inward flow–inner zone; (b) outward flow–middle
zone; (c) inward flow–outer zone; (d) outward flow–inner zone; (e) outward flow–middle zone; and
(f) outward flow–outer zone.

As shown in Figure 8, the secondary flow means velocity in all zones fluctuates in
different wall roughness conditions. The fluctuations in the secondary flow mean velocity
decreases with an increase in the longitudinal stroke.
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As illustrated in Figure 8, the average velocity of inward flow in the inner edge zone
approaches 0 m/s. It remains relatively stable throughout the longitudinal stroke when
the wall roughness Ks is set to 0.2 mm. This phenomenon is associated with decreased
slurry flow distribution at the inner zone, as previously discussed. Conversely, when
the remaining wall roughness is considered, the average velocity of inward flow in the
inner and middle zones varies significantly within 1.5 turns, subsequently demonstrating a
fluctuating decline. The mean velocity of inward flow in the outer zone exhibits a more
uniform trend across all wall roughness conditions, increasing and then decreasing within
the first turn, followed by slight fluctuations. Notably, the average velocity of the inward
flow in the inner and middle zones stabilises at approximately 2.5~3 turns. As the wall
roughness increases in the middle zone, there is a tendency for the average velocity of the
inward flow at the inner and middle zones to decrease. When the value of Ks is increased
to 0.2 mm, the mean velocity of the inward flow in both zones decreases significantly. In
contrast, the average velocity of the inward flow in the outer zone decreases only in the
first turn of the stroke, with subsequent changes being random.

The mean velocity of the outward flow in all zones exhibits a similar trend in the
longitudinal stroke. A notable decrease occurs within 0.5 turns of the stroke, followed by a
gradual decline. Increasing the wall roughness in the middle zone, the average velocity
of outward flow in all zones showed a decreasing trend from 2.5 to 3 turns of stroke. The
decreasing trend is more significant in the inner and the middle zones.

3.1.4. Distribution and Evolution of Radial Fluxes of Secondary Flow

The evolutionary variation of the secondary flow radial flux on the longitudinal stroke
can reflect the radial migration characteristics of the secondary flow and its stability. The
previous analyses show that the average velocities of the slurry flow and secondary flow
vary significantly in the inner and middle zones. This is the zone of enrichment for high-
density particles. Hence, further focus is given to this zone. The evolution of radial fluxes
of inward flow and outward flow along the longitudinal stroke (trough length) for different
wall roughness of the middle zone is shown in Figure 9.

As presented in Figure 9, the secondary flow radial flux along the longitudinal stroke
shows comparable trends for varying radial positions. The peak radial fluxes manifested
within the first half of a turn, subsequently exhibiting fluctuating variations and stabilising
within a certain range in the stroke. Specifically, the peak radial flux of the outward flow is
considerably larger than the peak radial flux of the inward flow. The radial fluxes of the
inward and outward flows are essentially close to being in the steady state stage. This is
consistent with the net radial flux of the fluid being zero in the steady state limit, as derived
by Lee et al. [49].

Further from Figure 9, it can be observed that the radial fluxes of both inward flow and
outward flow in the inner and middle zones decrease to different degrees with increasing
wall roughness of the middle zone. The radial flux of the secondary flow exhibits a negative
correlation with the magnitude of the wall roughness values at 60 mm and 80 mm in the
inner zone. Compared with the inner zone, the fluctuation of the radial flux of the fluid in
the middle zone is increased. However, the fluctuation of the radial flux of the secondary
flow in the middle zone tends to decrease with increasing wall roughness. As illustrated
in Figure 9, the radial flux of the outward flow tends to decrease in the inner and middle
zones, with increasing wall roughness in the middle zone.

Analyses for the secondary flow radial fluxes demonstrate that an increase in wall
roughness (Ks value) in the middle zone within the range from 0.01 to 0.1 mm results in
a substantial reduction of the radial fluxes of the inward and outward flows in the inner
and middle zones of the trough surface. The inward and outward flow of the fluid will be
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reduced. However, the radial flux of the inward and outward flow of the fluid tends to zero
in the inner and middle zones of the trough surface when the value of Ks is increased in the
range from 0.1 to 0.2 mm. It indicates that the fluid radial flow is weak in this roughness
range. This finding is consistent with the observed trend of spreading motion of the flow
film. Changes in the strength of the radial flow trend of the secondary flow will inevitably
impact the migration motion and spatial distribution of solid particles.

Figure 9. Evolution of radial flux of secondary flow along the longitudinal stroke with adjustment
of wall roughness in the middle zone. (a) Inward flow–r = 60 mm; (b) inward flow–r = 80 mm;
(c) inward flow–r = 100 mm; (d) inward flow–r = 120 mm; (e) inward flow–r = 140 mm; (f) outward
flow–r = 60 mm; (g) outward flow–r = 80 mm; (h) outward flow–r = 100 mm; (i) outward flow–
r = 120 mm; and (j) outward flow–r = 140 mm.

3.2. Influence of Wall Roughness in the Middle Zone on Particle Migration Motions and
Separation Indexes
3.2.1. Variation in the Radial Migration Behaviour of Hematite and Quartz Particles

The cumulative radial fluxes of hematite and quartz particles in the inner and middle
zones of the trough surface are processed. This is used to analyse the along-stroke variation
of the radial migration behaviour of the particles and the effect of the wall roughness of the
middle zone on this. The results are shown in Figure 10.

From Figure 10, it can be found that the cumulative radial flux of hematite particles
is negative at r = 60 mm. This indicates that the hematite particles are migrating inward
with little migration. In the remaining four radial positions, the hematite particles migrate
outward and then inward as the longitudinal stroke of the fluid is prolonged, and the
amount of migration is large. As the radial position shifts outward, the cumulative radial
flux of hematite tends to stabilise in a shorter stroke. Coarse-grained hematite reaches
migration equilibrium more quickly than fine-grained hematite. At r = 60 mm at the inner
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edge, the inward migration of hematite shows a decreasing trend with increasing wall
roughness of the middle zone only in 2~3 turns of the stroke. At r = 80 mm and r = 100 mm,
the inward migration of hematite decreases significantly with increasing wall roughness
of the middle zone. At r = 120 mm and r = 140 mm, the inward migration of hematite
is also negatively correlated with the wall roughness of the middle zone. The hematite
particles all reached migration equilibrium between 2 and 3 turns of the stroke. When Ks

varies in the range from 0.01 to 0.1 mm, the difference in hematite particle migration is
insignificant. When the value of Ks increased from 0.1 to 0.2 mm, the inward migration of
hematite particles decreased significantly.

As shown in Figure 10, the cumulative radial fluxes of quartz at the inner edge
r = 60 mm are also both negative. This indicates inward migration and a small amount of
migration. The quartz particles migrated outward at the other radial positions, and the
cumulative radial flux increased with the radial position outward. However, at the radial
position r = 140 mm, the coarse-grained quartz gradually migrates inward after roughly
1.5 turns. Increasing the wall roughness of the middle zone resulted in no significant change
in the cumulative radial flux of quartz at the inner edge at r = 60 mm. At both r = 80 mm and
r = 100 mm, the outward migration of both particle sizes of quartz increased continuously
with roughness from over 0.5 to 2 turns of the stroke. The migration difference due to
increased roughness decreases in subsequent strokes. At both r = 120 mm and r = 140 mm,
the outward migration of quartz of both particle sizes also increases with increasing
roughness. The migration difference increases with longer longitudinal strokes.

K K K K K  
Figure 10. Cont.
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K K K K K  
Figure 10. Evolution of particle radial fluxes along the longitudinal stroke with adjustment of
wall roughness in the middle zone. (a) 90 μm hematite–r = 60 mm; (b) 90 μm hematite–r = 80 mm;
(c) 90 μm hematite–r = 100 mm; (d) 90 μm hematite–r = 120 mm; (e) 90 μm hematite–r = 140 mm;
(f) 38 μm hematite–r = 60 mm; (g) 38 μm hematite–r = 80 mm; (h) 38 μm hematite–r = 100 mm;
(i) 38 μm hematite–r = 120 mm; (j) 38 μm hematite–r = 140 mm; (k) 90 μm quartz–r = 60 mm;
(l) 90 μm quartz–r = 80 mm; (m) 90 μm quartz–r = 100 mm; (n) 90 μm quartz–r = 120 mm; (o) 90 μm
quartz–r = 140 mm; (p) 38 μm quartz–r = 60 mm; (q) 38 μm quartz–r = 80 mm; (r) 38 μm quartz–
r = 100 mm; (s) 38 μm quartz–r = 120 mm; (t) 38 μm quartz–r = 140 mm.

The analyses demonstrate that an augmentation in the wall roughness of the middle
zone results in a diminution of the inward migration of hematite from the inner and middle
zones. Concurrently, it engenders an increase in the outward migration of quartz particles.
Moreover, the migration difference between hematite and quartz is substantial. Subsequent
analysis of the difference in the distribution of particles within the trough surface and the
separation index is requisite to investigate the separation behaviour.

3.2.2. Spatial Distribution Characteristics of Hematite and Quartz Particles

Based on the evolution of the flow field in a spiral concentrator and the equilibrium
characteristics of particle motion, the yields of four types of particles in six radial zones in
the trough surface at the end of the third turn are further processed. The distribution char-
acteristics of different particles in the trough surface and their changes with the adjustment
of the wall roughness of the middle zone are systematically investigated. The experimental
results are shown in Figure 11.
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Figure 11. Distribution of particle yield in different radial zones with adjustment of wall roughness
in the middle zone. (a) 90 μm hematite; (b) 38 μm hematite; (c) 90 μm quartz; and (d) 38 μm quartz.

From Figure 11, it can be seen that the hematite particles are mainly distributed in the
r1~r3 zone (the inner half of the trough). The main distribution areas of quartz particles are
r3, r4 and the outer zone. The distribution of 38 μm hematite is also higher in the outer half
of the trough due to the fine particle flow following effect. The total yield of hematite in the
inner half of the trough is 99.58% and 74.25% for both particle sizes at Ks = 0.01 mm for
the wall roughness of the middle zone. The yield of 90 μm hematite is 25% higher than
that of 38 μm hematite. The 38 μm hematite yielded 22.01% in the r6 zone at the outermost
edge. It can be seen that 38 μm hematite is highly susceptible to loss in the outer zone.
The total yield of both quartz sizes in the middle r3 and r4 zones is 90.50% and 40.58%,
respectively. The 38 μm quartz is nearly 50% lower than the distribution of 90 μm quartz
in the middle zone. The yield of 38 μm quartz in the outermost r6 zone can reach 47.59%.
This indicates that most of the fine quartz particles are excluded from the outer zone in the
separation process. It can be seen that the middle zone of the trough surface is the mixed
zone of coarse quartz and hematite particles, which has an important effect on the particle
separation results.

As seen in Figure 11a,b, increasing the wall roughness of the middle zone significantly
reduces the hematite yield in the r1 and r2 zones (inner zone). As the wall roughness
increases from 0.01 mm to 0.1 mm, the yield of coarse and fine hematite particles in the
inner zone decreases from 86.32% and 55.02% to 63.80% and 33.06%, respectively. For
Ks = 0.2 mm, it decreases sharply to 6.97% and 9.87%, respectively. The hematite yield in
the middle zone increased accordingly, particularly in the mixed zone r3, where the increase
in hematite yield was significant. This suggests that increasing the wall roughness of the
middle zone reduces the migration of hematite particles to the concentrated zone within
the trough surface. The overall distribution of hematite is shifted outward. The enrichment
of hematite particles in the inner zone decreases sharply if the wall roughness is too high.
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As shown in Figure 11c,d, the quartz yield in the r1 and r2 zones (inner zone) varies
less with the increase in wall roughness. As the wall roughness Ks increases from 0.01 mm
to 0.1 mm in the middle zone, the yield changes significantly in the r3 and r4 zones in the
middle of the trough surface. The 90 μm quartz yield decreases from 53.05% to 18.31%
and the 38 μm quartz yield decreases from 21.35% to 8.41% in the r3 zone. Thus, the
quartz distribution in the inner half of the trough decreases significantly with increasing
roughness. In the r4 zone, the 90 μm quartz yield increases from 37.45% to 68.62%. The
38 μm quartz yield increases from 19.23% to 24.82%. The quartz particle yield distribution
change is reflected as a change from the r3 zone to the r4 zone, with a greater change in
the coarse quartz. As Ks increases from 0.1 mm to 0.2 mm, the quartz yield decreases in
both the r3 and r4 zones, and the total yield increases correspondingly in the outer r5 and
r6 zones.

In summary, it shows that increasing wall roughness in the middle zone decreases the
enrichment of hematite particles in the two micro-zones in the inner zone. The enrichment
in the two micro-zones in the middle zone increases. The zone of quartz particle enrichment
is shifted outward. The distribution and change trend of the mineral particles in the trough
surface show obvious differences in density and particle size. This is consistent with the
previously described trend of radial particle flux along the stroke.

3.2.3. Variation of Separation Indexes of Hematite and Quartz Particles

The concentrate products are obtained by adjusting the splitter location at the trough
of the third turn to visualize the trend of separation indexes with the adjustment of the
wall roughness in the middle zone. The corresponding concentrate yield, grade of iron
and recovery rate of iron are counted, respectively. The experimental results are shown in
Figure 12.
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Figure 12. Variation of concentrate indexes with splitter location at different wall roughness in the
middle zone. (a) Concentrate yield; (b) grade of iron; and (c) recovery of iron.
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It is shown in Figure 12 that the concentrate yield increases overall with the outward
shift of the splitter location (product segmentation location) under different wall roughness.
Except for the condition of a Ks value of 0.2 mm, the iron grade of concentrate shows
a general trend of increasing and then decreasing with the outward shift of the splitter.
The highest grade of iron in the product can be obtained by intercepting the ore at the
appropriate radial location. The trend in the recovery of iron is similar to the trend in
yield. In addition, the highest grade of iron in concentrate is distributed in the range of
60.94%–66.83%. With the increase of wall roughness in the middle zone, the corresponding
maximum grade of iron in concentrate decreased, and the location of the splitter shifted
outward. Concentrate yield and the recovery of iron decreased.

Specifically, when the Ks values of the wall roughness in the middle zone are 0.01
and 0.03 mm, the difference in the separation indexes of the spiral concentrator is small.
When the value of Ks increases from 0.03 mm to 0.1 mm, the separation index decreases
within a degree. However, as the Ks value increases from 0.1 mm to 0.2 mm, the maximum
grade of iron in the concentrate decreases significantly. The radial distribution curves of
both yield and recovery of iron are significantly shifted to the direction outside the trough.
This indicates that the separation result is worse. Therefore, to avoid the decrease of the
production indexes caused by the high wear of the trough surface, it is necessary to control
the central wall roughness Ks value at no more than 0.1 mm (Ra test value not more than
15.36 μm). Concentrate indicators and interception conditions at suitable wall roughness
can be referred to in the experimental data in Table 2.

Table 2. Concentrate indexes and splitter conditions at suitable wall roughness.

Wall
Roughness

(Ks)
/mm

Surface
Roughness

(Ra)
/μm

Maximum
Iron Grade

/%

Splitter
Location

/mm

Concentrate
Yield

/%

Recovery of
Iron
/%

0.01 1.36 66.83 95 41.86 61.43
0.03 4.61 66.74 100 45.30 65.87
0.05 7.68 65.55 100 40.73 58.42
0.1 15.36 63.86 105 37.95 52.97

3.2.4. Comparison of Separation Efficiency of Hematite and Quartz Particles with
Different Sizes

Further calculations are carried out on the separation efficiency of hematite and quartz
particles with different sizes at different wall roughness. The effect of wall roughness in the
middle zone on the separation efficiency of combining particles with different particle sizes
is investigated. The results are shown in Figure 13.

It can be observed from Figure 13 that, as the splitter location is shifted outward,
the separation efficiency curves of hematite and quartz particles generally show a peaked
distribution. There exists a maximum separation efficiency and an optimal product splitting
location. The maximum values of separation efficiencies achieved for the four particle
combinations are 83.98%, 85.84%, 52.38% and 55.33%, respectively, when the wall roughness
Ks = 0.01 mm in the middle zone. It can be seen that the particle separation efficiency
of 90 μm hematite, either in combination with 90 μm quartz or with 38 μm quartz, is
significantly higher than that of the separation efficiency of the 38 μm hematite separation
system. Both with 90 μm hematite and with 38 μm hematite, a more efficient separation is
obtained with 38 μm quartz as the gangue mineral.

As can be seen from Figure 13a,b, the maximum separation efficiency of 90 μm
hematite from quartz shows a tendency to increase and then decrease with the increasing
value of wall roughness Ks of the middle zone in the range from 0.01 mm to 0.1 mm.
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However, it can be maintained at a high level. Both combinations obtain the maximum
separation efficiency (84.42%, 89.36%) in the middle zone with a wall roughness Ks = 0.03
mm. As the value of Ks increases from 0.1 mm to 0.2 mm, the maximum separation efficien-
cies of the two combinations decrease significantly to 67.12% and 78.46%, respectively. The
optimum interception location is significantly shifted outward.

  

  

Figure 13. Variation of particle separation efficiency with splitter location at different wall roughness
in the middle zone. (a) 90 μm hematite + 90 μm quartz; (b) 90 μm hematite + 38 μm quartz; (c) 38 μm
hematite + 90 μm quartz; and (d) 38 μm hematite + 38 μm quartz.

From Figure 13c,d, it can be found that the maximum separation efficiency of 38 μm
hematite from quartz decreases significantly with the increase of wall roughness in the
middle zone, while the optimum interception location shifts outward. When the value of
wall roughness Ks = 0.2 mm, the maximum separation efficiency decreases to 32.49% and
43.71%, respectively. Among these, the separation efficiency decreases more significantly
for the combination of 38 μm hematite and 90 μm quartz particles. This is closely related to
the high distribution of coarser quartz in the middle of the trough surface. Furthermore, the
distribution of 38 μm hematite is predominantly concentrated at the outermost edge. Con-
versely, 90 μm quartz exhibits a notable enrichment within the middle zone. Consequently,
when the splitter is located in the outer zone, the separation efficiency of this combination
exhibits a negative value.

The preceding data set indicates that the separation efficiency of hematite and quartz
is affected by the interplay between the feed particle size and the wall roughness within
the middle zone. The initial value of Ks (Ra = 4.61 μm) in the middle zone is deemed
appropriate to facilitate the recovery of coarser hematite particles. To facilitate the recovery
of fine hematite particles, it is recommended that an initial Ks value of 0.01 (Ra = 1.41 μm)
be employed. Within the context of the spiral concentrator processing and fabrication
process, it is important to ensure that the trough surface is maintained close to the smooth
wall condition. The production process needs to control wear to prevent excessive par-
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tial wall roughness. As above, analysis and assessment need to be verified by further
actual experiments.

4. Conclusions

In this study, a simulation of rough wall surfaces based on laboratory tests was carried
out. By means of numerical simulation, the influence of wall roughness Ks in the middle
zone of the spiral trough on the flow field evolution and particle separation behaviour of
hematite–quartz–water slurry is studied. The suitable initial value and the control range of
the wall roughness suitable for different-sized particles to obtain a better separation index
are determined. The main conclusions are as follows.

1. The slurry fluid needs to develop a certain stroke of evolution to form a continuous
secondary flow distribution in the spiral concentrator. Increasing the value of wall
roughness Ks in the middle zone within the range of 0.01~0.1 mm, the depth of the
slurry flow in the inner and the middle zone is slightly reduced. The separation fluid
space is severely reduced when the Ks value is increased to 0.2 mm. The inward flow
shows obvious discontinuity.

2. The longitudinal evolution of velocities and radial fluxes of the secondary flow exhibits
fluctuations and tends to equilibrium gradually. The velocities of inward and outward
flow show a decreasing trend with an increase in the wall roughness of the middle
zone. The radial flux of the fluid decreases more at the inner and middle zones of the
trough, especially when Ks increases from 0.1 mm to 0.2 mm.

3. The inward migration of hematite particles decreases and the outward migration of
quartz particles increases as the degree of wall roughness of the middle zone increases,
resulting in the outward shifting of particles’ enrichment zones. The distribution and
variation patterns of the two minerals in the trough exhibit remarkable differences in
density and particle size, which is consistent with the trend of the along-track radial
flux of the particles.

4. A number of concentrate products can be obtained by adjusting the splitter location
in the numerical experiments. The separation index decreases slightly as the wall
roughness Ks value in the middle zone increases from 0.01 to 0.1 mm, but the iron
grade of concentrate decreases obviously as the Ks value increases to 0.2 mm.

5. The separation effect of hematite and quartz particles in the spiral concentrator is
influenced by the comprehensive interaction of feed size and wall roughness in the
middle zone. The initial value of wall roughness in the middle zone of the spiral
trough should be differentiated to recover hematite particles of different sizes. It is also
necessary to reduce wear in production to prevent wall roughness from increasing to
a harmful range.
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Abstract: Transverse-field high-gradient magnetic separators (HGMSs) are an important
complement to longitudinal-field HGMSs in mineral processing due to their several ad-
vantages. However, the processing capacity of the transverse-field HGMS is smaller than
that of the longitudinal-field HGMS. Consequently, research on the optimization of the
matrix box for improving the processing capacity is essential. This work investigates the
optimization of the matrix box for the SSS® HGMS to enhance the ilmenite separation effi-
ciency and processing capacity. The results show that the matrix’s influence on separation
performance is primarily influenced by the diameter of the rod matrix, the filling ratio, the
depth of the matrix in the direction of slurry flow, and the ore unloading efficiency. Ilmenite
pre-concentration tests are carried out using a test sample ore from Panzhihua, China.
Pilot-scale validation research is carried out. The test results indicate that the depth of the
matrix box should not be considerably thick, as an excessive number of layers increases
the capture zone, but simultaneously reduces the unloading efficiency. The depth of the
matrix box should neither be considerably thick nor particularly thin, as this would result
in low processing capacity. Meanwhile, the segmented multi-layer matrix box should be
used to balance the capturing and unloading performance. Finally, an optimal double-layer
matrix ring is applied to the industrial transverse-field HGMS, and its inner and outer
rings are equipped with matrix boxes with φ3 mm and φ2 mm rods, respectively, which
improves its pre-concentrate efficiency and processing capacity. The concentrate indexes
of the transverse-field HGMS is achieved with a TiO2 grade of 18.01% and a recovery of
87.28%, which is better than the separation indexes of the longitudinal-field HGMS.

Keywords: transverse magnetic field; high-gradient magnetic separator; magnetic matrix;
ilmenite; separation efficiency

1. Introduction

High-gradient magnetic separation is one of the most effective physical separation
techniques, and high-gradient magnetic separators (HGMSs) have been widely used for
separating essential metal ores, removing magnetic impurities of non-metallic ores, and
eliminating suspended solids and other impurities in wastewater or waste gas [1–6]. The

Minerals 2025, 15, 114 https://doi.org/10.3390/min15020114
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longitudinal-field HGMS [7] and transverse-field HGMS [8] are typical HGMSs in in-
dustrial applications. The transverse-field HGMS serves as an important complement
to the longitudinal-field HGMS in mineral processing due to its several advantages,
such as reduced susceptibility to corrosion of the magnetic system, lower probability
of magnetic matrix blockages, and longer service life. To date, the main transverse-field
HGMSs include the SSS-I series wet high-intensity magnetic separator (WHIMS), the SSS-
II series double-frequency double-vertical-rings pulsating WHIMS [9], the SSS-III series
double-frequency double-layer vertical-rings pulsating WHIMS [10], and the SSS-IV series
horizontal-ring non-pulsating WHIMS. The SSS-II series transverse-field HGMS has been
used for limonite processing and ilmenite processing in China. The SSS-II-1750 transverse-
field HGMS has been used for limonite processing at Nanjing Meishan Metallurgical
Development Co., Ltd., Najing, China. Mining Brach since 2009; this system has success-
fully resolved the issues of magnetic system corrosion and magnetic matrix blockage of
the original longitudinal-field HGMS [11]. The SSS-II-2000 transverse-field HGMS has
been used for ilmenite processing at Pangang Group Mining Co., Ltd., Panzhihua, China.
Titanium Dressing Plant since 2012. The concentrate grade is 1.58%, and the concentrate
recovery is 5.08% more than the indexes achieved using the longitudinal-field HGMS [9].

The magnetic field in a transverse-field HGMS is oriented horizontally. In contrast
with the longitudinal-field HGMS through industrial application practice, the slurry and
magnetic systems in a transverse-field HGMS are independently configured, preventing
direct contact between the slurry and the magnetic system. Consequently, the magnetic
system is protected from corrosion, leading to a longer service life [12]. Furthermore, the
magnetic matrix in a transverse-field HGMS is arranged in a rectangular lattice, offering a
smoother slurry flow path compared to the rhombic lattice arrangement in the longitudinal-
field HGMS. This configuration reduces the probability of particle sedimentation on the
magnetic matrix, thereby preventing blockages in the matrix box. Consequently, the
capturing and unloading performance are improved, and the durability of the matrix box
is enhanced [13].

However, the width of the sorting ring and the volume of the matrix box are limited by
the magnetic system’s spacing, resulting in a reduced processing capacity. The equipment
must be improved to increase the processing capacity. Numerous factors related to the
magnetic matrix still influence the separation performance of transverse-field high-gradient
magnetic separation, including the matrix’s shape, the diameter of the rod matrix, filling
ratio, the depth of the matrix in the direction of slurry flow, and the discharge efficiency of
the captured particles [14–20]. Professors Luzheng Chen and Dongfang Lu have conducted
extensive and fruitful work on HGMS. This work presents the findings of a study on
matrix box optimization in transverse-field HGMSs to improve the processing capacity for
ilmenite pre-concentration. Titanium is an important element in ilmenite, which has been
extensively used in the fields of aerospace, petrochemical, and automobile manufactur-
ing [21]. Ilmenite in China is considered low grade, with grades typically ranging from 5%
to 10%, necessitating pre-concentration. Magnetic separation is a key pre-concentration
method, and HGMS has been widely used in the beneficiation of ilmenite. Lu et al. [22]
studied a novel method for the efficient recovery of ilmenite by HGMS coupling with
magnetic fluid. Chen et al. [23] used a new type HGMS (CHGMS) for ilmenite separation.
In their study, ilmenite from Panzhihua was used to conduct pilot-scale validation research
and an industrial application for the pre-concentration of ilmenite. The matrix box was
improved, the processing capacity was significantly increased, and the ore unloading rate
and separation index were increased.
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2. Materials, Equipment, and Methods

2.1. Experimental Sample

The experimental sample consists of tailings from the separation of vanadium–titanium
magnetite (Panzhihua, Sichuan, China) as the primary ilmenite. The TiO2 content of
the sample is relatively low, and its mineral composition is complex. The results of the
multi-elemental analysis and particle size distribution for this sample are presented in
Tables 1 and 2, respectively. The data in the tables indicate that the TiO2 grade of the
sample is 9.90%, which is relatively low, thereby necessitating a pre-concentration process.
The predominant particle size of the sample is +0.074 mm, with a corresponding yield of
70.57%. This result shows that the sample has a moderate particle size distribution, neither
excessively coarse nor fine. Additionally, the liberation degree of the sample is 90.70%,
which exceeds 90%, illustrating an excellent level of mineral liberation suitable for the
pre-concentration process.

Table 1. Multi-elemental analysis of the experimental sample (%).

Element TiO2 TFe V2O5 SiO2 Al2O3 CaO MgO S

Content 9.90 28.08 0.19 29.60 9.74 5.27 12.17 0.12

Table 2. Particle size distribution of the experimental sample (%).

Grain Size (mm) Yield TiO2 Grade TiO2 Proportion Liberation Degree

+0.25 6.04 8.49 5.18 44.39

−0.25 + 0.20 7.86 8.81 6.99 87.07

−0.20 + 0.15 18.50 10.15 18.97 88.27

−0.15 + 0.10 20.16 10.11 20.59 92.18

−0.10 + 0.074 18.01 9.92 18.05 95.63

−0.074 + 0.043 11.55 12.35 14.41 97.95

−0.043 + 0.038 11.23 8.91 10.11 99.08

−0.038 6.65 8.51 5.70 99.25

Total 100.00 9.90 100.00 90.70

The mineral composition analysis, the equilibrium distribution of TiO2 in the minerals,
and the dissemination relationship of ilmenite in some large mineral particles are illustrated
in Figure 1, Figure 2, and Figure 3, respectively. The data presented in these figures reveal
that ilmenite, a valuable mineral, constitutes 13.58% of the experimental sample, with
70.42% of the TiO2 distributed within it. The theoretical TiO2 grade of ilmenite is 51.35%,
which is slightly lower than the value of 52.66% derived from the chemical formula.
This discrepancy may be attributed to the lattice substitution effects from magnesium,
manganese, and other impurity elements. The primary gangue minerals identified in
the sample include plagioclase, olivine, titanaugite, chlorite, and quartz, with contents of
24.62%, 15.17%, 14.05%, 10.99%, and 10.68%, respectively. The undissociated ilmenite is
mainly intergrown with amphibole and chlorite or Ti-magnetite, which would interfere
with the TiO2 grade of pre-concentrate of HGMS. Ilmenite belongs to the group of weakly
magnetic minerals with relatively strong magnetic properties, and most of them can be
captured using a high-gradient magnetic matrix box and enter the magnetic products under
the background magnetic field strength of 0.4~0.6 T.
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Figure 1. Mineral composition analysis of the experimental sample.

Figure 2. Equilibrium distribution of TiO2 in these minerals.

  

Figure 3. Dissemination relationship of ilmenite in some large mineral particles.
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2.2. Material Properties of the Magnetic Matrix

The conventional matrix used for separating metal ores in HGMSs is a rod with a circle
cross-section, and its diameter is typically 3, 2, or 1.5 mm. In this work, the magnetic matrix
material from Dalian F.T.Z. Special Steel Product Factory (Dalian, China) is selected for the
laboratory investigation and industrial application research. The steel type is Cr10NiTiMo,
and its chemical composition and mechanical properties are shown in Table 3; the B–H
testing curve of the magnetic matrix Cr10NiTiMo is shown in Figure 4.

Table 3. Chemical composition contents and tensile strength of the magnetic matrix.

Element Fe C Si Mn P S

Content (%) 88.86 0.010 0.260 0.080 0.016 0.004

Element Cr Ni Mo Ti Tensile Strength (MPa)

Content (%) 10.100 0.240 0.210 0.220 880,980

 

B

H

B

H

Figure 4. B–H testing curve of magnetic matrix Cr10NiTiMo.

2.3. Pilot-Scale and Industrial-Scale Transverse-Field HGMS

The pilot-scale separator used is the SSS-180 × 80 × 250 cyclic transverse-field HGMS,
with an effective separation chamber volume of 180 × 80 × 250 mm3. The structural
diagram and equipment photograph are provided in Figure 5. The entire separation
principle of this device is similar to that of the SLon cyclic pulsating HGMS, with the
primary distinction being the orientation of the magnetic system.

The industrial-scale separator used is a typical SSS vertical ring transverse-field HGMS.
The structure of this separator is shown in Figure 6. The equipment is primarily composed
of a pulsating mechanism, an iron yoke, vertical rings, a gas–water combined ore unloading
device, a magnetic matrix box, a ring driver, exciting coils, and magnetic poles.
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Figure 5. Equipment structure diagram (a) and physical diagram (b). 1—Gearing; 2—pulsating
tympanic membrane; 3—magnetic system; 4—left magnetic pole; 5—exciting coils; 6—feed bin;
7—separation chamber; 8—right magnetic pole; 9—magnetic matrix box holder; 10—equipment
frame body; 11—cooling water inlet and outlet area.

Figure 6. Structure of a typical SSS vertical ring transverse-field HGMS. 1—Pulsating mecha-
nism; 2—iron yoke; 3—feeding pipe; 4—rotating rings; 5—gas–water combined unloading device;
6—concentrate bucket; 7—magnetic matrix box; 8—middling hopper; 9—tailings hopper; 10—ring
driver; 11—excitation coils; 12—magnetic pole; 13—rack; 14—liquid level bucket.

The slurry, introduced through the feed pipe, passes an arc-shaped separation zone
formed by opposing magnetic poles. Within this zone, magnetic mineral particles are
attracted to and captured on the surface of the matrix. Meanwhile, non-magnetic parti-
cles, unaffected by the magnetic field, pass through the matrix units and enter into the
tailings hopper. The pulsating mechanism, with adjustable frequency and stroke, creates
an up-and-down scouring motion in the slurry to avoid matrix blockage, which aids in
loosing and removing gangue that has deposited on the matrix surface, facilitating its
flow into the tailings hopper. The remaining magnetic particles, still adsorbed on the
matrix, rotate with the matrix ring and gradually exit the magnetic field. In the top region
without magnetic field, a gas–water combined unloading device is utilized to wash the
magnetic particles off the matrix surface, which are then collected in the concentrate hopper,
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forming the magnetic product. This process can effectively separate magnetic particles
from non-magnetic particles.

The design of the transverse-field HGMS effectively isolates the magnet from the ore
slurry, thereby preventing abrasion and corrosion caused by the high-speed pulp. This
isolation simplifies the maintenance of the matrix rings, allowing for the detached ring to
be easily hoisted for servicing. A key feature of this separator is the “moving-cleaning”
capability of the magnetic matrix, which significantly reduces the risk of incrustation on
the matrix’s surface and delays matrix blockage. In practical applications, the feed always
contains strongly magnetic particles, such as magnetite and tramp iron. These particles
alternately move between the capture and discharge steps, as illustrated in Figure 7. When
the matrix ring rotates into the arc-shaped magnetic zone, magnetic particles adsorb to
both sides of the rod matrix. The weakly magnetic particles are flushed into the concentrate
bucket as the ring moves to the unloading area. Meanwhile, the strongly magnetic particles
remain trapped at the bottom of the rod matrix due to residual magnetism. Upon returning
to the magnetic zone, the strongly magnetic particles are re-mobilized to a horizontal
position, preventing the formation of a fixed deposition. This continuous movement of the
strong magnetic particles effectively cleans the rod matrix’s surface, preventing magnetic
minerals from staying in one place and without moving, which can be described as a
“moving-cleaning” process. Thus, no deposition occurs on the surface of the rod matrix,
and the pulp path remains unblocked.

Figure 7. Process of magnetic matrix capture–washing–recapture (moving–cleaning).

2.4. Methods of Matrix Box Optimization

As previously mentioned, the factors that affect the separation performance and
processing capacity of the magnetic matrix mainly include the diameter of the rod matrix,
the filling ratio, and the depth of the matrix in the direction of slurry flow. The rod diameter
is closely related to the distribution of the magnetic field within the background magnetic
field. The matrix filling ratio affects the capture capacity and the efficiency of ore unloading.
The depth of the matrix in the direction of slurry flow affects the smoothness of slurry flow,
thereby influencing the processing capacity and concentrate indexes.

The relationship between the rod diameter and the mineral particle size is typically
expressed as Equation (1), according to the research result [19] and test experience:

K =
Da

Db
> 10 (1)

where K is a specific value, Da is the rod diameter, and Db is the particle size of the
recoverable minerals.
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The ore unloading efficiency is defined by the following equation:

U =
Q0 − Q1

Q0
× 100% (2)

where U is the ore unloading efficiency, Q0 is the total quantity of concentrate adsorbed
by the matrix, and Q1 is the residual concentrate quantity remaining in the matrix after
ore unloading.

The recovery of particle-sized fraction in the concentrate is a critical factor in assessing
the separation performance of the magnetic matrix. This factor is defined as follows:

ξ =
ε × γ

κ
× 100% (3)

where ξ is the recovery of the particle-sized fraction, ε is the recovery of concentrate, γ

is the metal proportion of a certain size of fraction in the concentrate, and κ is the metal
proportion of a certain size of fraction in feeding.

3. Experimental Results and Discussion

3.1. Magnetic Matrix Optimization

The particle size fraction of the sample is primally distributed in −0.25 + 0.10 mm
and −0.10 + 0.043 mm, and the corresponding yields are 46.52% and 40.79%, respectively.
Consequently, the suitable rod diameters are more than 2.5 and 1.0 mm because K > 10.
The φ3.0 mm rod is suitable as the matrix for separating the −0.25 + 0.10 mm fraction.
Meanwhile, the optimal rod diameter for separating the −0.10 + 0.043 mm fraction remains
to be determined. The maximum magnetic induction strength measured on the surface of
rods with different diameters under varying exciting currents is presented in Figure 8. The
test data are measured in the unmoving state of the device.

Figure 8. Maximum magnetic induction strength measured on the surface of rods with different
diameters under varying exciting currents.

The results presented in Figure 8 indicate that the difference in magnetic induction
intensity on the surfaces of rods with different diameters becomes pronounced with the
increase in the excitation current. Specifically, the magnetic induction field of the φ3.0 mm
rod is lower than that of the φ2.0 and φ1.5 mm rods. Under a large current, the magnetic
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induction intensities of the φ2.0 and φ1.5 mm rods are similar, with the former slightly
lower. Considering the stability of the mechanical properties and the induction field, the
φ3.0 mm magnetic matrix rod is suitable for separating coarse particle size fractions with
stronger magnetism, and φ2.0 and φ1.5 mm are suitable for separating relatively fine
particle size fractions with weaker magnetism. This inference can be verified by the models
of particle tracking with different diameters of rod matrixes in Figure 9, as well as the
capture probability of particles using rod matrixes in Figure 10.

Figure 9. Particle tracking models for rod matrixes with diameters of φ3 mm (a) and φ1.5 mm (b).
Note: the background magnetic field intensity is 0.42 T, the particle size is −0.25 + 0.10 mm and
−0.10 + 0.043 mm, the relative permeability of the particle is 1.006, and the initial velocity is 40 mm/s.

Figure 10. Capture probability of particles by rod matrixes of different diameters. Capture probability
for separating (a) −0.25 + 0.10 mm fraction and (b) −0.10 + 0.043 mm fraction.

Figure 10 shows that the highest particle capture probability of 60% is achieved for
the −0.25 + 0.10 mm fraction when the diameter of the rod matrix is φ3.0 mm. When the
diameter of the rod matrix is φ2.0 mm, the capture probability for the −0.10 + 0.043 mm
particles is a maximum of 81%, which is very close to the 79% capture probability for a
diameter of φ1.5 mm.

In addition to the diameter of the rods, their filling ratio also affects the magnetic field
distribution. Taking the magnetic matrix rod of φ2.0 mm as an example, the maximum
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magnetic induction strength measured on the surfaces of rods with different filling ratios
under varying exciting currents is shown in Figure 11.

Figure 11. Maximum magnetic induction strength measured on the surfaces of rods with different
filling ratios under varying exciting currents.

Figure 11 demonstrates that the magnetic induction strength initially rises with the
increase in the filling ratio and then declines. The filling ratio always falls in a range
from 14% to 16% when the maximum magnetic induction intensity is achieved at various
excitation currents. A higher magnetic induction intensity corresponds to a stronger ability
to capture magnetic minerals. Therefore, an optimal filling ratio of approximately 16%
is chosen.

The number of arranged layers (also referred to as “depth”) in the magnetic matrix
is closely correlated with the capture capacity and the unloading efficiency of magnetic
particles. A typical matrix box utilized in the transverse-field HGMS is depicted in Figure 12,
with a depth of 248 mm, a length of 140 mm, a width of 78 mm, and a rod diameter of
2.0 mm as an example. The depth of the matrix box is high, resulting in a large processing
capacity. The optimal test conditions are as follows: feed quantity of 1500 g, stroke of
14 mm, pulsating frequency of 240 r/min, and magnetic field intensity of 0.42 T, which are
obtained through condition tests. The experimental results of the ore unloading efficiency
with different flushing water quantities are presented in Table 4. The findings show that ore
unloading efficiency ranges from 75.59% to 85.78% as the flushing water flow rate increases
from 3 L/min to 12 L/min. Despite the higher flushing water volumes, the ore unloading
efficiency remains suboptimal. This notion suggests that the commonly used magnetic
matrix box, characterized by a considerable depth, is inherently limited in its ability to
achieve high ore unloading efficiency.
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Figure 12. Typical matrix box in a pilot-scale transverse-field HGMS with a diameter of 2 mm.

Table 4. Experimental results of the ore unloading efficiency with different flushing water quantities.

Flushing Water
(L/min)

Production Yield (%) TiO2 Grade (%) TiO2 Recovery (%) Q0 (g) Q1 (g) U (%)

3

Concentrate 41.26 16.85 70.23

618.90 151.10 75.59Tailings 58.74 5.02 29.77

Total 100.00 9.90 100.00

6

Concentrate 43.65 17.16 75.66

654.75 123.41 81.15Tailings 56.35 4.28 24.34

Total 100.00 9.90 100.00

9

Concentrate 44.26 17.22 76.99

663.90 101.56 84.70Tailings 55.74 4.09 23.01

Total 100.00 9.90 100.00

12

Concentrate 44.85 17.31 78.42

672.75 95.67 85.78Tailings 55.15 3.87 21.58

Total 100.00 9.90 100.00

The element matrix method is utilized to assess the capture of magnetic particles
at various positions within the matrix box (from top to bottom) and further investigate
the potential for reducing the depth of the matrix box. In this method, the matrix box is
divided into five elements (A~E) (Figure 13). The steps to obtain the amount of ilmenite
particles captured by each layer of matrix (A~E) are as follows: restore the process of
capturing ilmenite particles in the magnetic matrix box in the stationary state; when
the feeding is finished, keep the original background magnetic field strength unchanged
(0.42 T) until there is no liquid outflow at the bottom of the matrix box; and then reduce the
background magnetic field strength to 0.1 T, although, at this time, the ilmenite particles
are subjected to the magnetic force of the substrate decreases, but the particles are still
captured on the surface of the substrate under the action of the capillary force of the
liquid. Immediately after that, perform a layer-by-layer slow removal of the matrix and
collection of ilmenite particles in the order of A~E. Multiple experiments were conducted,
and the data were statistically processed. The experimental results, summarized in Table 5,
suggest a gradual decrease in the capture weight and the TiO2 grade as one moves from
element A to E. Specifically, the capture weight and TiO2 grade of element A are 252.60 g
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and 16.19%, whereas those of element E are only 55.65 g and 11.82%, respectively. These
findings indicate that the capture efficiency in the lower elements of the matrix box is
significantly reduced, thus supporting the feasibility of minimizing the number of layers in
the matrix box.

 
Figure 13. Magnetic matrix box divided into five elements (A~E).

Table 5. Experimental results using the element matrix method.

Matrix Box Element Production Weight (g) Yield (g) TiO2 Grade (%) TiO2 Recovery (%)

A Concentrate1 252.60 16.84 16.19 27.55

B Concentrate2 258.90 17.26 18.24 31.81

C Concentrate3 110.25 7.35 16.61 12.34

D Concentrate4 94.35 6.29 13.93 8.85

E Concentrate5 55.65 3.71 11.82 4.43

Tailings 728.25 48.55 3.06 15.01

Total 1500.00 100.00 9.90 100.00

In summary, Tables 4 and 5 indicate that the matrix box should not be considerably
deep, as this would hinder the efficient unloading of ore and prevent the achievement
of optimal capture performance. Therefore, the typically used deep, integrated matrix
box must be segmented to balance capturing and unloading efficiencies, allowing for
independent unloading in each segment.

3.2. Pilot-Scale Validation Research

Segmented short magnetic matrix boxes with rod diameters of 3, 2, and 1.5 mm are
fabricated to validate the results of the magnetic matrix box optimization, as illustrated
in Figure 14a–c. The typical combinations of these short matrix boxes used in pilot-scale
HGMSs are demonstrated in Figure 15. The rod diameter of the upper-layer matrix box is
intentionally larger than that of the lower-layer matrix box, facilitating the early capture
of relatively coarse and strongly magnetic particles. The upper and lower-layer matrix
boxes are connected via a holder (Figure 14d). The experimental results for the typical
combination of the double-layer matrix box are presented in Table 6. The combination
of matrix boxes with rod diameters of φ3 and φ2 mm yields the optimal performance for
ilmenite separation. This configuration achieves a TiO2 grade of 18.46% and a recovery of
87.32%. Additionally, this configuration exhibits the highest ore unloading efficiency, at
94.07%. The separation index and ore unloading efficiency surpass the results presented
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in Table 4 that were obtained using the traditional integrated matrix box. The suitable
magnetic matrix box combination is φ3 mm and φ2 mm. This notion means that the
two-layer ring can be used in industrial equipment. The inner ring is configured with
a magnetic matrix box of φ3 mm rod. Meanwhile, the outer ring is configured with a
magnetic matrix box of φ2 mm rod.

 

Figure 14. Magnetic matrix boxes and a holder: (a)—φ3 mm rod; (b)—φ2 mm rod; (c)—φ1.5 mm rod;
(d)—holder.

 

Figure 15. Segmented magnetic matrix boxes with different rod diameter combinations: (a)—φ3 mm
and φ2 mm; (b)—φ3 mm and φ1.5 mm; (c)—φ2 mm and φ2 mm; (d)—φ2 mm and φ1.5 mm.

Table 6. Experimental results of the typical combination of the double-layer matrix boxes.

Combination
Form of the Box

Production Yield (%) TiO2 Grade (%) TiO2 Recovery (%) Q0 (g) Q1 (g) U (%)

φ3 and φ2 mm

Concentrate 46.82 18.46 87.32

702.30 41.63 94.07Tailings 53.18 2.36 12.68

Total 100.00 9.90 100.00

φ3 and φ1.5 mm

Concentrate 44.83 17.35 78.55

672.45 61.57 90.84Tailings 55.17 3.85 21.45

Total 100.00 9.90 100.00

φ2 and φ2 mm

Concentrate 45.30 18.31 83.76

679.50 51.38 92.44Tailings 54.70 2.94 16.24

Total 100.00 9.90 100.00

φ2 and φ1.5 mm

Concentrate 43.88 17.26 76.48

658.20 68.25 89.63Tailings 56.12 4.15 23.52

Total 100.00 9.90 100.00
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The specific results of the screen analysis for the optimal concentrate and size fraction
recovery are listed in Table 7. These results indicate that the recovery of the size fractions
ranging from −0.15 mm to +0.038 mm is relatively uniform, with a value of approximately
90%. However, the recovery of the coarser fraction (+0.15 mm) and the finer fraction
(−0.038 mm) is comparatively low. The lower recovery of the coarser fraction can be
attributed to poor dissociation. Meanwhile, the reduced recovery of the finer fraction is
due to the insufficient magnetic attraction resulting from the small particle size. Therefore,
these pilot-scale experimental findings provide strong evidence that supports the validity
of the magnetic matrix optimization.

Table 7. Particle size distribution in the concentrate and size fraction recovery.

Size Fraction (mm) Yield (%) TiO2 Grade (%) TiO2 Proportion (%) Size Fraction Recovery (%)

+0.25 6.26 13.17 4.47 75.27

−0.25 + 0.20 8.18 13.56 6.01 75.05

−0.20 + 0.15 18.43 17.22 17.19 79.12

−0.15 + 0.10 20.75 19.51 21.93 92.99

−0.10 + 0.074 17.11 20.64 19.13 92.53

−0.074 + 0.043 12.19 23.19 15.31 92.78

−0.043 + 0.038 10.86 17.56 10.33 89.21

−0.038 6.22 16.76 5.65 86.49

Total 100.00 18.46 100.00 87.32

3.3. Industrial Application Case

The industrial testing machine is developed based on the success of the pilot test.
The two-layer sorting ring for the transverse-field industrial HGMS is demonstrated in
Figure 16. The volumes of the magnetic matrix boxes in the outer and inner rings presented
in Table 8. The rod diameter of the outer ring is 2 mm, while that of the inner ring is 3 mm.
The data in Table 8 indicate that the magnetic matrix volumes of the transverse-field and
longitudinal-field HGMSs are comparable when using the same vertical ring diameter. The
transverse-field industrial HGMS with the two-layer ring used in the beneficiation plant is
shown in Figure 17.

Figure 16. Diagram of the two-layer ring (a) and physical image (b).
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Table 8. Volume of the magnetic matrix boxes of the HGMSs.

Type of HGMS Model Magnetic Rings Box Size (L × W × H) (mm) Box Number Volume (m3) Total (m3)

Transverse magnetic
field HGMS 2750

Outer 330 × 174 × 226 80 1.04
1.65

Inner 330 × 156 × 184 64 0.61

Longitudinal
magnetic field HGMS 2750 One 300 × 182 × 174 176 1.67 1.67

 
Figure 17. Industrial equipment of the SSS-III-2750 two-layer ring transverse-field HGMS used in the
beneficiation plant.

The industrial best operating parameters of the transverse-field HGMS (SSS-III-2750)
are as follows: vertical ring speed of 4.0 r/min, magnetic field intensity of 0.45 T, pulsating
stroke of 10 mm, and pulsating frequency of 120 r/min. The industrial best operating
parameters of the longitudinal-field HGMS are as follows: vertical ring speed of 4.0 r/min,
magnetic field intensity of 0.50 T, pulsating stroke of 14 mm, and pulsating frequency of
170 r/min. The comprehensive index for a 1-month stable production is provided in Table 9.
The result indicates that the separation index for the transverse-field HGMS outperforms
that of the longitudinal-field HGMS. The production achieved a TiO2 grade of 18.01%
with a recovery of 87.28% after a roughing separation. The particle size distribution in
the concentrate and size fraction recovery of the two-layer ring transverse-field HGMS is
shown in Table 10. The size fraction recovery is more than 91% when the size fraction is
from −0.15 mm to +0.043 mm, similar to the result in the pilot plant test.

Table 9. Industrial test results of the two-layer ring transverse- and longitudinal-field HGMSs.

Type of HGMS Model Production Yield TiO2 Grade TiO2 Recovery

Transverse magnetic
field HGMS

2750 (two-layer ring)

Concentrate 47.98 18.01 87.28

Tailings 52.02 2.42 12.72

Total 100.00 9.90 100.00

Longitudinal magnetic
field HGMS

2750

Concentrate 50.61 16.73 85.49

Tailings 49.39 2.91 14.51

Total 100.00 9.90 100.00
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Table 10. Particle size distribution in the concentrate and size fraction recovery of the two-layer ring
transverse-field HGMS.

Size Fraction (mm) Yield (%) TiO2 Grade (%) TiO2 Proportion (%) Size Fraction Recovery (%)

+0.25 6.52 12.77 4.62 77.95

−0.25 + 0.20 8.76 13.12 6.38 79.74

−0.20 + 0.15 18.93 16.85 17.72 81.54

−0.15 + 0.10 20.52 19.07 21.73 92.17

−0.10 + 0.074 16.94 20.16 18.97 91.76

−0.074 + 0.043 11.89 22.89 15.12 91.59

−0.043 + 0.038 10.13 17.48 9.83 84.94

−0.038 6.31 16.06 5.63 86.22

Total 100.00 18.01 100.00 87.28

4. Conclusions

The transverse-field vertical ring HGMS is a suitable industrial magnetic separator
used in the ilmenite separation of pre-concentrations. This separator can be used as an
important supplement to the longitudinal-field vertical ring HGMS in mineral processing
due to its features, including no magnet wear and corrosion and the natural magnetic
matrix “moving-cleaning”. However, the processing capacity should be improved. This
work carried out the optimization of a matrix box in pilot-scale and industrial transverse-
field HGMSs to improve the pre-concentrate efficiency and processing capacity of ilmenite.
The obtained conclusions are as follows.

The diameter of the rod matrix, the filling ratio of the rod matrix, and the depth of
the matrix box influence the pre-concentrate’s efficiency and processing capacity. The
processing capacity can be increased with the increase in the depth of the matrix box. The
depth of a single matrix box should not be considerably deep, as this would result in
a low ore unloading rate, which can be divided into different thinner matrix boxes, for
example, two-layer matrix boxes with φ3 and φ2 mm rods combined, which can improve
the pre-concentrate’s efficiency and processing capacity.

A two-layer sorting ring is fabricated in the industrial transverse-field HGMS based on
the research results. The inner ring is configured with a matrix box of a φ3 mm rod, which
is used to separate the coarse fraction products. Meanwhile, the outer ring is configured
with a matrix box of φ2 mm rod, which is used to separate the fine fraction products. The
industrial test results indicate that the pre-concentrate efficiency and processing capacity
are improved. Moreover, the separation index of the transverse-field HGMS is better than
that of the longitudinal-field HGMS.
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Abstract: Cross-sectional geometry is of significance in determining the flow characteristics
and the particles separation in spiral concentrators. The effects of the cross-sectional geom-
etry within the mixed particle zone on the secondary flow and the separation process of
hematite and quartz particles with a size of 89.5 μm were investigated via a computational
fluid dynamics (CFD) approach. The optimization of the line segment slopes was con-
ducted using response surface methodology (RSM). The results indicate that the peak radial
fluxes and average radial velocities of the secondary flow are positively correlated with the
corresponding line segment slope. The independent adjustment of line slopes in regions
I and II, and the interaction of line slopes in regions I and III, influence the separation
efficiency of hematite and quartz particles significantly. The separation performance of
the experimental spiral concentrator with a cross-sectional profile of the optimized line
segments for a feed of hematite and quartz with a size range of −100 + 75 μm is remarkably
improved by nearly 5%. This study provides insights for the cross-section design of spiral
concentrators for the effective separation of coarse-grained hematite and quartz.

Keywords: cross-sectional geometry; mixed particle zone; separation efficiency; radial flux;
response surface methodology (RSM); difference in migration amount of particles

1. Introduction

The construction of green mines represents an important initiative to promote the
development of an environmentally friendly approach within the mining sector and to
enhance the efficiency of comprehensive resource utilization. The spiral concentrator is an
example of thin-flowing film mineral processing equipment. The operation of the spiral
concentrator is based on the combined action of gravity and the centrifugal inertia force.
Given its array of superior characteristics, the spiral concentrator has been extensively
employed in the separation of a diverse range of materials, including iron, tungsten, tin,
tantalum, niobium, coal, seashore sand, and other nonferrous metals, rare metals, and
nonmetallic minerals with density differences [1–6].

The superior separation performance of the spiral concentrator is contingent upon
the differences in the properties of valuable mineral and gangue mineral particles, as well
as the unique flow field characteristics [7,8]. The slurry flow in the spiral concentrator
rotates in a downwards direction along the trough under the influence of gravity, forming a
longitudinal mainstream. Concurrently, it moves in a radial direction due to the centrifugal
inertia force. Following a period of development and evolution, the flow ultimately
exhibits the characteristics of a coexistence of mainstream and secondary flow, as well as a

Minerals 2024, 14, 1251 https://doi.org/10.3390/min14121251
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coexistence of laminar, transitional, and turbulent flow [9]. The structural parameters of
the spiral concentrator exert the most important effect on the evolution characteristics of
the flow field, which in turn has a profound effect on the migration and distribution of the
particles attached to the internal flow field. Once the parameters have been determined, it
is challenging to adjust them during the production process [10–13]. Because optimization
of the production index by adjusting the operating parameters can obtain only a slight
improvement, careful selection of the structural parameters of the spiral concentrator is
vital. In recent years, researchers have investigated the effects of the structural parameters,
such as the pitch, cross-sectional profile, and splitter position of spiral concentrators, on
the separation efficiency in order to increase the universality of spiral concentrators in the
rapid separation of mineral particles with different properties in a short process [14–18].
It has been demonstrated that a gentler cross-section shape is more appropriate for the
separation of fine-grained minerals, vice versa Pitch exerts a comprehensive influence on
the predominant velocity of the slurry, the thickness of the film, and the movement of the
particles. A reduction in pitch can facilitate the establishment of a more stable separation
flow field, whereas an increase has a more pronounced impact on high-density particles,
which is conducive to accelerating the formation of particle bands [10]. Nevertheless,
advances in the elucidation of the mechanism of the effects of the structural parameters on
hydrodynamics and their influence on the separation process for particles with different
properties from a theoretical standpoint have been relatively limited.

Cross-sectional geometry is a crucial structural parameter that influences several key
hydrodynamic parameters, such as the flow film thickness, velocity of the primary flow,
secondary flow, and Reynolds number. Commonly employed cross-sectional curves are de-
rived from cubic parabolas, elliptic curves, or combinations of curvilinear functions [19,20].
It can be postulated that any material to be separated will have a corresponding optimal
cross-sectional geometry. However, generating large quantities of cross-sectional curves by
modifying the functional expression and then selecting the optimal cross-sectional curves
suitable for different materials is nearly impossible. The process of screening through
trial-and-error tests incurs a significant cost in labor, material, and financial resources.
Although the cross-sectional curves used by the spiral concentrators in current production
or research have the potential to achieve satisfactory separation efficiency, the separation
results have not been interpreted in terms of particle migration processes. Additionally, the
design and optimization of the localized geometric parameters of the mixed particle zone
are rarely considered. In light of the aforementioned considerations, it is urgently necessary
to perform a rational optimization of the structural parameters of the spiral concentrator,
with a particular focus on the cross-sectional geometrical parameters.

The current methods employed in the research on the optimization of cross-sectional ge-
ometry for spiral concentrators can be broadly classified into three main categories: theoretical
studies, physical inspection and measurements, and numerical simulations. Theoretical re-
search has, to varying degrees, overlooked the interactions between the particles and has only
considered simplified particle motion, resulting in significant differences between the results
predicted by the theoretical models and the experimental results. Laser doppler anemom-
etry (LDA) [21], particle image velocimetry (PIV), and positron emission particle tracking
(PEPT) [22–24], among other flow and particle monitoring devices, enable the acquisition of
fluid and particle motion information without interference in the flow field. Nevertheless,
these methods show some drawbacks, such as the use of cumbersome detection processes,
strict test conditions, and high maintenance costs. Numerical simulations employing such
methods as the discrete element method (DEM), smoothed particle hydrodynamics (SPH),
and computational fluid dynamics (CFD) have been successfully employed to simulate the
flow field and particle motion of spiral concentrators [25,26]. Among these, SPH is a mesh-
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less simulation approach with high accuracy [20], which requires significant computational
volume and shows low computational efficiency in fluid simulations. The DEM accurately
determines the force, spatial position, velocity, and energy changes of particles [27]. However,
it only considers particle motion and fails to account for the interaction between the fluid and
the particles, as well as between the particles in the spiral concentrator slurry system. The
bidirectional coupling of the DEM and CFD leads to a significant increase in the computational
cost. Due to the limitations of the DEM and SPH methods, CFD is a more frequently employed
approach in simulations of spiral concentrators.

The flow field within the spiral concentrator is characterized as an open channel
flow. Therefore, it is essential to select an appropriate multiphase flow model for accurate
simulation of the gas–liquid–solid three-phase system in a spiral concentrator. Currently,
the simulation methods applied to the particle flow in spiral concentrators are based
primarily on the Eulerian–Lagrange method and the Eulerian–Eulerian method. The
Eulerian–Lagrange method treats the fluid and the particles as the continuous phase and
the discrete phase, respectively. The discrete phase model (DPM) is commonly used to
monitor the movement of the particles in a spiral concentrator. To minimize the com-
putational cost, interactions between the particles and the impact of the particles on the
continuous phase are typically disregarded in the DPM model. Consequently, this approach
is limited to predicting multiphase flows with volume fractions below 12%, restricting its
applicability to high-concentration feed conditions. By contrast, the Euler–Euler method,
which views particles as a proposed fluid within a continuous medium and characterizes
particle interactions through the kinetic theory of granular flow (KTGF) model, provides an
effective and viable approach for predicting highly concentrated particle flows in a spiral
concentrator from the perspective of fluid dynamics [28,29].

This study introduces the concept of a localized optimization design for the cross-
sectional geometry of the mixed particle zone of a spiral concentrator. A numerical analysis
was conducted using a three-turn spiral concentrator geometry model to optimize the
structure. The effects of the cross-sectional geometry on the secondary flow characteristics
and particle separation processes were investigated. Additionally, the mechanism of
the effect of the line segment slopes within the mixed particle zone on the separation
performance of the spiral concentrator was elucidated. Moreover, the response surface
analysis method was employed to explore the interaction between different line segment
slopes and to identify the optimal parameter configuration for the localized cross-sectional
geometry. The effectiveness of the localized adjustment strategy for line segment slopes
was confirmed through actual separation texts focusing on specific materials.

2. Experimental Equipment and Methods

2.1. Structural Parameters of the Spiral Concentrator and Adjustment Strategy for the Localized
Cross-Sectional Geometry
2.1.1. Structure Parameters of the Spiral Concentrator

A laboratory-scale spiral concentrator with a diameter of 300 mm was employed as the
research object for our numerical simulation research. The relevant structural parameters
are presented in Table 1.

Table 1. Relevant structural parameters of the spiral concentrator.

Structural Parameters Value

Outer radius (R)/mm 150
Inner radius (r0)/mm 30

Pitch (P)/mm 240
Number of turns (N) 3.25

The expression for the sectional curve function of the spiral concentrator is as follows:
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|x| = m|y|n (1)
where m is the coefficient of the sectional curve function and n is the exponent of the
sectional curve function.

The function image in the third quadrant of the Cartesian coordinate system was selected
for the cross-sectional geometry of the spiral concentrator, as illustrated in Figure 1. The trough
slope β is defined as the acute angle formed by the tangent line at a radial position r of the
cross-sectional curve and the horizontal line. The downwards bevel angle, designated γ, is the
acute angle formed by the connecting line between the endpoints of the inner and outer edges
of the spiral concentrator and the horizontal line. It is calculated using the following formula:

tan γ =
[
m1/n(R − r0)

1−1/n
]−1

(2)

where R is the outer radius and r0 is the inner radius. In this study, the functional expression
for the cross-section curve of the laboratory-scale spiral concentrator has m = 0.01748, n = 3,
and “γ” = 9◦.

 

Figure 1. Schematic of the cross-sectional geometry of the spiral concentrator.

2.1.2. Configuration of the Sectional Curve Function and Downwards Bevel Angle

Initially, geometric models of the spiral concentrator were constructed according
to downwards bevel angles of 3◦, 6◦, 9◦, 12◦, and 15◦, along with the cross-sectional
curve function (refer to Table 2), to simulate the flow field and particle motion behaviour,
respectively. Single-factor and factorial experiments were then carried out by numerical
simulation to analyze the individual and combined effects of the downwards bevel angle
and cross-sectional curve function on the separation efficiency of quartz and hematite. The
findings are illustrated in Figure 2.

Table 2. Functional expression of the sectional curve of the spiral concentrator.

Numbers of Sectional Curve Function Functional Expression for Sectional Curve

Equation (1) |x| = 1.44824|y|1.5

Equation (2) |x| = 0.33220|y|2
Equation (3) |x| = 0.07620|y|2.5

Equation (4) |x| = 0.01748|y|3
Equation (5) |x| = 0.00401|y|3.5

The single-factor test results, depicted in Figure 2a,b, show that adjusting the down-
wards bevel angle and the exponent of the cross-sectional curve function within a specific
range significantly affects the separation efficiency of hematite and quartz particles. When
the downwards bevel angle is set at 6◦ or 9◦ and the cross-sectional curve function has
an index of 2.5–3.5, the peak separation efficiency can reach approximately 80%, and the
separation efficiency is enhanced. The factorial experiment results in Figure 2c reveal
that the optimal separation performance occurs at a 6◦ downwards bevel angle and a
cross-sectional curve function index of 2.5, achieving a maximum separation efficiency of
82.02%. This configuration is identified as the optimal setup for the cross-sectional curve
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function and the downwards bevel angle. The control equation for the cross-sectional curve
at this point is given by the following Equation (3):

|x| = 0.212|y|2.5 (3)

  

 

 

Figure 2. Effects of the cross-sectional geometry parameters on the separation efficiency. (a) Effect
of the downwards bevel angle; (b) effect of the sectional curve function; (c) interaction between the
downwards bevel angle and the sectional curve function.

2.1.3. Delimiting the Mixed Particle Zone in the Trough and a Strategy for Localized
Adjustment of Line Segment Slopes

The above-described configuration allows the study of the distribution of the yield
and separation efficiency of hematite and quartz in the trough at the end of the third turn.
As illustrated in Figure 3, hematite and quartz are selectively distributed and concentrated
in the trough, with the maximum separation efficiency occurring at r = 100 mm. Notably,
a higher yield of mixed quartz is found near r = 70 mm, whereas a greater proportion
of hematite is mixed in the quartz accumulation region at r = 100–115 mm. The sepa-
ration efficiency curve peaks sharply, with a significant decrease in the radial region of
r = 100–130 mm, leading to a narrow adaptation range for the splitter. For these reasons,
the radial region of r = 70–130 mm is identified as the mixed particle zone.

  

Figure 3. Yield distribution and separation efficiency of hematite and quartz at the end of the third
turn. (a) Yield Distribution; (b) separation efficiency.

115



Minerals 2024, 14, 1251

As illustrated in Figure 4, the curve of the mixed particle zone is divided into three
regions: region I (r = 70–90 mm), region II (r = 90–110 mm), and region III (r = 110–130 mm).
The characteristic radial positions for these regions are 80, 100, and 120 mm, respectively.
The slopes of the curves in these regions are relatively small, allowing the line segments
between the endpoints to approximate the original curves, resulting in the creation of three
line segments: P1P2, P2P3, and P3P4.

 

Figure 4. Resegmentation of the cross-sectional geometry of the mixed particle zone.

The geometrical models of the spiral concentrator were constructed based on specified
line segment slopes provided in Table 3. Then, the effects of the adjustments of these slopes
on the secondary flow characteristics and particle separation processes were investigated.
Response surface methodology (RSM) is a systematic approach for solving multivariate
problems through experimental design, including central composite design (CCD) and
Box–Behnken design (BBD). BBD is efficient for predicting the main effects, interactions,
and squared terms with fewer trials than CCD [30]. Consequently, in this paper, a BBD
experiment with three factors and three levels was conducted to establish a relationship
between the variables and the responses. Optimization of the line segment slopes in the
mixed particle zone was then carried out.

Table 3. Adjustment values for the line segment slopes in the localized region.

Radial Region Line Segments Radial Range Slop of Curve/◦ Line Segment
Slope/◦

Region I P1P2 r = 70–90 mm 3.34 1; 3; 5; 7; 9; 11
Region II P2P3 r = 90–110 mm 4.09 1; 2; 3; 4; 5; 6; 7
Region III P3P4 r = 110–130 mm 5.62 0; 2; 4; 6; 8; 10

2.2. Feeding Properties

The experimental material consisted of hematite and quartz in Anshan-type hematite
ores, with densities of 4950 kg/m3 and 2650 kg/m3, respectively. To simplify the numerical
calculations for simulations of full-size particles, both minerals were set at a median
particle size (D50) of 89.5 μm, reflecting the particle composition of the feed for the spiral
concentrator at the Qidashan iron ore processing plant, as illustrated in Figure 5. The feed
consists of hematite and quartz particles at a mass ratio of 1.87, corresponding to an iron
grade of 45.59%. The feed has a solid mass concentration of 20 wt% and a volumetric flow
rate of 0.48 m3/h (8 L/min). It should be noted that the particle size range of hematite and
quartz used for the practical separation and structural optimization of spiral concentrators
in this study is −100 + 75 μm. The suitability of this research methodology and structural
optimization method for separating mineral particles with a wide size range or other
density differences still requires extensive validation.
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Figure 5. Particle size composition of the feed to the spiral separator at the Qidashan Iron Mine
Processing Plant.

2.3. Numerical Model and Simulation Conditions

The RNG k-ε turbulence model demonstrates favorable predictive accuracy for vortex
flows with relatively large curvature and is suitable for predicting low Reynolds number
flows in the near-wall region. Consequently, the RNG k-ε turbulence model is adopted to
describe the turbulence characteristics of the fluid in the spiral concentrator.

The Eulerian multifluid VOF model, which incorporates the Bagnold effect, is em-
ployed to simulate the intricate slurry system of gas–liquid stratified flows and solid–liquid
mixed flows in a spiral concentrator. This model provides a framework to couple the VOF
and Euler–Euler multiphase models to simulate two-phase interfaces in stratified flows
and predict particle motion in mixed flows [7,19,31]. The VOF interface tracking model
is used to describe the gas–liquid stratified flow pattern, and the continuity and momen-
tum equations for the incompressible two-phase flow can be expressed in the following
Equation (4) and Equation (5), respectively:

∂ρui
∂xi

= 0 (4)

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+ ρgi +

∂

∂xj

[
μe f f

(
∂ui
∂xj

+
∂uj

∂xi

)]
(5)

where ρ represents the fluid density, uij is the mean fluid velocity, P is the static pressure,
μe f f is the effective viscosity (molecular μ plus turbulent ut), and g is the acceleration due
to gravity.

For the Euler–Euler model, the continuous and discrete phases are regarded as inter-
penetrating continua. Particles with different densities or sizes were treated as separate
phases. The phase-averaged continuity and momentum equations of each phase are given
by the following Equations (6) and (7):

∂

∂t
(
αqρq

)
+∇·

(
αqρq

→
v q

)
= 0 (6)

∂

∂t

(
αqρq

→
vq

)
+∇·

(
αqρq

→
v q

→
v q

)
= −αq∇p −∇pq +∇·=τq + αqρq

→
g +

→
F d +

→
F B (7)

where q represents different phases (q = 1 for water, 2 for air, and 3 − n for the different
types of particles); αq is the volume fraction of phase q;

→
v q is the velocity vector of phase q;

ρq is the material density of phase q;
→
g is the gravitational acceleration; pq (q ≥ 3) is the qth

solid pressure described by the model of Syamlal–O’Brien [32]; p is the pressure shared
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by all phases;
→
F d is the drag force [33];

→
F B is the Bagnold lift force [34];

=
τq is the qth phase

stress–strain tensor and is expressed as follows:

=
τq = αqμq

(
∇→

v q +∇→
v

T
q

)
+ αq

(
δq − 2

3
μq

)
∇·→v q

=
I (8)

where μq represents the shear viscosity of phase q, which is determined by the correlation

of Gidaspow et al. [35]; T is the transposition of matrix;
=
I is the identity matrix; δq is the

bulk viscosity of phase q, and is described by the correlations of Lun et al. [36]. The virtual
mass force and turbulent dispersion force are not considered during the simulation process.
The interphase forces are composed primarily of traction and lift. The Gidaspow model and
the symmetric model are employed to address liquid–solid traction and gas–liquid traction,
respectively. Bagnold empirical formulas are applied in the lift model and integrated into
the lift coefficient module through the user-defined function (UDF) interface [31,34].

A mesh independence test is essential for enhancing the accuracy of the numerical
results and optimizing computational efficiency. Since the computational domain mesh
remains consistent for each turn, the computational domain mesh of the single-turn spiral
concentrator is discretized using ANSYS ICEM 18.0, as depicted in Figure 6a [19]. The
mesh of the cross-section is presented in Figure 6b, and it can be seen that the mesh near the
trough was fined locally. The minimum height of the bottom wall mesh is 0.15 mm, while
the lowest y+ value is 2. The effects of three meshing methods, with mesh quantities of
78,000, 149,760, and 303,072, respectively, on the surface tangential velocity of the flow film
are examined, as illustrated in Figure 7 [19]. The findings indicate that when the number
of meshes exceeds 149,760, further increasing the mesh count has a negligible effect on
the surface tangential velocity. Considering both computational speed and accuracy, the
entire 3.25-turn spiral concentrator is meshed into 486,720 high-quality hexahedral cells,
following the second meshing method. The spiral concentrators of various cross-sectional
geometry investigated in this research are meshed using the optimized meshing methods
mentioned above accordingly.

 

(a) 

 

(b) 

Figure 6. Computational domain mesh of spiral separator. (a) Mesh of one turn; (b) mesh of the
cross-section.

The computational domain of the spiral concentrator is subdivided into four regions:
the inlet, upper surface, wall, and outlet. The inlet boundary is defined as a velocity
inlet, with a velocity of 0.147 m/s (equivalent to a volume flow rate of 8 L/min) and a
turbulence intensity of 5%, classified as medium turbulence intensity. The outlet boundary
is designated as a pressure outlet set to standard atmospheric pressure with an air reflux
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coefficient of 1. The upper surface and wall are designated as free slip and no slip walls,
respectively, with standard wall functions applied to solve the equations near the walls [37].

 
Figure 7. Mesh independence test.

2.4. Data Extraction and Representation

Upon meeting the convergence criterion, secondary flow parameters were extracted
for analysis. The secondary flow consists of an inward flow with a negative radial velocity
and an outward flow with a positive radial velocity, depending on the flow direction. The
inward flow radial flux and the outward flow radial flux are described using the following
specific expressions to analyze the development of secondary flow:

Qin = SinVin,awa (9)

Qout = SoutVout,awa (10)

where Sin, Sout, Vin,awa, and Vout,awa represent the inward and outward flow region areas
and the inward and outward flow fluid area-weighted average radial velocities, respectively.
The extraction interval is 1/18 of a turn.

The flow field in a spiral concentrator gradually stabilizes through a specific travelling
evolution. The area-weighted average radial velocities of the inward and outward flows
are extracted at the end of the third turn within the trough under different conditions to
characterize the intensity of the secondary flow.

The particle radial migration behaviour was quantitatively characterized via the
cumulative radial flux, which represents the flux of particles in a given radial region from
the inlet to a specified trough length. To facilitate comparison, the cumulative radial flux
of particles at the midpoint of the three adjusted regions (r = 80, 100, and 120 mm) was
extracted at 0.125 turn intervals. Outward migration is indicated by a positive value of the
particle radial flux, whereas inward migration is indicated by a negative value.

The mass flow rates of the hematite and quartz particles were extracted under various
test conditions. The particle yields in different radial regions were calculated sequentially.
Based on these calculations, concentrated products with different distribution widths were
obtained by adjusting the position of the splitte. The separation efficiency indicated in
Equation (11) [27,38], also called the Schulz’s index, may not fully consider the compre-
hensive quality of the final product, such as in instances of high recovery and low grade.
However, due to its intuitiveness, comparability, and quantitative effect, it has sufficient
applicability and rationality for determining the separation effect of the two-product system
composed of pure minerals of hematite and quartz in this article. Therefore, it is used
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as a quantitative indicator for the final separation effect of hematite and quartz particles,
as follows:

Es = Rv − Rg (11)

where Es is the separation efficiency, Rv is the hematite yield, and Rg is the quartz yield.

3. Results and Discussion

3.1. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the Mixed
Particle Zone on the Secondary Flow Characteristics

The flow field of the spiral concentrator transitions from an unsteady to steady state
along the trough, with a continuous change in secondary flow. Consequently, it is essential
to investigate how localized adjustments to line segment slopes in the mixed particle zone
impact secondary flow characteristics.

3.1.1. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the
Mixed Particle Zone on the Radial Fluxes of the Secondary Flow

The effects of varying line segment slopes on the radial fluxes of the inward and
outward flows in the first turn are shown in Figures 8–10.

  

Figure 8. Effect of the line segment slope in region I on the radial fluxes of the inward and outward
flows at r = 80 mm. (a) Radial flux of the inward flow; (b) radial flux of the outward flow.

  

Figure 9. Effects of the line segment slope in region II on the radial fluxes of the inward and outward
flows at r = 100 mm. (a) Radial flux of the inward flow; (b) radial flux of the outward flow.
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Figure 10. Effects of the line segment slope in region III on the radial fluxes of the inward and
outward flows at r = 120 mm. (a) Radial flux of the inward flow; (b) radial flux of the outward flow.

The results depicted in Figures 8–10 show that adjusting the line segment slopes in the
localized region has a relatively consistent effect on the radial flux of the secondary flow
in the first turn. The radial flux peaks in the initial stage, then decreases and converges to
zero, indicating fluid migration equilibration. The inward flow reaches equilibrium before
0.2 turns, whereas the outward flow requires 0.5 turns. At the initial stage, the peak radial
fluxes of the inward and outward flows in distinct regions are positively correlated with the
corresponding line segment slopes, with a slightly more pronounced positive correlation
observed for the inward flow. These results suggest that increasing the line segment slope
can simultaneously increase the flow rates of both the inward and outward flows, thereby
facilitating mass exchange within the secondary flow. As the fluid travels longitudinally,
the impact of the line segment slope on the radial fluxes of both the inward and outward
flows diminishes. Conversely, it is evident that adjusting the line segment slope in region
I leads to a more significant peak change in the radial flux of the inward flow, whereas
adjusting the slope in region II results in a more pronounced change in the radial flux peaks
of the outward flow. Notably, increasing this parameter from 5◦ to 6◦ can lead to a peak
increase of up to 15.55%. Furthermore, the amplitude of variation in the radial fluxes of the
inward and outward flows increases with the outward movement of the radial position.

3.1.2. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the
Mixed Particle Zone on the Velocity of the Secondary Flow

The effects of different line segment slopes on the average radial velocity of the inward
flow and outward flow in the first turn were investigated, and the results are shown in
Figure 11.

As illustrated in Figure 11, as the line segment slopes increase, the average radial
velocities of the inward and outward flows corresponding to the adjusted region increase
to varying degrees. This phenomenon contributes to the further acceleration of the radial
migration of solid particles. Furthermore, the velocities of secondary flows in the stabiliza-
tion phase were more significantly affected by the line segment slopes in regions I and III.
Notably, when the line segment slope in region III increased from 6◦ to 10◦, the increases in
the average radial velocities of the inward flow and outward flow in this region reached
111.78% and 110.61%, respectively. Upon increasing the line segment slope in region I from
9◦ to 11◦, the average velocity of the outward flow in this region exhibited an increase of
30.50%. In contrast, the secondary flow velocity of region II is relatively less affected by the
adjustment to the line segment slope in the steady stage, resulting in a more uniform flow.
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Figure 11. Effect of the line segment slopes in the localized region on the average radial velocity of the
inward and outward flows in the third turn with different radial regions. (a) Region I; (b) region II;
(c) region III.

3.2. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the Mixed
Particle Zone on the Particle Separation Process
3.2.1. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the
Mixed Particle Zone on the Radial Migration Behaviour of Particles

The radial motion of the fluid influences the force and radial migration motion of the
particles. The effect of the line segment slope within the mixed particle zone on the radial
migration behaviour of the particles is illustrated in Figures 12–14.

  

Figure 12. Effect of the line segment slope in region I on the cumulative radial flux at r = 80 mm.
(a) Hematite; (b) quartz.
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(a) (b) 

Figure 13. Effect of the line segment slope in region II on the cumulative radial flux at r = 100 mm.
(a) Hematite; (b) quartz.

  

Figure 14. Effect of the line segment slope in region III on the cumulative radial flux at r = 120 mm.
(a) Hematite; (b) quartz.

Figures 12a, 13a and 14a show that the cumulative radial fluxes of hematite particles
are positive when the line segment slopes in regions I and II are low. This indicates that
hematite particles migrate outwards, which is unfavorable for separation. Notably, the
outward migration of hematite particles decreases with the gradual increase in the two line
segment slopes. Upon increasing these two line segment slopes to 5◦ and 3◦, the hematite
particles exhibited a transition from outward to inward migration at a certain longitudinal
travel of the fluid. The amount of inward migration increased with increasing longitudinal
travel length and then stabilized. As the trough slope increases, the transition to inward mo-
tion becomes shorter and the cumulative radial flux increases. Nevertheless, when the line
segment slope exceeds the regulatory range, there is a tendency for the inward migration
of hematite in the steady state to decrease. Hematite particles in region III migrate predom-
inantly outwards, and as the line segment slope in this region increases, the amount of
outward migration gradually decreases, and the direction of particle migration transitions
to inwards near the first turn and quickly reaches stabilization. Figures 12b, 13b and 14b
indicate that the cumulative radial flux of quartz in regions I–III is positive, indicating that
the migration direction is continuously outwards. When the line segment slope is fixed,
the outward migration of quartz increases rapidly to a peak value in the first half-turn,
after which it tends to decrease with increasing longitudinal travel. Moreover, the reduced
magnitude of the outward migration of quartz is more pronounced from the inner to the
outer regions of the trough, accompanied by minimal fluctuations and longer travel for the
particle movement to stabilize in the radial direction. When the number of turns is kept
constant, the outward migration of quartz in the trough is negatively correlated with the
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line segment slope. Furthermore, the impact of adjusting the line segment slopes within
the mixed particle zone on the cumulative radial flux of quartz is more pronounced from
the inner to the outer regions. Consequently, an increase in the line segment slopes in the
regions I–III can induce the inward migration of hematite, which is conducive to improving
the separation index of hematite and quartz particles. Nevertheless, the outward migration
of quartz diminishes to varying degrees with increasing line segment slope, which also
has a detrimental effect on the separation efficiency. Therefore, it is necessary to perform
further calculations of the separation efficiency under different conditions to determine the
appropriate range of adjustment for the line segment slope in each region.

3.2.2. Effect of Localized Independent Adjustment of the Line Segment Slopes Within the
Mixed Particle Zone on the Separation Efficiency

Separation efficiency is one of the principal performance indicators for evaluating the
separation performance of a spiral concentrator. The separation efficiencies of hematite and
quartz at different splitter positions were calculated separately for independent adjustments
of the localized line segment slope, with the results presented in Figure 15.

  

 

 

Figure 15. Effect of the localized line segment slope on the separation performance of the spiral
separator. (a) Region I; (b) region II; (c) region III.

As illustrated in Figure 15, the maximum separation efficiencies of hematite and
quartz initially tend to increase but then decrease immediately as the line segment slopes
in regions I–III increase. Additionally, the radial position of the optimal interceptor is
gradually shifted inwards. In the radial region inside the optimal splitter position, the line
segment slopes in regions I and II exert a more pronounced influence on the enhancement
of the separation efficiency. The ranges of the line segment slopes in each region with higher
separation efficiencies are 5–9◦, 3–5◦, and 2–6◦, respectively, and the maximum separation
efficiencies are 81.94%–82.71%, 80.20%–83.01%, and 81.56%–82.58%, respectively.
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3.3. Combination Adjustment of the Line Segment Slopes Within the Mixed Particle Zone and
Structural Optimization
3.3.1. Effect of the Combination Adjustment of the Line Segment Slopes on the Maximum
Separation Efficiency

The effects of the line segment slope within the mixed particle zone on the charac-
teristics of the secondary flow and the particle separation process, as well as the range
of each line segment slope used to achieve a relatively high separation efficiency, were
subjected to a comprehensive analysis. In light of the above-described investigation, an
optimization study was conducted on the combination mode of line segment slopes in
accordance with the principles of Box–Behnken design. The line segment slope of region I
(X1), the line segment slope of region II (X2), and the line segment slope of region III (X3)
were selected as the independent variables, with the separation efficiency Es serving as the
response value. The response surface factors and level settings are presented in Table 4,
and the test levels of the independent variables are coded as −1, 0, and 1. The RSM results
are presented in Table 5.

Table 4. Factors and levels of the Box–Behnken design.

Factors Symbols
Levels

−1 0 1

Line segment slope of region I/◦ X1 1 6 11
Line segment slope of region II/◦ X2 1 4 7
Line segment slope of region III/◦ X3 0 4 8

Table 5. Results of the Box–Behnken design.

Source
Factors

Separation Efficiency/%
X1 X2 X3

1 0 0 0 83.06
2 0 0 0 83.06
3 0 −1 1 72.84
4 1 1 0 73.71
5 1 0 −1 71.91
6 0 0 0 83.06
7 0 0 0 83.06
8 0 −1 −1 71.71
9 −1 0 −1 75.35

10 −1 0 1 67.68
11 0 0 0 83.06
12 0 1 1 74.69
13 1 −1 0 71.25
14 1 0 1 74.81
15 −1 1 0 69.45
16 −1 −1 −1 68.36
17 0 1 −1 77.50

The outcomes of the Box–Behnken design, as presented in Table 5, were subjected to a
quadratic multiple regression analysis. This was performed on the basis of the maximum
separation efficiencies achieved across various experimental conditions. A regression model
was established between the line segment slope and the separation efficiency as follows:

Y = 83.86 + 1.35 × X1 + 1.4X2 − 0.8062X3 + 0.3425X1X2 + 2.64X1X3 − 0.985X2X3 −
7.46X1

2 − 5.71X2
2 − 3.97X3

2
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The correlation between the experimental values of the separation efficiency via
numerical simulation and the values predicted via the regression model is shown in
Figure 16. Additionally, the response surface multiple regression model was subjected to
analysis of variance (ANOVA) and a significance test, as presented in Table 6.

 
Figure 16. Correlations between the values obtained from numerical simulation and the values
predicted by the regression model.

Table 6. Analysis of regression variance.

Source
Sum of
Squares

Degrees of
Freedom

Mean Square F Value
p Value
Prob > F

Degree of
Significance

Model 490.4 9 54.49 79.78 <0.0001 **
X1 14.69 1 14.69 21.51 0.0024 **
X2 15.65 1 15.65 22.92 0.0020 **
X3 5.20 1 5.20 7.61 0.0281 *

X1X2 0.4692 1 0.4692 0.6870 0.4345
X1X3 27.93 1 27.93 40.90 0.0004 **
X2X3 3.88 1 3.88 5.68 0.0486 *
X1

2 209.72 1 209.72 307.06 <0.0001 **
X2

2 118.72 1 118.72 173.82 <0.0001 **
X3

2 53.51 1 53.51 78.35 <0.0001 **
Residual 4.78 7 0.6830

Lack of fit 4.78 3 1.59
Pure error 0 4 0

Total 495.19 16

Notably, the coefficient of determination R2 is 0.9903, whereas the corrected coefficient adjusted R2
Adj is 0.9779. The

following symbols are used to indicate statistical significance: *: p < 0.05, significant; **: p < 0.01, highly significant.

The results of ANOVA on the regression equation indicate that the response surface
regression model presents a highly significant level of p < 0.0001, which can be utilized for
subsequent optimization of the design using this response surface approximation model.
The coefficient of determination, R2, is 0.9903, and the correction coefficient, R2Adj, is
0.9779, indicating that 99.03% of the variation in the response values is caused by the three
factors examined. The regression model adequately describes the process by which the
line segment slopes in three regions affect the separation efficiency. Figure 16 illustrates
the correlation between the actual and predicted values of separation efficiency, further
demonstrating the high credibility and accuracy of the test and the suitability of the fitted
regression equation to the test principle.

The results of the significance test demonstrate that the primary terms X1 and X2, the
interaction term X1X3, and the secondary terms X11, X22, and X33 have highly significant
effects on the response value. Furthermore, the primary term X3 and the interaction term
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X2X3 significantly affect the response value. In contrast, there is no significant effect of other
factors. This finding indicates that the line segment slopes of regions I and II have a highly
significant effect on the separation efficiency, which is consistent with the aforementioned
significant degree of effect on the separation efficiency when the line segment slope is
adjusted independently, as well as the pattern of the change in the peak value of the radial
fluxes of the inward flow in region I and the outward flow in region II at the initial stage
(0.075th turn).

To intuitively reflect the strength of the interaction effect of the line segment slopes on
the maximum separation efficiency, based on the results of the regression model analysis, the
3D response surface map and the 2D map of the contour projection when the three factors
interact with each other two by two were further plotted, as shown in Figure 17. In accordance
with the principles of response surface testing, a steeper response surface indicates a greater
influence of the factors under test on the response value, and vice versa. The shape of the
contour line reflects the strength of the interaction between any two factors. Furthermore,
the shape of the contour line reflects the strength of the interaction between any two factors.
Generally, a more elliptical contour line corresponds to a response value that is more sensitive
to the interaction of the examined factors. Conversely, contour lines that are more rounded
indicate a lower sensitivity to the interaction of the examined factors [39].

 

  

Figure 17. Three-dimensional response surface of the effects of the three factors on the maximum
separation efficiency when the three factors interact in pairs. (a) Interaction of region I with region II;
(b) interaction of region I with region III; (c) interaction of region II with region III.

As illustrated in Figure 17, the response surface is the most pronounced, and the
eccentricity of the ellipse formed by the contour lines is greatest when regions I and III
interact. This indicates that the synergistic effect of the line segment slopes in these two
regions on the separation performance of the spiral concentrator is the most significant.

Further analysis of the regression model revealed that the optimal line segment slopes
in the three regions were 6.40◦, 4.43◦, and 3.59◦, respectively, at which point the pre-
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dicted value of maximum separation efficiency was 83.26%, representing a 1.24 percentage
point increase over the maximum separation efficiency (82.02%) achieved by the spiral
concentrator with an optimal continuous curve section.

3.3.2. Verification of the Separation Performance of the Spiral Concentrator with an
Optimal Combination of Line Segment Slopes

To verify the actual separation performance of the spiral concentrator after the com-
bination adjustment of the line segment slopes, spiral concentrator test equipment with
an optimal continuous curve section and an optimal combined line segment section were
custom-machined. The photographs of the obtained test system are shown in Figure 18a,
and the actual separation tests of hematite and quartz particles were carried out with the
test system shown in Figure 18b. A series of numerical simulation tests and actual separa-
tion tests were conducted to assess the efficiency of the two types of spiral concentrators at
varying splitter positions. The results are presented in Figure 19.

Figure 18. Spiral concentrator test equipment and separation test system. (a) Two optimized spiral
concentrators; (b) systems for separation tests in spiral concentrators.

Figure 19. Comparison of the separation efficiency at various splitter positions for two types of spiral
concentrators. (a) Optimal continuous curve section; (b) optimal combined line segment section.

As illustrated in Figure 19, the separation efficiencies obtained for the spiral concentrator
with the optimal continuous curve section and optimal combined line segment section exhibit
a trend identical to those predicted by the numerical simulation with regard to the outward
movement of the splitter position. In both the actual separation tests and the numerical
simulation tests, under identical structural parameters and feeding conditions, the maximum
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separation efficiency of the spiral concentrator with the optimal combined line segment
section is greater than that of the spiral concentrator with the optimal continuous curve
section. Furthermore, the peak shape of the curve is gentler, reducing the fluctuations in the
production indices caused by adjusting the splitter position; this makes it easier to regulate
and maintain the production indices. The above comparative analysis demonstrated that the
actual separation efficiency of the spiral concentrator for hematite and quartz can be increased
from 72.28% to 76.89% through the optimal configuration of the cross-sectional geometry
within the mixed particle zone; this represents a significant improvement in the separation
performance of the optimized equipment, and verifies the reliability and high efficiency of the
numerical models and the optimal design methods for section geometry.

The numerical simulation results of the spiral concentrator have more or less devia-
tions from the actual test results. For example, the neglected roughness of the trough, the
simplified particle size composition, and other factors will affect the evolution of the flow
field characteristics in the spiral concentrator, which will affect the particles’ movement
behaviour accordingly. So, the separation efficiency obtained from numerical simulation is
slightly better than that of the actual separation experiment.

3.3.3. Comparison of the Radial Migration Behaviour of Particles Before and After
Combination Adjustment for the Line Segment Slopes

To analyze the theoretical mechanism by which the localized adjustment of the line
segment slopes within the mixed particle zone of the spiral concentrator affects the radial
migration behaviour of the particles, the variation in the cumulative radial fluxes of the
particles at the three representative radial positions was examined. The results are shown
in Figure 20.

  

 

Figure 20. Variation curves of the cumulative radial flux of particles in spiral concentrators with
different cross-sections. (a) r = 80 mm; (b) r = 100 mm; (c) r = 120 mm.
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Figure 20 illustrates that following the combination adjustment of the cross-sectional
slope within the mixed particle zone; there is a notable increase in the inward migration
of hematite in regions I and II, whereas the outward migration of quartz is reduced. This
indicates that the amount of stagnant quartz increases. Nevertheless, the increase in the
inward migration of hematite is significantly greater than that of quartz, and the difference
in the inward migration between the two is increased, which is conducive to improving the
separation efficiency of hematite and quartz. The radial migration of quartz in region III
varies relatively little, whereas the outward migration of hematite decreases significantly
in the first turn. This phenomenon enhances the separation efficiency at the initial stage of
flow-field evolution and shortens the travel distance for the separation process.

4. Conclusions

This paper examines the effects of adjusting the cross-sectional slope within the mixed
particle zone on the secondary flow characteristics and particle separation process in a
spiral concentrator. Hematite and quartz particles with a narrow size range (−100 + 75 μm
for the practical separation experiment and 89.5 μm for the numerical simulation) were
chosen for the separating objects based on the particle size composition characteristics
of the feed of spiral concentrators in a processing plant of China. The independent and
interactive effects of partial slopes on the spiral separation performance are evaluated
systematically. The main findings can be summarized as follows:

(1) The peak radial flux of the secondary flow in each partition of the mixed particle zone
is positively correlated with the slope of each line segment. The slopes of the line
segment in region I (r = 70–90 mm) and that in region II (r = 90–110 mm) significantly
affect the fluxes of the inward and outward flows, respectively.

(2) When the flow field in the trough becomes stable, the average radial velocity of the
secondary flow in each partition of the mixed particle zone is also positively correlated
with the slope of each line segment. The slopes of the line segment in regions I
(r = 70–90 mm) and III (r = 110–130 mm) strongly influence the radial velocity.

(3) Increasing the slope of each line segment promotes the inward migration motion of
hematite particles and reduces the outward migration of quartz. An increase in the
line segment slopes of regions I to III to ranges of 5–9◦, 3–5◦, and 2–6◦, respectively,
contributes to the higher efficiency of the separation of the hematite and quartz
particles, which is consistent with their migration variation.

(4) The independent adjustment of the slopes in regions I and II has a significant effect on
the separation efficiency and is highly correlated with the radial flux changes in the
secondary flow. The slopes in regions I and III were identified as the most significant
combination of interaction effects. The optimal slopes in regions I to III were 6.40◦,
4.43◦, and 3.59◦, respectively.

(5) The actual separation efficiency for hematite and quartz particles with a size range of
−100 + 75 μm was increased from 72.28% to 76.89% by using the experimental spiral
concentrator with the cross-sectional profile of optimal combined line segments that
benefited from the increased inward migration difference between hematite and quartz
particles and the decreased outward migration of hematite at the initial stage of the flow.
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Abstract: As a strategically important resource with stable properties, high-purity quartz
plays a crucial role in various fields such as high-purity quartz crucibles, semiconductors, and
electronics. Currently, the availability of high-quality quartz resources is gradually diminish-
ing, and there are no high-quality quartz deposits in some areas, making the improvement
of low-quality quartz essential. This study focuses on the quartz sand produced through
river dredging in Yueyang. The detected SiO2 content is 92.31%, which enables the secondary
utilization of waste resources and provides significant environmental benefits. In this study,
the iron oxide removal efficiency achieved through magnetic separation pretreatment can
reach 87.24%. Following flotation, calcination, and leaching processes, high-purity quartz
products with a total impurity content of less than 100 ppm were successfully obtained. In
addition, the factors affecting magnetic separation and calcination effect were studied, and
the process parameters for reference were obtained. The mechanism of microwave impurity
removal was investigated using SEM, TG-MS, and in-situ XRD, demonstrating the feasibility
of producing high-purity quartz from low-quality quartz.

Keywords: high-purity quartz; magnetic separation; microwave calcination; river sand

1. Introduction

High-purity quartz is utilized in the aerospace, semiconductor, photovoltaic, electron-
ics, and other emerging industries due to its excellent physical and chemical properties [1].
In recent years, with the development of high-tech industries, high-purity quartz pro-
duction is in short supply, and quartz resources with higher purity are being gradually
depleted. Moreover, some countries do not have high-purity quartz deposits at all. It is
very urgent to develop the technology of using low-quality quartz resources to prepare
high-purity quartz. Although the low-quality quartz resources such as powder quartz,
quartz sandstone and river sand have huge reserves, they are generally used only in the
low-end ceramics and metallurgy industries [2]. If we can improve their purity through
better technology, there will be more raw materials for high-tech industries.

Depending on their different forms, impurities in quartz can be divided into gangue
impurities, inclusions, and impurities in the form of lattice substitution with minerals.
Among them, the independent gangue impurities in quartz minerals, such as mica, rutile,
feldspar, iron ore, clay mineral and other impurities, can be identified and analyzed by PM
(microprobe), EMP (electron microprobe), EDS (Energy Dispersive Spectrometer) and other
means [3]. Most of these impurities can be removed by color separation, gravity separation,
magnetic separation, flotation and other mineral processing means [4–6]. Among these
impurities, iron oxide is the most persistent in quartz ore, and its concentration determines
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the usage of quartz in various industries. This is because iron oxide significantly affects the
color and performance of quartz products. If the iron content in quartz is excessively high,
it will diminish the whiteness of ceramic products, lower the melting point of refractories,
reduce the transparency of glass, and decrease the transmission efficiency of semiconductor
materials [7]. The methodology for eliminating iron-containing impurities from quartz
through magnetic separation has reached a relatively advanced stage. For instance, the
research conducted by Sekulic et al. [8]. identified that the state of occurrence of iron
impurities significantly influences the removal efficiency of iron oxides. Additionally,
researchers including Li and colleagues employed superconducting high-gradient magnetic
separation techniques to investigate the extraction of minerals from sea sand. In this process,
while achieving a concentration of sea sand, they also attained an impressive Fe element
removal rate of 82.10% [5].

The fluid inclusion impurities in quartz sand, which consist of liquid and gas trapped
within the quartz crystal during the mineralization process, primarily include H2, CO2,
O2, N2, CH4, CO and other impurities. These can be detected using FTIR (Fourier Trans-
form Infrared Spectroscopy), La-RS (Laser Raman Spectroscopy), EMP analysis and other
methods [9–11]. In fluid inclusions, the most important is the hydroxyl content of water
molecules, followed by carbon-containing compounds such as CO2, CO, and hydrocarbon
fluid impurities. B. G. et al. showed that the large gas–liquid inclusions in quartz could be
broken by low temperature roasting, thus the inclusions inside the lattice were volatilized
and exposed [12]. In addition, in the process of mineralization, Al3+, Fe3+, Ti2+ and other
elements will enter the quartz through the form of lattice substitution and become solid
inclusions that are difficult to remove. K+, Na+, Ca2+ will also exist in the quartz lattice in
the form of compensation ions or fluid inclusions [11,13], which are difficult to remove by
traditional mineral processing methods.

Calcination and leaching are mature and effective methods in purifying high-purity
quartz at present. To further enhance the removal of impurities, researchers have developed
advanced calcination techniques involving ultra-high temperatures, vacuum and dopant
methods, as well as improved leaching methods using ultrasonic, hot pressing, pre-alkali
corrosion and other means [14–19]. Conventional high-temperature calcination often takes a
long holding time and requires a lot of energy consumption. Therefore, it is necessary to opti-
mize the calcination method, such as through microwave calcination for quartz pretreatment.
Microwave calcination can make the sample more evenly heated, and reduce the calcination
time and energy consumption significantly [20]. Furthermore, Yuan et al. investigated the
calcination of potassium feldspar using calcium chloride and observed that the addition of
chlorine salt significantly lowered the calcination temperature of potassium feldspar [21].
Given that the removal of calcium chloride is challenging and could potentially impact the
quality of high-purity quartz, NH4Cl, NaCl, or KCl is employed as the chlorination agent
during the roasting process to expedite the roasting effect of potassium feldspar.

Consulting the literature, most of the studies in this direction are based on the analysis
of the quartz after roasting, and research on the mechanism of the heating process of
roasting is lacking. The objective of this study is to conduct a comprehensive analysis
of the process mineralogy and inclusion impurities present in river sand from Yueyang,
with the aim of identifying the primary impurities and their states of occurrence within
the ore. The most significant iron impurities that influence the properties of quartz were
eliminated through magnetic separation pretreatment, while also investigating the factors
that affect its efficacy. Subsequently, flotation, calcination, and leaching processes were
employed to examine variables impacting calcination effectiveness, thereby facilitating the
removal of additional impurities from quartz. This research further explores the feasibility
of producing high-purity quartz from low-quality sources. Additionally, the TG-MS and
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in-situ XRD detection techniques utilized in this study effectively capture the variations in
gas composition and crystal types during the calcination heating process, thus establishing
a theoretical foundation for the exploitation of similar low-quality quartz sand.

2. Materials and Methods

2.1. Raw Materials

The raw ore used in this experiment is a kind of river sand in Yueyang County,
Hunan Province. The particle size distribution of the raw ore obtained through screening
analysis is presented in Table 1, indicating a particle size range of 0.05 mm to 5 mm for the
raw ore. The surface of the minerals can be obviously seen with mud impurities. After
the raw ore is mixed and the sample is prepared, XRF chemical full-element analysis is
performed, and the elements with a higher content that can represent the types of impurities
are listed, as shown in Table 2. The results show that the proportion of SiO2 in the raw
ore is 92.31%, while the impurities with higher content are Al2O3 and K2O. In addition,
the Fe2O3 content in the raw ore is 0.17%, which will affect the application of quartz
products in various fields. The reagents selected in this experiment are AR (Analytical
Reagent, Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China), and the
conductivity of ultra-pure water used in the experiment is 18.2 MΩ·cm.

Table 1. Size distribution of raw ore.

Particle Size/mm Content/%

+4.75 2.03
4.75~2 14.15

2~1 27.37
1~0.45 31.21

0.45~0.15 22.86
0.15~0.074 1.77
0.074~0.05 0.20
−0.05 0.40

Table 2. Main chemical elements of raw ore.

Element Content (wt%)

SiO2 92.31
Al2O3 2.42
K2O 1.76

Na2O 0.08
MgO 0.02
Fe2O3 0.17
CaO 0.06
TiO2 0.04

2.2. Purification Process for Quartz Samples

First use the ball mill to grind the raw ore (DH48S horizontal ball mill adopts zirconia
ball medium and ceramic cavity). Then the fine quartz product after grinding is added
to the agitator for scrubbing and desliming to obtain clean fine quartz. The fine-grained
quartz underwent treatment with a high-gradient magnetic separator (DLSD type, Yueyang
Hercules Electromagnetic Machinery, Yueyang, China), and the experiment of magnetic
separation conditions was carried out by using the method of controlling variables.

Subsequently, the best non-magnetic products were reversed flotation by XFD-IV
(Changchun Prospecting Machinery Factory, Changchun, China) type single cell flotation
machine. The overall beneficiation flow chart is depicted in Figure 1. The ultimate objective is
to obtain quartz fine powder with the proportion of SiO2 exceeding 99.6%, which will serve
as raw material for subsequent calcination condition experiments and mechanism research.

135



Minerals 2024, 14, 1229

Figure 1. Beneficiation flowsheet.

The above obtained quartz products were used as raw materials, and the calcination
conditions were tested using a microwave tube furnace (CY-HT1600C-M, Changyi Mi-
crowave Technology Company, Changyi, China) at a frequency of 2.45 Ghz. The 18 g of
quartz and 2 g of calcined dopant were ground using a three-head grinder for 1 min to
ensure even mixing. The mixed ore was then placed into a quartz boat and inserted into the
microwave tube furnace for the calcination condition test. Afterward, the high-temperature
quartz was immediately placed into cold pure water to cool down, washed with pure
water 5 times to remove surface salt, dried, and then subjected to leaching using a mixed
solution of HF, HCl, and HNO3 (0.5 mol/L, 3 mol/L, 1 mol/L) at 80 ◦C for 4 h, with a
liquid–solid ratio of 10:1. Following the leaching process, the samples were cleaned with
pure water 5 times and dried in an drying oven at 85 ◦C for 24 h. The obtained samples
were ground to 38 μm using a three-head grinder, dissolved, and analyzed using ICP-OES.
The experimental setup is illustrated in Figure 2.

Figure 2. Calcination experiment flowsheet.
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All experiments in this paper were conducted in parallel three times, and the data in
all tables are the results after averaging.

The product yield, recovery rate and removal rate are calculated by the following formula:

γa =
Mp

Mf
(1)

where γa is the yield of product a, Mp is the quality of product a, and Mf is the quality of
feed ore;

εai =
γaβai
βfi

(2)

where εai is recovery rate of a certain composition in a product, γa is yield of the product, βai

is content of the certain composition in the product, βfi is content of the certain composition
in the feed.

Rai= 1 − εai (3)

where Rai is removal rate of a certain composition in a product, γa is yield of the product.

2.3. X-Ray Diffraction (XRD) Analysis

The sample to be tested was mixed and divided, and ground with a three-head
grinder to less than 38 μm, which was pressed into sheets for XRD analysis with an X-ray
diffractometer ( X’Pert3 Powder, Malvern Panalytical Co., Ltd., Almelo, The Netherlands).
The X-ray light tube was the Cu target. The operating voltage of the equipment was set to
40 kV and operating current was set to 40 mA. The θ/θ scanning mode was adopted. The
scanning range was set from 3◦ to 80◦.

2.4. Optical Microscope Analysis

In order to eliminate the interference of surface impurities and further study the
internal inclusions of minerals, the minerals after flotation were observed with an optical
microscope: place a small number of mineral particles on the surface of the slide, slowly
drop two drops of paraffin oil until it is completely submerged, drive away the bubbles.
Another slide was covered and the inclusions were observed with a polarizing microscope
(Leica-DM RXE, Leica GMBH, Wetzlar, Germany).

2.5. Raman Spectral Analysis

The pre-treated quartz was ground to less than 74 μm, and a small amount of samples
were taken and placed on a slide to flatten. We used a micro-confocal Raman spectrometer
(Renishaw Invia Qontor, Renishaw (Hong Kong) Limited, Hong Kong) to observe the
internal inclusions of minerals. The excitation wavelength was 532 nm and the scanning
time was 10 s.

2.6. In-Situ X-Ray Diffraction Analysis

In-situ XRD (Panalytical Empyrean) is used to analyze changes in the roasting process
of minerals, and the temperature measurement range is from 400 ◦C–1100 ◦C. The scanning
rate is 20◦/min, and the holding time for each temperature point is 5 min. The X-ray light
tube was the Cu target. The operating voltage of the equipment was set to 40 kV and
operating current was set to 40 mA. The θ/θ scanning mode was adopted. Scanning range
was set from 3◦ to 140◦.

2.7. Scanning Electron Microscope (SEM) Analysis

The samples were sprayed with gold, and the quartz impurity distribution and surface
morphology were determined by scanning electron microscopy (TESCAN MIRA LMS,
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Kohoutovice, Czech Republic). The working voltage was set at 15 keV; the detection
distance was 10 mm; the acceleration current was 11 mA.

2.8. Inductively Coupled Plasma-Optical Emission Spectrum (ICP-OES) Analysis

The trace element content of quartz concentrate was determined by ICP-OES (SPEC-
TRO BLUE SOP, SPECTRO Analytical Instruments, Kleve, Germany). The RF generator
frequency was 27.12 MHz, the wavelength range was 165–770 nm, and the UV photo
sealing argon-filled cycle system was adopted.

2.9. Thermogravimetric Mass Spectrometry (TG-MS) Analysis

The pre-treated quartz sample was evenly mixed with chlorination agent at a ratio of
100:2, and the composition changes during calcination were analyzed by TG-MS (Netzsch
STA449F3, Netzsch QMS403Q, Netzsch, Selb, Germany). The temperature measurement
range was from 30 ◦C to 1130 ◦C, and the heating rate was 20 ◦C/min.

2.10. X-Ray Fluorescence Spectrum (XRF) Analysis

XRF can determine elements from oxygen to uranium. An X-ray fluorescence spec-
trometer ( Axios Max, Malvern Panalytical Co., Ltd., Almelo, The Netherlands) was used
for XRF analysis. XRF samples preparation was similar to XRD. The equipment adopted a
SST-mAX non-tungsten filament X-ray tube. The operating voltage and current were set to
20 kV and 10 mA, respectively.

3. Results and Discussion

3.1. Characteristics of Raw Quartz

XRD analysis of the raw ore (Figure 3) shows that the main mineral in the raw ore
is quartz, followed by feldspar, and no other obvious impurity phase has been detected.
Combined with chemical element analysis, it can be seen that the main impurity mineral
is potassium feldspar, so the separation of feldspar and quartz minerals is mainly carried
out. Figure 4 is the SEM image of quartz sand raw ore, in which quartz and feldspar
minerals are closely related to each other. As can be seen in Figure 4d, most of the raw
ore is independent mineral of quartz or feldspar, but there are still some connected biotite
particles that need to be separated by grinding, and there are inclusions in quartz minerals
which need to be further confirmed.

Figure 3. XRD pattern of raw ore.

138



Minerals 2024, 14, 1229

 
Figure 4. SEM pattern of raw ore. While area-1 is quartz and area-2 is Feldspar. ((a–d) are SEM
images at different magnifications, electronic signal: backscattered electrons).

The optical microscope images of the pre-treated quartz are presented in Figure 5,
revealing a significant presence of gas–liquid inclusions with particle sizes ranging from
1–10 μm. The majority of these inclusions exhibit a clustered spherical distribution, while
a smaller portion is dispersed in spindle and bar shapes. Additionally, there are mineral
inclusions present, which appear rounded and fusiform with particle sizes around 5–10 μm.
Figure 6 displays the Raman microscope images and representative spectra of inclusions.
Laser Raman analysis indicates characteristic Si-O vibration peaks at 465 cm−1, O2 peaks at
1567 cm−1, and liquid -OH peaks at 3203 cm−1, suggesting that the main components of the
inclusions are O2 and H2O. Furthermore, Raman spectra also reveal traces of hydrocarbon
fluid with characteristic peaks at 2970 cm−1.

 
Figure 5. Optical microscope images of pre-treated quartz showing gas–liquid inclusions. ((a,b) are
the images of inclusions observed at different locations).
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Figure 6. Raman image and spectrum. (The Raman spectral peak corresponding to Figure (a) is
Figure (c), and the Raman spectral peak corresponding to Figure (b) is Figure (d)).

3.2. Effect of Magnetic Separation Condition on Fe2O3 Removal

The Fe2O3 content in the raw ore is 0.17%, which seriously affects the application of
quartz, and magnetic separation is the most effective and environmentally friendly means
of iron reduction. The purpose of the experiment of magnetic separation pulp concentration
and magnetic field strength condition is to obtain the best magnetic separation process
parameters. The results of SiO2 recovery and Fe2O3 content of non-magnetic products are
shown in Figure 7.

Figure 7. Effect of magnetic separation conditions on quartz products. ((a) is the magnetic field
concentration curve, and (b) is the magnetic field intensity curve).

The pulp concentration test was set by controlling the magnetic concentration of 10%,
15%, 20%, 25%, 30%, 35% and 40% respectively, and the results of magnetic separation
(Figure 7a) indicate that the recovery rate of quartz decreases with the increase of pulp
concentration, and the rate of decline increases gradually. In addition, the content of Fe2O3

increases with the increase of pulp concentration. Notably, the Fe2O3 content reaches its
minimum at a pulp concentration of 10%. This phenomenon can be attributed to higher
slurry concentrations facilitating the adhesion of magnetic substances to non-magnetic
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surfaces, thereby elevating Fe2O3 content. Additionally, increased slurry density leads to
quartz being more readily trapped among magnetic media, which in turn reduces SiO2

recovery rates [22].
The magnetic field strength was controlled as 0.4 T, 0.6 T, 0.8 T, 1.0 T, 1.2 T, 1.4 T and

1.6 T, respectively, to set up the magnetic field strength test, and the analysis of magnetic
field strength (Figure 7b) indicates that as the magnetic field intensity increases, both the
concentration of Fe2O3 in non-magnetic products and the recovery rate of SiO2 tend to
decline. Moreover, when the magnetic field strength is greater than 1.2 T, the decline of
Fe2O3 content in magnetic products tends to be gentle, but the recovery rate of quartz
drops faster. This phenomenon may be attributed to the tendency for magnetic substances
to form agglomerates under high magnetic field strengths, which leads to non-magnetic
quartz minerals being inadvertently incorporated into magnetic products, thereby resulting
in a loss of SiO2 [23]. Furthermore, these results suggest that further increases in magnetic
field intensity do not markedly enhance the reduction of iron impurities; thus, it is likely
that residual iron impurities are embedded within the quartz crystal lattice.

Taking into account factors such as iron impurity content and quartz recovery rates, it
is advisable to maintain the magnetic concentration at 10%–15% and control the magnetic
field intensity at 1.2 T. Under optimal experimental conditions, the yield of non-magnetic
products reaches 94.31%, while the iron oxide removal rate, as calculated by Equation (3),
is determined to be 87.24%, indicating a significant efficacy in iron removal.

3.3. Effect of Microwave Treatment on Impurity Removal

NH4Cl, NaCl, KCl and Na2SO4 were used as calcined dopants with the dosage of
2 wt%. After leaching, the conditional experimental results are shown in Table 3. It can be
seen that after calcination with dopants, the impurity removal rate is obviously better than
that of blank calcination, and the impurity residue is least when NH4Cl is used as dopant.
NaCl and Na2SO4 as dopants will cause a large amount of Na impurity residues, and KCl
as a roasting dopant will cause a large amount of K+ residues, which may be because the
quartz crystal lattice changes during the roasting process, and because the dopant is in a
molten state at high temperature, and the following reactions occur [16]:

KCl(s) → K+ + Cl− (4)

NaCl(s) → Na+ + Cl− (5)

Cl− + 3a3+ → aCl3(g) (a = Al or Fe) (6)

2b+ + O2− → b2O (b = K or Na) (7)

b2O + SiO2 → b2SiO3 (8)

Table 3. The effect of dopants on the removal of impurities.

Al/ppm K/ppm Fe/ppm Na/ppm Total/ppm

Undo 164.32 102.95 24.84 101.29 544.26
NH4Cl 79.24 59.22 0.52 59.10 220.44
NaCl 70.42 11.01 14.84 145.82 303.41
KCl 85.45 221.11 18.19 4.72 395.40

Na2SO4 129.02 87.45 21.84 236.5 524.26

The molten Cl− undergoes reactions with Al, Fe, and other elements within the quartz
crystal lattice to generate ascending chloride gas. The specific reaction Equations (4)–(8) are
presented to disrupt the crystal lattice and eliminate certain impurity elements. However,
throughout the reaction process, the K+ and Na+ from the molten salt may react with O
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in the air or quartz, potentially infiltrating the lattice to form new silicate minerals. This
can actually make it more difficult to remove impurities through acid leaching. The use of
NH4Cl as a dopant will decompose at high temperatures, leading to subsequent reactions.

NH4Cl(s) → NH3(g) + HCl(g) (9)

Compared with molten salts, NH4Cl only decomposes into gas at high temperature,
and it is not easy to introduce new impurities while destroying the quartz lattice, which
can be removed by washing after calcination. In summary, NH4Cl-assisted calcination with
the best effect should be used in subsequent experiments.

According to the above experimental results, NH4Cl (2 wt%) doping was used for
microwave calcination to explore the effect of calcination time on the removal of main
impurities. The calcination temperature was 900 ◦C, and the holding time was controlled
for 0.5 h, 1.0 h, 1.5 h, 2.0 h and 2.5 h, respectively. The results after leaching were shown
in Figure 8. It can be seen from the impurity removal rate curve that with the increase of
holding time, the removal rate of all impurities increases, and tends to be flat after 2 h. The
results show that increasing the holding time can indeed accelerate the leaching effect of
Al, K, Fe and other elements, so the subsequent experiment should be carried out on the
basis of constant temperature calcination for 2 h.

Figure 8. Effect of holding time on removal of impurities.

In order to explore the influence of calcination temperature on the removal effect of
main impurities, the calcination temperature was controlled as 500 ◦C, 700 ◦C, 900 ◦C,
1100 ◦C, and the calcination time was 2 h. The experimental results of the calcination
temperature are shown in Figure 9. It can be seen from the impurity removal rate curve that
the removal rates of Al and K impurities gradually increase with the increase of temperature,
and the removal effect is best at 1100 ◦C. The removal rates of Na and Fe showed a slightly
fluctuating trend with the increase of temperature. Fe had the best removal effect at 900 ◦C,
while Na had the best removal effect at 1100 ◦C. Considering the removal effect of all
impurities, 1100 ◦C should be selected as the best calcination temperature.
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Figure 9. Effect of calcination temperature on removal of impurities.

In addition, we explored the effect of heating rate on the removal effect of main
impurities, the heating rate was controlled at 25 ◦C/min and 50 ◦C/min respectively. The
analysis of the heating rate results was shown in Table 4, which shows that the heating rate
can increase the removal effect of total impurities to a certain extent, but the effect is not
obvious compared with other experimental conditions. The temperature rise rate can be
controlled to 50 ◦C/min.

Table 4. Effect of heating rate on removal of impurities.

Al/ppm K/ppm Fe/ppm Na/ppm Total/ppm

25 ◦C/min 94.01 17.66 36.55 35.45 261.70
50 ◦C/min 83.42 12.92 26.62 38.56 219.28

Taking the above experimental results of calcination conditions into consideration,
2 wt% NH4Cl was used as the dopant for 2 h by microwave calcination, the calcination
temperature was 1100 ◦C, and the heating rate was controlled at 50 ◦C/min. Finally, high-
purity quartz products with impurity content less than 100 ppm were prepared. ICP-OES
test results are shown in Table 5.

Table 5. The contents of impurity elements of quartz after calcination by ICP-OES analysis.

Elements Al Ca Cr Cu Fe K Li Na Others Total

Content (ppm) 20.22 10.36 4.04 2.02 19.64 17.64 0.18 14.50 10.51 99.10

3.4. Surface Topography Analysis

The SEM in Figure 10 shows the surface of the quartz product. Prior to calcination, the
quartz particles appear smooth without obvious cracks and holes (Figure 10a,b), while after
calcination, clear cracks and corrosion pits can be observed on the surface of the quartz
particles (Figure 10c,d). This is attributed to the high permeability of microwave radiation.
During heating, powder materials are heated through conversion of micro electromagnetic
waves into heat energy. Due to its good permeability to microwave radiation, gas-phase
and liquid-phase inclusions within quartz crystal lattice exhibit strong wave absorption,
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resulting in selective heating by microwave radiation [24,25]. The rapid heating causes
inclusions inside quartz to burst, leading to the formation of cracks on its surface which
facilitate subsequent leaching and impurity removal. Simultaneously, as NH4Cl undergoes
thermal decomposition, the resulting HCl gas will react with impurities on the surface of
quartz, leading to the formation of corrosion pit marks [26].

Figure 10. SEM pattern of quartz: (a,b) Quartz sample before calcination; (c,d) Quartz sample after
calcination. (Electronic signal: secondary electrons).

3.5. In-Situ XRD Analysis

The in-situ XRD image of calcined quartz is shown in Figure 11a, and partial en-
larged images are shown in Figure 10b,c. It can be observed from the figure that at
400 ◦C, the sample closely matches the standard diffraction peak of α-quartz (JCPDS:
01-078-4811). As temperature increases, the position of the main diffraction peak shifts
within the range from 500 ◦C to 600 ◦C (as shown in Figure 11b,c), indicating a crystal trans-
formation in progress. This aligns with recorded β-quartz (high-temperature quartz, JCPDS:
04-006-5049) transition temperatures in the existing literature [27,28], and this deviation
gradually increases as calcination temperature rises. Wei et al.’s study on phase using
density functional theory has demonstrated that such crystal phase transition facilitates
interstitial impurity migration [29]. Upon original α-quartz overcoming energy barriers
to transform into β-quartz, Si-O bond length within the lattice shortens, resulting in a
larger change in interstitial volume caused by phase transition—thus promoting interstitial
impurity migration to the surface and facilitating impurity removal.

Table 6 illustrates the variation of cell parameters throughout the heating process.
It is evident that the (101) crystal surface of quartz initially decreases and subsequently
increases as the temperature rises from 400 ◦C to 1100 ◦C, with the most significant change
occurring between 500 ◦C and 600 ◦C, likely associated with the transformation from
α-quartz to β-quartz. Furthermore, numerous studies have indicated that the peak shape
in X-ray diffraction (XRD) is correlated with the morphology, volume, and particle size
distribution of the unit cell. Additionally, a broader diffraction peak width corresponds
to a smaller average unit cell size [30,31]. As shown in Table 6, there is a continuous
reduction in half-peak width (FWHM) for quartz while both A-axis and C-axis dimensions
are elongated; this suggests that as temperature increases, quartz cells undergo stretching,
leading to an increase in average size. Concurrently, there is a gradual decrease in c/a ratio
indicating that elongation along the axis occurs at a slower rate compared to that along the
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c axis. These observations further substantiate that during calcination processes, alterations
occur within quartz’s crystal cell parameters which may facilitate impurity incorporation
into lattice defects [32].

Figure 11. In-situ XRD image of quartz product ((b,c) are partial images of (a)).

Table 6. Cell parameters at different temperatures during calcination.

Temperature/◦C 2θ-(101)/◦ FWHM a/nm c/nm c/a

400 26.449 0.162 4.951 5.431 1.0970
500 26.408 0.154 4.966 5.441 1.0957
600 26.259 0.146 4.998 5.463 1.0930
700 26.231 0.134 5.002 5.462 1.0920
800 26.220 0.129 5.000 5.460 1.0920
900 26.241 0.115 5.000 5.458 1.0916

1000 26.248 0.111 5.000 5.457 1.0914
1100 26.250 0.109 5.000 5.456 1.0912

In addition, the analysis in Figure 11 also shows that the characteristic peak intensity
of Q (101) crystallographic plane increases slowly with the increase of temperature. This
indicates that the main crystal plane diffraction intensity of quartz is increasing. At the
same time, there are double distinct characteristic diffraction peaks of aluminum silicate
(JCPDS: 01-078-0436) at 73.206◦ and 75.477◦ compared to quartz, as shown in Figure 12. It
can be observed that the area of the characteristic diffraction peaks of aluminum silicate
decreases with increasing calcination temperature. This indicates that the crystalline phase
of aluminum silicate also undergoes changes during the calcination process, which may be
beneficial for subsequent impurity removal.

Figure 12. Locally enlarged image of XRD pattern (72◦–75.7◦).
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3.6. Thermogravimetric Mass Spectrometry Analysis

The TG curve of quartz products is depicted in Figure 13, demonstrating the excellent
thermal stability and consistent weight loss pattern of quartz. The loss on ignition from
30 ◦C to 1100 ◦C is only 0.21% (Figure 13a), indicating that the loss is likely attributed to
bonded water within the quartz. In contrast, Figure 13b illustrates the TG curve of calcina-
tion with NH4Cl added as a dopant. Mass spectrometry analysis (Figure 14) reveals a peak
weight loss rate at 251.9 ◦C. Prior to this temperature, sample weight loss primarily results
from NH4Cl decomposition, yielding NH3 and HCl. Subsequently, under the influence
of HCl and high temperatures, impurities within the sample are corroded and inclusions
are disrupted, leading to sequential production of H2O, CO, and alkane gases. Addition-
ally, due to its low decomposition temperature, resulting HCl can react with impurities
such as aluminum silicate and compounds of iron or titanium on surface or within cracks
(Equations (9) and (10)), causing vaporization and escape of these impurities; however,
their low concentration makes them difficult to detect during mass spectrometry analysis.

6HCl + a2O3 → 2aCl3(g) + 3H2O(g) (a = Al or Fe) (10)

Figure 13. The TG-DTG curve of the sample: (a) Curves of individually calcined quartz; (b) Curve of
mixed calcination of quartz and NH4Cl (2 wt%).

(a) (b) 

Figure 14. MS curve of mixed calcination of quartz and NH4Cl (2 wt%): (a) Mass spectrometric
analysis of gas produced during calcination; (b) The gas content curve varies over time.
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Compared with the quartz calcined alone, the mass loss of the calcined sample is
2.83%, which is much higher than that of ordinary calcined sample. This proves that
the calcined sample doped with NH4Cl can significantly increase the fracture effect of
inclusions in quartz.

3.7. Model and Discussion of Calcination Process

According to the analysis results of SEM, in-situ XRD, and TG-MS, the following
model of the calcination process can be verified (see Figure 15). The TG-MS curve of
calcination indicates that NH4Cl decomposes into NH3 and HCl gases at lower microwave
heating temperatures. As the temperature increases, the crystal cell parameters of quartz
expand, leading to an enlargement of the crystal cell volume and migration of impurities
within lattice defects, as evidenced by in-situ XRD results. Subsequently, HCl reacts with
surface impurities on quartz such as Al and Fe, disrupting the crystal lattice and resulting
in the formation of water and chloride compounds. Concurrently, in-situ XRD analysis
reveals a reduction in the diffraction peak area corresponding to aqueous aluminum sili-
cate within quartz, signifying alterations in its crystal lattice structure. It is plausible that
larger inclusions within quartz are selectively heated due to their superior wave absorption
properties, causing fracture and localized fusion of these inclusions. According to the
existing literature, aluminum chloride and ferric chloride have boiling points of 178 ◦C and
316 ◦C, respectively; thus, when temperatures reach 200–300 ◦C [33], chlorides sublime
while removing certain impurities from the quartz surface—evident through cracks and
corrosion pits observed in SEM images. With further temperature elevation, gas–liquid
inclusions escape through these fractures while mineral inclusions (predominantly alu-
minosilicates) continue reacting with HCl present in the fissures before sublimating at
elevated temperatures to facilitate comprehensive removal of internal impurities.

Figure 15. Model of microwave calcination process.
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4. Conclusions

In this study, high-purity quartz with an impurity content of less than 100 ppm was
successfully obtained from Yueyang river sand through a series of processes including
magnetic separation pretreatment, flotation, roasting, and leaching. The factors influencing
the efficacy of magnetic separation and roasting were thoroughly examined, and the
mechanism of the calcination process was further investigated. Specific conclusions are
as follows:

1. The pulp concentration of the magnetic separation test should be controlled at 15%
and the magnetic field strength is 1.2 T, based on which the iron removal rate can be
increased to 87.24%.

2. The optimal calcination conditions for the raw ore were as follows: a doping agent of
2 wt% NH4Cl was used, microwave calcination was conducted for 2 h at a temperature
of 1100 ◦C, and the heating rate was controlled at 50 ◦C/min. By means of chemical
analysis, laser Raman analysis, and SEM analysis, the characteristics of inclusions in
the original ore were determined. The main components of these inclusions are H2O,
O2, CO2, and hydrocarbon fluid impurities.

3. Scanning electron microscope (SEM) photos taken before and after calcination, along
with X-Ray diffraction (XRD) and thermogravimetric mass spectrometry (TG-MS)
analysis conducted during the calcination process, indicate that under the influence
of high-temperature phase transition and NH4Cl, the inclusions inside quartz un-
dergo rupture, resulting in cracks and corrosion pits, and impurities are removed
after sublimation.

4. Mass spectrometry shows that the gas produced after the rupture of the inclusion
mainly consists of water, carbon oxides, and alkanes. This aligns with the analysis of
the Raman spectrum and the formation conditions of river sand.

In summary, previous studies in this direction were mostly based on the analysis of
quartz after roasting, and the mechanism of the roasting heating process was lacking. The
innovation of this study is rooted in the effective utilization of waste resources through the
extraction of high-purity quartz from waste river sand. The types of impurities present
in river sand were characterized using spectroscopy and microscopy techniques, thereby
validating the feasibility of purifying high-purity quartz from this source. Furthermore, for
the first time, in situ X-ray diffraction (XRD) and thermogravimetric-mass spectrometry
(TG-MS) were employed to investigate the heating process of quartz inclusion removal and
a model of inclusions removal during calcination was established, offering a theoretical
framework for the utilization of similar resource types.
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Abstract: China is rich in reserves of titanium, but a large amount of titanium resources is
lost in the ultrafine tailings, and it is challenging to treat the ilmenite contained in ultrafine
ore. The reflux classifier (RC), a novel gravity concentration technology, has been applied in
the preconcentration of ultrafine ilmenite in this study. During this process, the feasibility
of using RC for preconcentration of ultrafine ilmenite was explored through theory and
conditional experiments. After one-stage preconcentration using RC, the ultrafine ilmenite
ore with a TiO2 grade of 8.77% can be concentrated into a product with a TiO2 grade of
20.3% and a recovery rate of 82.8%. The tailings grade is as low as 2.44%, and the yield
reaches 62.6%. The separation efficiency achieves 50.0%. Experimental results demonstrate
that utilizing RC for the preconcentration of ultrafine ilmenite can avoid the influence
of weakly magnetic gangue and achieve better results compared to a magnetic separator.
Therefore, RC offers a more effective and affordable method for preconcentrating ultrafine
ilmenite ore.

Keywords: ultrafine ilmenite; physical separation; gravity concentration; preconcentrating

1. Introduction

China possesses vast reserves of titanium resources, comprising over 35% of the
world’s total reserves. The majority of these resources, over 90% [1], are primarily concen-
trated in the Panzhihua area of Sichuan province, predominantly in the form of ilmenite.
Common gangue minerals include feldspar and augite, with a minor quantity of olivine
present [2,3]. Due to the valuable minerals being embedded in the gangue in the form of
extremely fine particles, raw materials must be finely ground to ensure product quality,
resulting in the generation of a significant volume of fine particle materials [3–5]. Con-
sequently, a substantial quantity of fine-grained ilmenite is lost in the tailings, resulting
in the wastage of valuable titanium resources [6–8]. The commonly used techniques for
ilmenite concentration are magnetic separation and flotation [5,9]. In the case of magnetic
separation, to attain optimal beneficiation products when separating ultrafine ilmenite,
it is imperative to utilize a superconducting magnetic separator capable of generating a
maximum magnetic field intensity of up to 5 T [7]. Indeed, this poses a substantial challenge
given that conventional magnetic separators encounter difficulties in effectively separating
ultrafine ilmenite particles [10–12]. Additionally, if the content of ilmenite in the ultrafine
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raw material is low, the presence of fine-grained gangue minerals, especially augite and
chlorite, can exert a considerable adverse impact on both magnetic separation [13] and
flotation processes [14–17].

Investigating the viability of utilizing gravity concentration techniques for the ben-
eficiation of ultrafine ilmenite represents a valuable pursuit. However, it is crucial to
acknowledge that fine-grained minerals in a liquid medium tend to increase slurry viscos-
ity and are highly susceptible to variations in settling velocity caused by particle size. The
gravity separation of ultrafine particles poses a significant challenge for equipment.

Professor Galvin [18] from Newcastle University has introduced an innovative gravity
separation device known as the reflux classifier (RC). This separation apparatus has demon-
strated exceptional performance in the field of coal beneficiation [19–22] and is also gaining
recognition in the domain of iron ore beneficiation. Amariei [23] employed iron tailings,
which had been processed through a spiral chute, as the feed material for a pilot-scale RC.
The sample exhibited a particle size distribution of less than 150 μm, and the spaces of
the inclined channels are 6 mm. Ultimately, the recovery rate of total iron in the resulting
concentrate product exceeded 80%. However, the recovery rate for fine particles (−40 μm)
within the concentrate was observed to be below 40%. D. M. Hunter [24] conducted exper-
iments using a laboratory-scale RC (RCTM100 with 6 mm spacing inclined channels) for
hematite and siliceous gangue separation at ultrafine sizes. The initial feed contained 31.9%
of particles with a size of −20 μm and exhibited an FeT grade of 32.0%. The concentrate
product achieved an 80.2% recovery rate with an FeT grade of 66.1%. However, it is worth
noting that the recovery rate for the −20 μm fraction was only 57.0%, significantly lower
than that of other sizes. Rodrigues [25] conducted tests using the laboratory-scale RC for
the beneficiation of two itabirite iron ore mines in Brazil. The ore samples had a particle
size distribution of less than 150 μm, with approximately 20% of particles in the −20 μm
range. However, the recovery rates for both materials in the −20 μm particle size range
were below 35%.

Based on the aforementioned reports, it is apparent that the mentioned RC did not
deliver satisfactory results for the ultrafine grain in iron ore. To enhance the separation
efficiency for ultrafine particles, an RC with an inclined channel spacing of 1.5 mm was
tested for the preconcentration of ultrafine ilmenite. Additionally, modifications were made
to the structural proportions of the RC. As previously mentioned, the ratio of the length of
inclined channels to the height of the fluidized bed column in the RCTM100 was 1:1. In this
study, the height of the fluidized bed was reduced, resulting in an increased ratio of the
length of inclined channels to the height of the column, reaching 4.5:1. This adjustment
emphasizes the pivotal role played by the inclined channels in the beneficiation process.

2. Theory

2.1. Hydrodynamic Model in the Fluidized Bed

Different particles with varying sizes and densities have distinct settling velocities
in the slurry due to the medium resistance effect. In fluidized beds, the settling terminal
velocity equation can be used to establish a relationship between free settling velocity. The
relationship between hindered settling terminal velocity and free settling terminal velocity
is as follows [26,27]:

u0 =
d2(ρs − ρ)g

18μ + 0.61d[(ρs − ρ)ρgd]1/2 , (1)

ut = u0(1 − λ)n, (2)

where u0 is the terminal velocity of free settling, ut is the terminal velocity of hindered
settling, d is the diameter of the particle, ρs is the density of the particle, ρ is the density
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of the fluid, μ is the viscosity of the fluid, g is the gravitational acceleration, and λ is the
volume fraction of solids.

According to Equation (1), it is evident that particles with differing densities exhibit
varying settling velocities, a crucial factor in fluidized beds for achieving particle separation
based on density. In addition, a higher density of the fluidized bed, serving as the separation
medium, proves advantageous for separating particles with different densities.

The solid volume fraction is proportional to the overall density of the liquid–solid
fluidized bed; the higher the overall density of the liquid–solid fluidized bed, the higher
the solid volume fraction. However, a higher overall density of the liquid–solid fluidized
bed is more conducive to the separation of particles with different densities. According
to Equation (2), the higher the solid volume fraction, the lower the terminal settling
velocity of the particles, which will result in an extended sorting time. Hence, conducting
experiments to strike a balance between the factors influencing bed concentration and
density is imperative for exploring optimal separation conditions.

2.2. Hydrodynamic Model in the Inclined Channel

A planar diagram of the inclined channel is presented in Figure 1 [18], where the
fluid passing through it exhibits laminar flow. The velocity distribution of the flow in the
direction of thickness is parabolic. This assumption is made while considering the thickness
of the channel (z).

Figure 1. Single particle subjected to laminar flow and a high shear rate.

Assume a spherical particle of diameter d and density ρs is present in a non-uniform
flow field, at a distance x from the upward-facing surface. In this scenario, the flow
velocities on both sides of the particle differ in the normal direction, resulting in the
generation of a lifting force (Lf) acting perpendicular to the direction of u. Therefore, the
particle experiences force due to gravity, buoyancy, drag force (Fd), and lifting force (Lf).

Galvin and Liu [28] revised and integrated the studies conducted by King and
Leighton [29], and Vance and Moulton [30]. Based on their work, they proposed the
equation for lifting force (Lf) and subsequently verified it.

L f = 0.0567
ρ1.8γ2.8d5.6

μ0.8 = 0.0567Re0.8
s ργ2d4, (3)

where Res is the shear Reynolds number, γ is the shear rate, and U′ is the water velocity in
the inclined channel, m/s.

Res = ργd2/μ, (4)

γ =
6U′

z

(
1 − 2x

z

)
, (5)
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where z is the spacing of the inclined channel, and x is the distance from the particle center
to the channel surface.

Hence, in the inclined channel, particles with densities exceeding the critical density
ρs are prone to settle downwards, while particles with densities lower than ρs tend to be
transported upward. If two particles of different densities are moving upwards within the
inclined channel, lighter particles are more likely to be carried all the way to the overflow,
while heavier particles are inclined to settle on the lower side of the inclined channel and
return to the fluidized bed.

As illustrated in Figure 2, particles with different densities are ejected to varying dis-
tances. Yanfeng Li et al. [31] conducted computations and experimental verification of the
particle motion distance along the channel (LP) for densities at different apparent velocities.

LP =
z

cos θ

(
U′

u0
− 1

)
, (6)

 

Figure 2. The trajectory of particles in the inclined channel.

Figure 3 illustrates the LP values of particles of varying sizes and densities flowing
through the inclined channel, and the curve in Figure 3 is calculated using Equation (6). In
the inclined channel, as the particle diameter decreases, the difference in LP values caused
by the density becomes larger, resulting in a wider range of separating intervals for particles
of different densities. Moreover, if the particles are extremely fine, high-density particles
are more likely to settle near the entrance of the inclined channel, achieving separation
from particles of different densities.

L p
 

s z

s z

s z

s z

s z

s z

Figure 3. Particle motion distance along the channel.
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It can be seen from Figure 3 that as the spacing of inclined channels increases, the value
of Lp increases. With the channels’ limited length, effectively capturing and recovering
ultrafine heavy minerals becomes a challenging task. Separating ultrafine particles of
varying densities becomes difficult, and the majority of fine particles end up being lost in
the overflow. This factor contributes to the lower recovery rate of ultrafine particles in iron
ore processing when wide-spaced inclined channels are utilized in the RC.

In conclusion, closely spaced inclined channels hold promise for separating ultrafine
ilmenite effectively. Additionally, the apparent velocity within these channels will impact
particle separation efficiency. Similarly, the concentration and density of the fluidized
bed, as well as the velocity of the fluidization water, will significantly affect separation
efficiency. Consequently, this study will focus on factors such as underflow rate, fluidization
water velocity, and equipment processing capacity, all of which influence the parameters
mentioned above.

3. Experiment Design

3.1. Equipment

The apparatus employed in this study is a laboratory-scale reflux classifier, as illus-
trated in Figure 4. The middle part is a prism and the inclined channel has an inclination
angle of 70 degrees with respect to the horizontal plane. The inclined chamber is divided
into 23 evenly distributed channels by 22 stainless steel plates, each with the same spacing
and dimensions.

Figure 4. Laboratory-scale reflux classifier.

The equipment can be partitioned into three primary sections: the top inclined chan-
nels; the central vertical quadrangular prism, which serves as the fluidized bed separation
zone; and the lower section, which contains the water distribution and underflow discharge
port. The underflow is utilized to evacuate the heavy particles settled at the bottom of the
fluidized bed, and its discharge capability is regulated by a peristaltic pump. Water from
the tank is pressurized and sent via a pump into the distribution chamber, subsequently
providing fluidized water uniformly into the fluidized bed via vertical minute holes present
on the distribution plate. The particles present on the upper layer of the fluidized bed
then progress towards the inclined channel for further separation, ultimately resulting in
low-density product overflowing from the uppermost part of the inclined channel.

3.2. Sample

The samples used in this study were obtained from the Panzhihua area of Sichuan,
China. The raw material was tailings from ilmenite flotation, which, after impurity removal,
grinding, classification, and desliming, became the experimental samples.
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The size distribution of the feed material for test work was measured by a Malvern
Mastersizer 2000 laser diffractometer (Comprehensive Laboratory, Resource and Biological
Experiment Center, School of Resources Processing and Bioengineering, Central South
University, Changsha, China). Particle size is reported as equivalent spherical diameter.
Figure 5 illustrates that the sample’s particle size distribution ranges within −80 μm, with
roughly 50% of the particles measuring finer than 13.8 μm in size. The samples were
screened using 38 and 18 μm sieves, and the mass percentages and TiO2 grade are shown
in Table 1. It can be seen from the table that the majority of particles were less than 18 μm.
The material in the sample with a particle size less than 18 μm has the highest proportion,
accounting for 56.96%, with a TiO2 grade of 11.62% and a TiO2 distribution rate of 75.46%.
The majority of the Ti elements are present in the −18 μm fraction, which poses a significant
challenge for gravity separation technology.

Figure 5. Size analysis results.

Table 1. Sieve analysis result of feed.

Size (μm) Mass Fraction (%) TiO2 Grade (%) TiO2 Distribution (%)

+38 11.58 2.43 3.21
−38 + 18 31.46 5.94 21.32

−18 56.96 11.62 75.46
Total 100 8.77 100

The result of X-ray diffraction (XRD) analysis is shown in Figure 6, XRD analysis of
the samples revealed a complex mineral composition, consisting of ilmenite as the target
mineral, and augite, chlorite, feldspar, and amphibole as the primary gangue minerals.

Figure 6. X-ray diffraction pattern of mineral sample.
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3.3. Method

Before conducting the experiment, it is essential to prepare a precise mass concentra-
tion of the slurry in a tank. A stirrer is employed to prevent any potential issues related
to settling and layering. Once the fluidization water is activated, and the throughput and
underflow rate are adjusted, the feed pump can be launched to supply the slurry to the
equipment. The operating procedure of the RC is depicted in Figure 7.

Figure 7. Experimental operating procedure.

One hour after the feed pump starts, the equipment reaches a completely stable state.
At this juncture, the relationship between the mass and grade of the product and the feed
is in equilibrium. During stable separation conditions of the RC, samples are collected
from the fluidized bed, tailings, and concentrate. The particles of samples are weighed and
subjected to chemical analysis to calculate the separation efficiency.

The control variates method is utilized to assess the performance of the RC in the
processing of ultrafine ilmenite. The variables under investigation include the underflow
rate, fluidization water velocity, and throughput. These three variables are regulated by
the underflow pump, fluidization water pump, and feed pump, respectively.

Three consecutive experiments are conducted under the same experimental conditions,
with each sampling interval lasting 60 min. The results are then summarized, and the
standard deviation and mean values are calculated. The equation for calculating separation
efficiency and recovery is given below:

R =
C·β

α
, (7)

η =
(α − ε)(β − α)× 100

α(β − ε)(100 − α)
× 100% , (8)

where R is the recovery of the concentrated product, η is the separation efficiency [27], C
is the yield of concentrate, and α, β, and ε are (in %) the TiO2 grade of feed, concentrate,
and tailings.

4. Results

4.1. Effects of Underflow Rate

The specific information of the experimental results is listed in Appendix A Tables A1–A3,
which detail the mean results of multiple experiments. The experimental results for the
underflow rate are displayed in Figure 8. As shown in Figure 8, the increase in the
underflow rate will result in a synchronous decrease in the concentrate grade and tailings
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grade. More material enters the concentrate product, including ilmenite and gangue, which
leads to a decrease in the grade and an increase in the recovery. As shown in Figure 8c, an
increase in the underflow will lead to a reduction in bed density. According to Equations (1)
and (2), the fact that the fluidization water has not changed but the density of the fluidized
bed has decreased results in a smaller difference in particle settling velocities, which is the
reason for the decrease in separation efficiency. Furthermore, rapid entrainment of heavy
minerals into the underflow prevents effective enrichment within the bed. Consequently,
this results in shorter separation times and a lower bed grade, which is the primary
cause of the decrease in concentrate grade. An excessively high underflow yield could
lead to insufficient separation based on density and result in incomplete separation of
particles before being directed to the concentrate product, thereby decreasing the separation
efficiency. The lowest underflow rate for this device is 17.00 mL/min, and a lower rate will
lead to blockages and abnormal operation.

 

Figure 8. The effect of underflow rate on the performance of RC (a) TiO2 grade of products;
(b) recovery, yield of tailings, and separation efficiency; (c) concentration, density, and grade
of fluidized bed (concentration of feed = 30%, throughput = 0.71 t/(m2·h), fluidization water
velocity = 2.67 × 10−3 m/s).

4.2. Effects of Fluidization Water Velocity

The fluidization water velocity mainly affects the drag force exerted on the particles
and the solid concentration in the fluidized bed. An increase in fluidization water velocity
will cause fine mineral particles to enter the overflow product more easily, while coarser
gangue minerals are more likely to be discarded. Therefore, the fluidization water velocity
needs to be experimentally determined.

As can be seen in Figure 9a,b, consistent with the pattern observed in the calculations,
an increase in fluidization water velocity results in a marked reduction in the recovery and
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an increase in the quantity of solid entering the overflow. Additionally, concentrate and
tailings grades were both improved with the escalation of fluidization water velocity.

 

 

Figure 9. The effect of fluidization water velocity on the performance of RC (a) TiO2 grade of
products; (b) recovery, yield of tailings, and separation efficiency; (c) concentration, density, and
grade of fluidized bed (solids concentration of feed = 30%, throughput = 0.71 t/(m2·h), underflow
flux = 17.00 mL/min).

As shown in Figure 9c, an increase in the fluidized water velocity results in the
dilution of the fluidized bed, causing a simultaneous decrease in fluidized bed density
and concentration. According to Equation (1), as the fluidization water velocity increases,
lighter particles encounter more difficulty in settling into the fluidized bed, leading to a
higher TiO2 grade within the fluidized bed. At the same time, an increase in the fluidization
water velocity also leads to an increase in the slurry velocity within the inclined channels.
According to Equation (6), the Lp values of various particles increase, especially the fine,
heavy particles, which are more likely to be lost in the overflow. This results in an increase
in tailings yield and a decrease in recovery rate. However, this also results in the loss
of finer heavy particles. Therefore, an increase in fluidization water velocity leads to an
increase in concentrate grade but a decrease in recovery.

By computing the separation efficiency, it can be deduced that the highest efficiency
emerges at a fluidization water velocity of 1.78 × 10−3 m/s.

4.3. Effects of Throughput

The throughput refers to the amount of solid material, measured in metric tonnes,
that is processed per unit of horizontal vessel area per hour. This unit is usually expressed
as square meters of horizontal cross-sectional area. As shown in Figure 10, an increase in
throughput results in more particles being processed in the vessel, while also causing more
heavy particles to enter the fluidized bed and the inclined channel over the same period.
The overflow increases as the processing capacity increases. In addition, a greater mass of
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heavy minerals per unit area is deposited in the inclined channel. This results in a greater
loss of heavy particles in the overflow, leading to a decrease in recovery. However, due to
the enrichment of heavy particles in the fluidized bed, the concentration and grade of the
fluidized bed are improved, thus resulting in an increase in the concentrate grade.

 

Figure 10. The effect of throughput on the performance of RC (a) TiO2 grade of products; (b) recovery,
yield of tailings, and separation efficiency; (c) concentration, density, and grade of fluidized bed
(solids concentration of feed = 30%, fluidization water velocity = 1.78 × 10−3 m/s, underflow
flux = 17.00 mL/min).

In Figure 10, an increase in throughput leads to a simultaneous increase in concentrate
grade and tailings grade, while the recovery rate decreases significantly with an increase
in tailings yield. The highest separation efficiency can be achieved when the throughput
is 1.42 t/(m2·h). At this point, the fluidized bed density is 1.425 t/m3. Hence, in the
processing of ultrafine ilmenite ore, the attainment of a notably high separation efficiency
is observed at a fluidized bed density of approximately 1.425 t/m3. This results in a higher
separation efficiency of 50.0%, accompanied by an impressive concentrate recovery of 82.8%
with a TiO2 grade in the concentrate of 20.3%, while the tailings yield is 62.6%, with a TiO2

grade in the tailings of 2.51%.

4.4. Comparison Between Magnetic Separator and RC

Magnetic separation is one of the primary methods for recovering and concentrating
ilmenite. In order to draw comparisons, the feed sample of the RC was tested using an
XCRQ—50 × 70 wet high-intensity Jones magnetic separator produced by Wuhan Hengle
Mineral Engineering Equipment Co., Ltd. (Wuhan, China). The solid concentration of feed
for the magnetic separation experiment was 5%, with unloading taking place every 5 s.
The clamp was demagnetized during unloading, after which the particles captured by the
magnetic medium were washed into the concentrate collection bucket.
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Figure 11 shows the effect of the magnetic intensity on the separation performance of
the Jones magnetic separator. The magnetic intensity described in the figure is the highest
magnetic intensity on the magnetic medium plate teeth in the Jones magnetic separator, the
spacing between the magnetic medium teeth is 1.5 mm, and the tooth angle is 45◦. Figure 11
indicates that as the magnetic intensity increases, the recovery gradually improves while
the tailings yield steadily decreases. At a magnetic intensity of 1.0 T, the concentrate can
attain a maximum TiO2 grade of 15.4%, yet the recovery rate is relatively low, at only
61.2%. Despite achieving a higher recovery rate by increasing the magnetic intensity to its
maximum of 2.2 T, the concentrate grade is lower, resulting in ineffective enrichment.

 

Figure 11. The effect of magnetic intensity (a) concentrate; (b) tailings.

Figure 11 also includes the gravity separation index, which was derived from the
optimal performance in Section 4.3. As illustrated, at a magnetic intensity of 1.4 T, recovery
similar to those obtained through gravity separation, approximately 80%, can be achieved.
However, the concentrate TiO2 grade obtained through gravity separation is higher, about
1.5 times that of magnetic separation. Additionally, the tailings grade of RC is relatively
lower compared to the condition of a magnetic intensity of 1.4 T, with a higher yield. This
indicates that the effect of RC is superior when processing the ilmenite samples.

XRD analysis was performed on the concentrate products obtained through gravity
separation and magnetic separation, and the results are shown in Figure 12. As depicted,
the peak heights of augite and chlorite increased significantly as the magnetic intensity
increased. This indicates that the augite and chlorite in the feed sample possess certain
magnetic properties. With an increase in magnetic intensity, gangue minerals will be
captured onto the magnetic medium together with the ilmenite, making it difficult to
achieve the separation of gangue minerals from ilmenite.

In the XRD curve of the concentrate products of RC, the peak heights of gangue
minerals, particularly chlorite and augite, are relatively low. This is due to the significant
difference in density between ilmenite (4450 kg/m3) and gangue minerals such as augite
(3230 kg/m3), chlorite (3210 kg/m3), and feldspar (2600 kg/m3) in the feed sample. There-
fore, the density difference was utilized as the basis for separation in gravity separation.
Consequently, the density difference between gangue minerals and ilmenite resulted in a
more favorable separation effect during the reprocessing.

When the highest separation efficiency is achieved through gravity separation, the
recovery rate is similar to that achieved by magnetic separation with a magnetic field
intensity of 1.4 T. During magnetic separation, a higher recovery rate can be achieved
with a magnetic field intensity of 2.2 T. Figure 13 presents information on various particle
sizes of products at magnetic intensities of 1.4 T and 2.2 T and the RC highest separation
efficiency.
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As seen in Figure 13b,c, increasing the magnetic field intensity significantly improved
the concentrate yield and recovery of all size particles. The stronger magnetic force en-
hanced the recovery of coarse particles that are more susceptible to loss. However, due
to the interference of magnetic gangue minerals, as seen in Figure 13a, a large number
of particles were adsorbed onto the medium and thus entered the concentrate products,
resulting in poor enrichment of ilmenite.

Figure 12. The X-ray diffraction analysis of the concentrate prepared by RC and magnetic separator
(a) total diagram; (b) augite; (c) ilmenite.

By raising the magnetic intensity from 1.4 T to 2.2 T, the yield of the +38 μm coarse
particles in the concentrate increased from 39.9% to 89.2%, while the grade decreased from
5.68% to 3.38%. The grade of the +38 μm particles in the feed was 2.43%. Hence, excessively
high magnetic field intensity will result in a reduction in the selectivity of +38 μm particles.

As seen in Figure 13, increasing the magnetic intensity will similarly result in an
elevation of the recovery rate of ultrafine ilmenite of −18 μm and can effectively reduce the
content of TiO2 in tailings products, as was reported in the introduction. However, it also
leads to a selective reduction in which the grade of the concentrate is not significantly en-
hanced relative to the feed. Therefore, when employing magnetic separation to process this
sample, lower magnetic field strength will drastically increase the tailings yield, especially
for fine particles of −18 μm, which will cause a significant reduction in recovery. On the
other hand, increasing the magnetic field strength will result in a reduction in separation
efficiency, making it difficult to achieve effective concentration of concentrate products.

In contrast, as shown in Figure 13a, RC achieved a relatively high concentrate grade
for all particle sizes and demonstrated a high enrichment ratio for the ultrafine −18 μm
particles. As for the −18 μm material, the tailings grade (Figure 13d) generated by gravity
separation was the same as the results obtained by magnetic separation at the highest
intensity, but with a higher yield. Therefore, it can be seen that gravity separation has a
good effect on the separation of ultrafine ilmenite minerals.
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Figure 13. Separation performance of RC and magnetic separator at various particle sizes. (a) Grade
of concentrate; (b) recovery of concentrate; (c) yield of concentrate; (d) grade of tailings.

5. Conclusions

The efficient and cost-effective preconcentration of fine-grained ilmenite presents a
challenge, as traditional beneficiation techniques are often prohibitively expensive or diffi-
cult to implement effectively. However, experimentation has demonstrated that the reflux
classifier (RC) is highly effective for the preconcentration of low-grade ultrafine ilmenite.

1. The results indicate that using the reflux classifier for the preconcentration of ultrafine
ilmenite ore, with an underflow rate of 17 mL/min, a fluidization water velocity of
1.78 × 10−3 m/s, and a throughput of 1.42 t/(m2·h), yields a maximum achievable
separation efficiency of 50.0%. Under these conditions, the concentrate grade of TiO2

is 20.3%, with a recovery rate of 82.8%. The tailings yield is 62.6%, with a tailings TiO2

grade of 2.44%.
2. A comparative analysis of the beneficiation results between magnetic separation and

the reflux classifier reveals that certain gangue minerals in the ore, such as augite
and chlorite, exhibit some degree of magnetism and can be captured by the magnetic
medium due to increased magnetic intensity. This negatively impacts the quality of
the concentrate product. However, the magnetic properties of the gangue do not affect
the efficiency of the gravity process. For this specific material, magnetic separation
was ineffective, while the reflux classifier achieved favorable results.

3. It is noteworthy that the ore sample used in the experiment was exceptionally fine-
grained, with 50% of the material having particle sizes finer than 13.8 μm. Despite this,
the reflux classifier demonstrated commendable performance, highlighting the signif-
icant potential of this technology for the cost-effective and efficient preconcentration
of ultrafine ilmenite ore.
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Appendix A

Table A1. Summary of conditions used in the experimental program.

Run
Underflow Rate

(mL/min)

Fluidization Water
Velocity

(m/s)

Throughput
(t/(m2·h))

Concentration of
Feed
(%)

1 17.00 2.67 × 10−3 0.71 30.00
2 34.00 2.67 × 10−3 0.71 30.00
3 51.00 2.67 × 10−3 0.71 30.00
4 68.00 2.67 × 10−3 0.71 30.00
5 17.00 4.44 × 10−4 0.71 30.00
6 17.00 8.89 × 10−4 0.71 30.00
7 17.00 1.78 × 10−3 0.71 30.00
8 17.00 1.78 × 10−3 1.42 30.00
9 17.00 1.78 × 10−3 2.14 30.00

10 17.00 1.78 × 10−3 2.50 30.00

Table A2. Summary of product results of the experimental program.

Run
Grade of

Tailings (%)

Grade of
Concentrate

(%)

Yield of
Concentrate

(%)
Recovery (%)

Separation
Efficiency

(%)

1 3.85 18.51 31.47 68.78 40.76
2 3.30 14.83 49.50 81.47 35.12
3 2.54 10.78 77.98 93.71 17.28
4 2.13 9.61 90.34 97.59 7.96
5 2.10 15.03 50.23 87.80 41.10
6 2.23 15.96 47.61 86.61 42.75
7 2.44 17.94 43.02 84.75 45.90
8 2.51 20.29 37.39 82.80 49.98
9 3.11 22.11 30.06 75.26 49.57
10 3.77 24.84 22.72 65.89 47.21

Table A3. Summary of fluidized-bed results of the experimental program.

Run Density (t/m3)
Solid Concentration

(wt %)
TiO2 Grade of Bed

(%)

1 1.42 44.43 14.60
2 1.39 43.14 13.53
3 1.37 42.23 11.96
4 1.35 41.62 10.87
5 1.47 47.47 13.84
6 1.45 45.65 14.06
7 1.42 45.08 14.21
8 1.42 44.89 15.55
9 1.44 45.83 16.70

10 1.45 47.00 17.57
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