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Abstract

Asbolane is a secondary source of cobalt (Co) and manganese (Mn), essential for battery and
alloy production. Enhancing the utilization of low-grade ores, typically containing ~1.2%
Co and 14.7% Mn, is vital for conserving high-grade resources. However, fine grinding for
such ores presents challenges for conventional gravity separation. This study investigates
the effectiveness of the Multi-Gravity Separator (MGS) in processing finely disseminated as-
bolane ore from Agios Ioannis, Greece. The study was conducted at the Mineral Processing
Laboratory of UPC/Bases Manresa. Two size fractions, D80 (−100 +50 µm and −50 µm),
were tested under varying drum speeds, tilt angles, and wash water flows. Response sur-
face methodology (RSM) was implemented using Python-optimized (version 3.15) process
parameters. The results demonstrate that a concentrate with 2.6% Co and 32.5% Mn can
be obtained, achieving 82.1% Co recovery. Independent and multi-objective optimizations
confirm MGS as a viable method for recovering Co and Mn from complex low-grade
ores, with reduced overgrinding-related energy losses essential for production. The study
aimed to implement and enhance low-grade asbolane ore from a feed containing 2.6% Co
and 32.5% Mn. Variables were optimized with a multi-objective target, demonstrating
their effectiveness.

Keywords: asbolane; cobalt; manganese; nickel; low-grade ores; high-performance alloys;
gravity separation; Multi-Gravity Separator (MGS)

1. Introduction
The global demand for critical metals such as cobalt (Co) and nickel (Ni) has risen

sharply, driven by their indispensable roles in the aerospace and electronics industries’
clean-energy technologies, rechargeable batteries, and advanced materials [1]. The recovery
of strategic metals, particularly nickel and cobalt, from laterite ores is of increasing interest
due to their importance in key technological sectors, such as lithium-ion batteries, aeronau-
tics, and the specialty alloys industry [1]. Nevertheless, laterites, one of the primary sources
of nickel and cobalt, pose metallurgical challenges due to their mineralogical complexity
and varied mineral phases [2].
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Lateritic deposits, such as those in Agios Ioannis, Greece, are among the world’s pri-
mary sources of cobalt and nickel. These deposits, however, present significant challenges
for metal recovery due to their complex mineralogy and the ultrafine nature of valuable
particles [3]. Due to poor selectivity and low recoveries, the particle size range between
−100 and +50 microns is challenging to process using conventional beneficiation methods
like flotation or magnetic separation [4].

Mineral Liberation Analysis (MLA) is an essential technique for evaluating the distri-
bution and association of mineral phases in ores [3]. It allows for alterations in the degree
of liberation of valuable minerals to optimize concentration and extraction processes [5].
This technique was applied in this study of the Agios Ioannis laterite to assess the liberation
of asbolane, a mineral containing nickel, cobalt, and manganese [6].

MLA revealed that asbolane exhibits significant liberation in the Agios Ioannis lat-
erite [7,8]. The distribution of asbolane grains indicates a partial to complete liberation,
suggesting the potential for efficient extraction of its contained metals [9]. The liberated
asbolane particles are predominantly fine to medium-sized, which may influence flotation
and leaching parameters [10].

In terms of composition, asbolane is a complex mineral primarily containing nickel
(Ni), cobalt (Co), and manganese (Mn) [11]. Its presence in laterite as a distinct liberated
phase allows for targeted beneficiation strategies to maximize metal recovery [12]. The asso-
ciation of asbolane with other mineral phases has also been analyzed, revealing coexistence
with iron oxides and phyllosilicates, which may influence extractive process choices [13].
Thus, applying MLA to the Agios Ioannis laterite highlights the significance of asbolane as
a source of strategic metals and paves the way for optimized extraction approaches [14].

Among the different methods for laterite enrichment, advanced gravity separation,
particularly the use of the MGS, has been studied for its efficiency in recovering nickel- and
cobalt-bearing minerals, especially in the fine fractions of the ores [15].

Previous studies have demonstrated that the MGS is particularly suitable for treat-
ing fine particles, significantly improving metal recovery from lateritic ores [16,17]. This
technology offers a good balance between selectivity and recovery by applying combined
gravitational and centrifugal force. Furthermore, MGS has been shown to effectively sepa-
rate complex oxide ores containing high-value elements, as seen in the study by Das et al.
Additionally, its application to polymetallic ores by Angadi et al. has confirmed its effective-
ness in separating nickel- and cobalt-bearing minerals. Moreover, as a physical separation
method, MGS presents notable environmental advantages over chemical processes, such as
reduced reagent use and lower waste generation.

MGS utilizes centrifugal force combined with a shaking motion to create a highly se-
lective separation environment, capable of efficiently recovering fine and ultrafine particles
based on differences in specific gravity and surface properties. MGS is particularly suitable
for treating fine laterite ores, where traditional methods struggle to achieve meaningful
separation [18,19]. The technique’s adaptability to fine-particle beneficiation has been
demonstrated in various mineral systems, offering opportunities to enhance the recovery
of cobalt and nickel from fine-grained lateritic fractions [20].

The lateritic ore bodies at Agios Ioannis are marked by a complex mineralogical com-
position, where economically significant metals such as cobalt and nickel are hosted within
silicate and oxide matrices. These metals are typically finely disseminated throughout
the ore, especially within the intermediate particle size range of −100 µm to +50 µm.
This fraction poses considerable processing challenges, as it is frequently associated with
reduced recovery efficiency when treated through conventional beneficiation methods.
Consequently, this size range is often underutilized or discarded during processing [20].
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A critical factor influencing the success of beneficiation is the degree of mineral
liberation, defined as the separation of valuable mineral phases from gangue material
during the comminution stage. Incomplete liberation frequently results in lower recovery
rates and diminished concentrate quality. In the Agios Ioannis deposit, the intergrowth
of cobalt- and nickel-bearing phases with various silicate and oxide minerals significantly
complicates their liberation and subsequent separation.

Notably, asbolane represents an exception within this mineralogical system. It typically
occurs in a liberated form, enabling its more efficient recovery. In contrast, most cobalt- and
nickel-bearing phases remain locked within the ore matrix, particularly in the problematic
particle size fraction between −100 µm and +50 µm. Despite the potential metal value
within this fraction, it is commonly excluded from processing streams due to its detrimental
effect on overall recovery performance [20].

The Multi-Gravity Separator (MGS) has emerged as an effective technique for process-
ing lateritic ores, particularly due to its high efficiency in recovering ultrafine particles that
often host significant concentrations of valuable nickel and cobalt minerals. Unlike conven-
tional gravity separation methods such as shaking tables or spiral concentrators, the MGS
combines centrifugal force with a transverse shaking motion, allowing for an improved
separation of particles with only slight differences in specific gravity [21]. In a comparative
analysis, Nnaemeka Stanislaus and Nzeh et al. [22] observed that the MGS improved nickel
recovery by up to 30% compared to spiral concentrators when treating fine laterite tailings.
Moreover, MGS offers a more environmentally friendly and energy-efficient alternative to
pressure acid leaching (HPAL) and other hydrometallurgical processes, which typically
require high energy inputs and aggressive chemical reagents [22]. Yldiz et al. [23] further
demonstrated that MGS outperformed flotation and traditional centrifugal concentrators
regarding selectivity and overall recovery in the beneficiation of lateritic ores.

This study investigates the potential of MGS technology to selectively recover cobalt
and nickel from the laterite ores of Agios Ioannis, especially the nickel and cobalt contained
in the mineral asbolane, a manganese oxyhydroxide. Two specific particle size fractions are
examined: the D80 (−100 µm +50 µm) fraction and the D80 (−50 µm) fraction, to evaluate
the influence of particle size on the performance of the MGS. Key operational parameters,
including feed rate, rotational speed, tilt angle, and wash water flow, were optimized to
achieve maximum recovery and grade for cobalt and nickel. The novelty of this study
lies in its systematic application of MGS technology to ultrafine lateritic ore fractions,
specifically targeting asbolane-hosted metals, which have not been extensively explored
in prior literature. By integrating mineralogical analyses with process performance data,
this research comprehensively evaluates MGS technology’s applicability in processing fine
lateritic ores, to enhance the economic viability of cobalt and nickel recovery.

2. Materials and Methods
2.1. Description of the Equipment

The MGS is an advanced gravity-based separation device designed to recover fine and
ultrafine particles based on density differentials. Previous studies have demonstrated its
efficacy in processing particles below 100 µm [21–29]. In the current investigation, a C900
pilot-scale MGS unit was employed.

The MGS integrates centrifugal acceleration with a superimposed sinusoidal vibration
to generate a dynamic, thin-film stratification environment that enables enhanced density
separation. The core components and operational sequence of the MGS unit are outlined as
follows (Figure 1):
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(a) Rotating Drum Assembly [27]

The central cylindrical drum is inclined at a shallow angle (2◦–5◦) and rotates at speeds
between 170 and 330 rpm. This motion produces a moderate centrifugal force equivalent
to 5–15 g, which promotes the radial migration of denser particles. The drum’s internal
surface is lined with concentric mesh rings (1–3 mm apertures), which establish a particle
stratification zone and aid in retaining heavier particles during separation.

(b) Shaking Mechanism

The unit employs a sinusoidal vibration system, oscillating longitudinally at 4–8 Hz
with an adjustable stroke length of 10–20 mm. This vibration periodically fluidizes the
slurry film, enhancing particle stratification by specific gravity and increasing the separation
resolution between mineral phases.

(c) Feed and Wash Water System

The feed slurry is introduced via a calibrated distributor at the elevated end of
the drum. Wash water is applied counter-currently through evenly spaced spray bars
along the drum length, typically at 1–2 bar pressures and flow rates of 5–15 L/min. This
setup ensures continuous renewal of the film layer and facilitates the removal of lighter
gangue material.

(d) Separation Process

Feed slurry forms a thin film (2–5 mm thick) across the internal drum surface. Under
the combined effects of centrifugal and oscillatory forces, heavier mineral particles migrate
outward through the mesh rings and settle toward the drum wall. In comparison, lighter
particles remain suspended and are carried toward the discharge end. This configuration
allows for separating particles down to 1 µm, which are otherwise difficult to recover using
conventional gravity methods.

(e) Product Collection System

Separated heavy particles (concentrate) are scraped off by adjustable internal blades
and collected in a dedicated launder. Depending on operating parameters, the mass
yield of the focus typically ranges from 5% to 25% of the feed. The tailings stream, com-
posed primarily of lighter gangue particles, overflows at the lower drum end and is
collected separately.

The key operational parameters that affect the MGS performance are drum rota-
tional speed—governs applied g-force and particle migration rate; shaking frequency
and amplitude—influence bed stratification and separation sharpness; drum inclination
angle—impacts slurry residence time and film behavior; wash water flow rate—modulates
film renewal and the rejection of lighter phases; and feed rate and pulp density—determine
separation efficiency and throughput.

The MGS provides a highly effective and scalable solution for beneficiating fine and
ultrafine mineral fractions by combining multiple acceleration vectors within a thin-film
stratification environment. Its application is particularly advantageous in treating finely
disseminated lateritic ores, where the traditional separation of gravity fails to achieve
adequate recovery, especially for critical metals such as cobalt and nickel.

Table 1 presents the operational boundaries for the MGS during bench-scale exper-
imentation. The system accommodates feed particles within a 500 to 1 µm range and
supports a pulp solids concentration between 10% and 50%. Its throughput capacity varies
from 10 to 25 kg/h. The drum operates at rotational speeds ranging from 100 to 300 rpm,
critical for enhancing the separation process. A constant shaking amplitude of 10 mm is
applied to facilitate the stratification of particles. The tilt angle (θ) can be adjusted from
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0◦ to 9◦, affecting the trajectory of the material on the drum surface. Additionally, wash
water flow is regulated between 0 and 10 L/min to assist in the separation of finer particles
and improve product quality.

Figure 1. Multi-Gravity Separator. Source: Gravity Mining Ltd. (Cornwall, UK, 2025) [30].

Table 1. Operational limits to MGS in bench tests (Gravity Mining Ltd., 2025) [30–33].

MGS Operation Limits

Feed particle size range, µm 500–1
Feed solid in pulp, % 10–50

Capacity, kg/h 10–25
Drum rotation speed, rpm 100–300

Shake amplitude, mm 10
Tilt angle, θ 0–9

Wash water, L/min 0–10

2.2. Methods

The experimental procedure evaluates the separation performance of lateritic ore from
the Agios Ioannis deposit, a bulk mass. The process flow included sample preparation,
comminution, particle size classification, and analytical testing, with subsequent homog-
enization and quartering to reproduce 14 aliquots. The flowchart in Figure 2 details the
step-by-step process applied to the development of this investigation.

 

Figure 2. A flow chart that illustrates the process of sample preparation, physical separation, and
analysis in the laboratory. A flow chart illustrates the process of sample preparation and physical sep-
aration. A flow chart demonstrates the laboratory’s sample preparation process, physical separation,
and analysis.
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Initially, an aliquot was subjected to Mineral Liberation Analysis (MLA) to determine
the mineralogical composition, particle size, mineral liberation characteristics, and their
associations. The tests were carried out at the Laboratory John de Laeter Centre, Curtin
University (Perth), on an MLA650 (FEI, Hillsboro, OR, USA) environmental scanning
electron microscope equipped with a Bruker Quantax Esprit 1.9 EDS system with two
XFlash 5030 SDD detectors (Bruker, Berlin, Germany), and the Brand and software package
v3.1 was used.

On the other hand, the global mass (top size: −2 mm) was comminuted in an open
circuit using two mills. The first was a roller mill, with 71.2 rpm, which produced a
reduction ratio of 6:1 that was divided in two crushing stages, in the second grinding, the
global mass had a reduction ratio of 3:1, where the under size will pick up to −0.1 mm, and
was submitted to a rod mill, with 71 rpm.

After milling, representative masses were generated, one in the fraction −100 +50 µm
and another under 50 µm. These masses were reproduced in 7 aliquots for each fractions,
both intended for testing in an MGS, with a methodology aligned with the design of
experiments in Section 2.1.

The MGS bench tests were carried out with the following operational variables: drum
speed, inclination angle, and wash water flow rate, with other fixed parameters, both
detailed in Section 2.1. After the bench tests, the particle size distribution of the feed,
concentration, and rejects was performed using a laser diffraction particle sizer.

Also, the resulting masses consisted of concentrates and rejects. These masses were
dried at a temperature of 80 ◦C for 24 h for subsequent evaluation of contents by X-ray
Fluorescence (XRF) with a Malvern Panalytical system, model Epsilon 1.

The XRF data reproduced in oxide form were processed and plotted in a mass balance
for each test, followed by the cut distribution, metallurgical recovery, and asbolane mineral
recovery in the concentrate.

2.3. Experimental Design

Three factors and three levels (kn-p) were considered for the design of experiments,
planned in the MiniTab 19 software. The fractional experimental design was developed
using a systematic approach to evaluate the operational parameters with the greatest
significant effect. The parameters were categorized into three distinct levels: low (−1),
medium (0), and high (+1), as described in Table 2. This structured design allows for the
investigation of the linear and non-linear effects of the variables on the response metrics,
providing a comprehensive understanding of their influence on the process as a whole.

Table 2. Parameters are categorized into bench tests.

Parameters Symbol
Low Middle High

−1 0 +1

Drum speed (r), rpm x1 170 260 330
Tilt angle (θ), ◦ x2 4 6 8

Wash water rate, (w), L/min x3 0.5 1 1.5
Shake frequency (sf ), spm x4 374 374 374

Feed solid rate (fs), % x5 30 30 30
Stroke amplitude, (sa), mm x6 10 10 10

Pulp feed rate (pf ), lpm x7 ~0.5 ~0.5 ~0.5



Minerals 2025, 15, 714 7 of 30

The operating parameters were considered according to the manufacturer’s recom-
mendation, whose understanding of the parameters includes:

1. Drum speed (r): Controls centrifugal force and particle retention time, where higher
speeds improve separation of finer, denser particles but can reduce recovery if ex-
cessive. The drum speed range was 170 to 330 rpm, covering typical industrial
operating conditions.

2. Tilt angle (θ): Affects the flow velocity, material flow, and stratification. Inclina-
tion angles between 4◦ and 8◦ are commonly used in gravity separators, between
productivity and separation efficiency.

3. Wash water rate (w): Influences particle washing and the removal of fine and light
particles. The water flow rate, pre-established as having the most significant ef-
fect, is between 0.5 and 1.5 L/min, aiming to evaluate the impact on improving
concentrate quality.

4. Shake frequency (sf ): This parameter influences the shear force generated by the
back-and-forth oscillation, enhancing the movement of higher-density particles while
impeding that of lower-density ones. Its effectiveness is also supported by fluid
dynamics and the system’s inclination. The frequency was set at 374 strokes per
minute (spm), a value determined through preliminary experiments that showed it
provided stable and efficient particle separation.

5. Feed solids rate (fs): Based on preliminary trials, the feed solids rate was fixed at
30%, which indicated that this concentration provided stable suspension viscosity
and reliable flow behavior. Maintaining this constant ensured consistency across tests
and minimized variability due to changes in rheological properties.

6. Stroke amplitude (sa): Regulates the agitation of the fluidized bed and the migra-
tion of dense particles in the direction opposite to the inclination of the drum. The
manufacturer limits this parameter. The manufacturer limits this parameter in the
equipment used in the tests, and its value is 10 mm.

7. Pulp feed rate (pf ): Kept constant at 0.5 L/min to avoid confounding effects caused
by fluctuations in flow rate.

Experimental levels [27,34] were selected as low–medium–high ranges based on:

• Literature benchmarks for similar separation systems.
• Pilot tests indicating thresholds for effective operation.
• Industrial relevance, ensuring the practical applicability of results.

The modeling of these experiments is assisted by the response surface methodology
(RSM) or factor analysis, allowing process optimization while controlling noise variables.
This approach facilitates the identification of optimal operating conditions through the
statistical evaluation of the effects of the parameters.

The three-level experimental design, with variables coded (−1, 0, +1), was used
to analyze the synergism between effects. As illustrated in Table 3, this experimental
structure is based on the design of experiments (DOE) methodology, which of the main
and interaction effects in multiple factors.

The independent variables were identified with symbols (x1, x2, and x3) and are
drum speed (x1), number of revolutions per minute (rpm), theta tilt angle (x2), adjusted in
degrees (◦), and wash water flow rate (x3). The variables identified from x4 to x7, already
detailed previously, were kept constant.

Each factor was categorized into three levels: low (−1), medium (0), and high (+1).
These values are summarized in Table 3 to normalize the data of the lower, intermediate,
and higher levels, used to facilitate the construction of polynomial regression models for
subsequent statistical analysis.
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Table 3. Coded levels with the experimental design.

Parameters Symbol Low Middle High

Drum speed (r), rpm x1 −1 0 +1
Tilt angle (a), θ◦ x2 −1 0 +1

Wash water rate, (w), L/min x3 −1 0 +1

Using the experimental data, the results are subjected to analysis of variance (ANOVA)
to determine the statistical significance of each factor and the effects of their interactions.
ANOVA quantifies response, each independent variable’s contribution to the response’s
overall variation, thus allowing the identification of the parameters with the greatest syner-
gism. This structured experimental plan of the hierarchical influence of the combination of
operational parameters, best drum inclination angle, best rotation speed, and best wash
water flow rate to maximize separation performance.

To quantify the MGS operational variables that reproduce the most significant response
effect in the recovery of asbolane ore, the software mentioned above determines the main
effects by calculating the weighted average derived from the analysis of variance (ANOVA)
that decomposes the total variation in the response into individual contributions of the
factors and interactions, using Equation (1).

RE =
1
n

n

∑
i=1

(xi : yi) (1)

where
RE: mean of the response effect;
xi: value of the factor for each i-th trial;
yi: value delivered for the i-th trial;
n: total observations;
Σ: sum of xi·yi for all i.

3. Results and Discussion
3.1. MLA Results: Liberation Characteristics of Asbolane

Figure 3 shows a 3D class content distribution plot illustrating the liberation behavior
of asbolane, represented as Ni4Co1.3Ca0.1Mn1.5O10-5(OH)2-0.6H2O, across three parti-
cle size fractions: Ni4Co1.3Ca0.1Mn1.5O10-5(OH)2-0.6H2O: 0–100 µm, 400–500 µm, and
900–1000 µm. The x-axis corresponds to the grade class, defined as the proportion of
asbolane present in individual particles, segmented into ten intervals ranging from 0% to
10% (least liberated) to 100% (fully liberated). The y-axis indicates the weight percentage
(wt.%) of particles falling into each grade class, and the z-axis reflects the particle size
range (µm).

Fully liberated particles—those falling into the 90%–99% and 100% grade classes—are
more amenable to efficient recovery by physical separation techniques. The distribution for
the fine size fraction (0–100 µm) shows a dominant presence in these high-grade classes,
indicating a high degree of liberation and favorable separation potential. In contrast, the
coarser fractions, particularly the 900–1000 µm range, show a significant proportion of
particles in the lower grade classes (e.g., 0%–10%, 10%–20%), indicating a predominance of
composite particles where asbolane is insufficiently liberated from the gangue matrix.

These results highlight the inverse relationship between particle size and liberation:
finer particles tend to be more liberated, while coarse particles often encapsulate asbolane in
gangue, reducing recovery efficiency. This distribution therefore informs critical decisions
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regarding comminution strategies, suggesting that further grinding may be required to
increase liberation in coarser size fractions and improve overall process performance.

Figure 3. Class-grade liberation of particles from Agios Ioannis laterite, where asbolane is liberated.

The mineralogical analysis using MLA software (v3.1) identified the target phase
as asbolane, with an empirical composition of Ni0.3Co0.3Ca0.1Mn1.3O1.5(OH)2·0.6H2O.
Confirming this complex manganese–cobalt–nickel oxide structure through reference
library matching provides significant insights into its liberation characteristics during
comminution and classification processes. It is imperative to comprehend the libera-
tion behavior of asbolane, as it significantly influences the efficiency of downstream
recovery methodologies.

The 3D class-content distribution analysis (Figure 3) shows that asbolane is mainly
associated with fine particles, especially in the 0–100 µm range, where it often appears
nearly fully liberated (>90% liberation). This suggests effective mineral release due to
fine grinding, which exposes grain boundaries and breaks down intergrowths, aiding
separation during beneficiation.

However, high liberation is not limited to fine sizes. Notably, a significant portion
of liberated asbolane is also found in larger size ranges: about 8% in −400 + 300 µm,
18% in −300 + 200 µm, 19% in −200 + 100 µm, and 14% in <100 µm. This indicates efficient
liberation can occur without excessive grinding, likely due to favorable ore textures or
natural breakage paths.

These results reflect a complex texture, with asbolane occurring as fine liberated grains
and inclusions within coarser particles. This dual occurrence highlights the need for tailored
crushing and separation strategies.

Mineralogical data [7] show that asbolane is associated with Fe oxides/hydroxides
and vermiculite, supporting a supergene origin linked to intense lateritic weathering. Fe
oxides incorporate Co, Ni, and Mn via substitution, while vermiculite offers interlayer
spaces for metal retention. Minor quartz and chlorite may reflect original rock or early
alteration residues.

Despite good liberation in fine sizes, asbolane often lacks exposed surfaces, indicating
encapsulation. This can limit recovery using conventional methods due to processing
challenges with ultrafines. Therefore, improved grinding methods and advanced separation
techniques, like multi-gravity separation, are recommended to enhance recovery. These
insights highlight the importance of detailed mineralogical studies for optimizing the
processing of Co- and Ni-rich laterites.
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3.2. Results of Experimental Design MGS Test (−100 +50 µm)

Table 4 presents a series of experimental results of the MGS tests (t1 to t7) for particle
size fraction −100 +50 µm, evaluating the efficiency of a mineral concentration process
gravity separator. The variables studied are: X1: inclination angle (θ); X2: drum speed
(CMP); X3: wash water flow rate (L/min). Showing the effects of tilt angle (θ), drum speed
(CMP), and wash water rate, the measured responses include mass recovery and asbolane
recovery (cobalt/nickel/manganese mineral).

Table 4. Results of experimental design MGS test in −100 +50 (µm) range.

Test
Work

Tilt Angle,
θ

Drum Speed,
rpm

Wash Water
Rate, L/min Feed,

g
Mass

Recovery, %
Concentrate

Mass, g
Tailings
Mass, g

Asbolane
Recovery, %

RE, %

RE = 1
n

n
∑
i=1

(xi:yi)x1 x2 x3

t1 −1 0 −1 195.4 0 0 195.4 0 0
t2 0 0 −1 165.4 62.85 103.95 61.45 47.7 14.1
t3 1 0 −1 176.45 80.99 142.9 33.55 53.9 98.2
t4 1 −1 −1 178.3 81.3 144.95 33.35 76.8 100
t5 1 1 −1 176.9 79.9 141.35 35.55 66.0 68.5
t6 1 1 0 123.45 27.18 33.55 74.5 65.3 36.7
t7 1 1 1 109.95 36.74 40.4 67.6 35.1 8.9

The recovery of asbolane ore subjected to the combined effects of the three operational
variables revealed the following analysis:

Effect of drum tilt angle (x1). The tilt angle demonstrated the most significant influ-
ence on mass and asbolane recovery among the factors studied. Tests conducted with
high tilt angles (+1), notably in t3, t4, and t5, achieved the highest recoveries of asbolane
ore, with values ranging from ~66 to 76.8 (%). The most optimized response effect (RE)
was reproduced in test t4, reaching 100%, resulting in a ~76.8% recovery of the mass of
asbolane ore.

Effect of drum speed (x2). The rotation speed of the drum has a strong kinetic influ-
ence, modifying the separation dynamics, kinetic energy, and shear zone in the separation
cut. Higher drum speeds recorded in tests t4 (−1) and t5 (+1) resulted in marginal im-
provements in the mass recovery of asbolane ore and concentrate mass. Although the
effect was secondary to the tilt angle, it is hypothesized that the increased rotational move-
ment induced turbulence, thus aiding in the release of fine particles while preventing
their entrapment in the reject flow. However, it is essential to note that excessively high
speeds can lead to mechanical carryover or particle detachment, highlighting the need for
careful control.

Effect of washing water rate (x3). In contrast to prevailing assumptions in wet separa-
tion systems, an increase in the washing water rate reflects a dilution behavior opposite to
stratification. Its effect resulted in a reduction in the recovery of asbolane ore. The tests with
the least impact, t6 and t7, involved moderate to high washing water flows (x3 = 0 or +1),
resulting in 36% and 8.9% response effects. These values are contrary to the mass recovery
of asbolane ore, as their mass recovery of the mineral was 65% and 35%, respectively.

The factorial design reveals significant interaction effects among the variables. For
instance, while a high tilt angle alone improved recovery, its impact was nullified at
high water flow, as evident in test t7 (asbolane recovery: 35.10%; response effect: 8.90%).
Furthermore, test t1, operated with all parameters at minimum levels, exhibited complete
process failure (0% recovery), thereby underscoring the necessity for a minimum threshold
of kinetic and gravitational forces to initiate separation.
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The center point (t2) yielded moderate recovery values, suggesting non-linear re-
lationships and possible curvature in the response surface. This finding validates the
implementation of response surface methodology (RSM) or second-order regression mod-
els for further process optimization.

3.3. Results of Experimental Design MGS Test (−50 µm)

The experiments conducted with −50 µm fraction aliquots are described in Table 5,
which shows the results of a series of test experiments (t1 to t7) carried out under the same
operational conditions mentioned in the section above.

Table 5. Results of experimental design MGS test (−50 µm).

Test
Work

Drum
Speed, CMP

Tilt
Angle, θ

Wash Water
Rate, L/min Feed, g

Mass
Recovery,

%

Concentrate
Mass, g

Tailings
Mass, g

Asbolane
Recovery,

%

Response
Effect, %

x1 x2 x3

t1 0 −1 −1 168.1 0.0 0.0 168.05 0.00 0.0

t2 0 0 −1 167.15 4.58 7.65 159.5 55.60 67.2

t3 0 +1 −1 177.2 32.05 56.8 120.4 65.80 79.6

t4 −1 +1 −1 177.75 32.69 58.1 119.65 77.80 94.1

t5 +1 +1 −1 177.85 22.41 39.85 138 82.70 100.0

t6 −1 +1 0 160.15 12.02 19.25 140.9 78.00 94.3

t7 −1 +1 +1 149.73 2.89 4.327 145.4 43.00 52.0

Influence of tilt angle (x2). A clear trend emerges regarding the tilt angle. The data
show a substantial increase in both mass recovery (0.0% to 4.58% to 32.05%) and asbolane
recovery (0.0% to 55.60% to 65.80%) when the tilt angle was increased from a low angle
(−1 in t1) to a medium (0 in t2) and then to a high angle (+1 in t3), while keeping all other
parameters constant. This finding indicates that increasing the tilt angle facilitates the
transport and collection of the asbolane-rich fraction, likely by influencing the gravitational
forces acting on the particles and the slurry flow dynamics within the MGS apparatus.

Effect of drum speed (x1). The impact of drum speed becomes more apparent when
comparing experiments with a high tilt angle and low wash water rate (t4 and t5). A slower
drum speed (−1 in t4) yielded slightly higher mass recovery (32.69%) and asbolane recovery
(77.80%) compared to a faster drum speed (+1 in t5, with 22.41% and 82.70%, respectively).
However, the highest overall response effect was observed at the faster drum speed (t5).
This finding suggests a possible trade-off: while a slower speed may result in a greater
quantity of recovered material, a quicker speed, under these specific conditions, may yield
a higher quality concentrate, as reflected by the optimized response effect.

The role of wash water rate (x3) was investigated, and the results significantly influ-
enced the separation process. A comparison of experiments t4, t6, and t7 (all with a high tilt
angle and a slower drum speed) revealed a non-linear relationship with recovery when
the wash water rate was varied from low (−1 in t4) to medium (0 in t6) and then high
(+1 in t7). A medium wash water rate (t6) resulted in a lower mass recovery (12%). Still,
it maintained a high asbolane recovery (78%), suggesting it might effectively wash away
unwanted material while retaining the valuable asbolane. Conversely, an elevated wash
water rate (t7) resulted in a substantial decline in both mass recovery (2.89%) and as-
bolane recovery (43%), signifying that excessive washing may lead to the loss of valuable
fine particles.
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Interaction of variables and optimization. The highest response effect achieved in
experiment t5 (drum speed +1, tilt angle +1, wash water rate −1) highlights the importance
of considering the synergistic effects of the operating variables. This specific combination
of parameters is the most effective among those tested for achieving the desired separation
outcome, as defined by the response effect. Further investigation into these conditions,
with finer adjustments to the drum speed, could lead to even greater optimization.

This experimental study demonstrates that the recovery of fine asbolane particles
using the MGS test is significantly influenced by the drum speed, tilt angle, and wash
water rate. The tilt angle emerges as a pivotal factor in achieving initial recovery. At the
same time, the drum speed and wash water rate play crucial roles in balancing the quantity
and potentially the quality (purity) of the recovered concentrate. The optimal conditions
identified in this study (as indicated by the highest response effect) provide a valuable
starting point for further process optimization.

3.4. Experimental Design Results: Interpretation of the Effect of the Responses
3.4.1. Size Range −100 +50 µm

Figure 4 illustrates the main effects on mass recovery for the −100 +50 µm size fraction.
The figure presents three distinct curves, each representing the influence of one independent
variable (x1, x2, x3) on the recovery of asbolane. To analyze and visualize these effects, a
Python program (Python 3.x) was used to process the data and generate the corresponding
plots, allowing for a clear comparison of how each variable influences asbolane recovery.
Vertical axis: adjusted mean asbolane recovery.

Figure 4. Main effects plot for mass recovery.

Horizontal axis: factor levels (typically −1 and +1 for factorial studies).

• x1: The curve for x1 shows significant fluctuations. At −1, recovery is high, while
it decreases at +1. This suggests that variable X1 hurts asbolane recovery as its
level increases.

• x2: While the curve for x2 shows significant fluctuations, at −1, recovery is high at +1.
This suggests that increasing variable X2 has a positive effect on asbolane recovery.

• x3: The curve for x3 shows a similar trend to x1, with recovery higher at −1 and a
decrease at +1. This also indicates that increasing x3 hurts asbolane recovery.

The data indicate that the tilt angle (θ), drum speed, and wash water rate significantly
affect recovery outcomes. Notably, the maximum absolute recovery (100%) was attained at
a tilt angle of +1, a drum speed of −1, and a wash water rate of −1, thereby underscoring
the significance of parameter synergy. Conversely, an increase in drum speed to +1 under
the same tilt angle (+1) reduced absolute recovery to 65.3%, underscoring a pronounced
interaction effect between these variables.
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Table 3 presents the experimental design of the MGS tests within the particle size
range of −100 to +50 µm; significant variability was observed in mass recovery outcomes.
Test 1 exhibited an anomalously high mass recovery (195.4 g) yet yielded zero absolute
recovery, indicating ineffective retention of the target material despite substantial through-
put. In contrast, test 4—conducted with drum rotation and tilt angle parameters set to
−1 and +1, respectively—demonstrated optimal performance, achieving a mass recovery of
178.30% and an absolute recovery of 76.80%. Furthermore, the data reveal an inverse
correlation between water flow rate and absolute recovery, suggesting that lower water
rates enhance the selective retention of the target material, particularly when combined
with favorable tilt settings.

The response effect metric, which peaks at 100% under optimal conditions, validates
the parameter combinations necessary for efficient recovery. However, a sharp decline
in performance at extreme drum speed (+1) and water rate (+1) settings is indicative of
operational limits. This behavior suggests that process efficiency is highly sensitive to
parameter balance, with tilt angle as a pivotal factor.

Implementing a tilt angle of +1, in conjunction with the reduction in drum speed and
water rates, optimizes absolute recovery.

Figure 5 analyzes the combined effect of tilt angle and drum speed on asbolane
recovery, measured via adjusted Y-concentrate averages. The figure highlights that the
efficiency of the Multi-Gravity Separator depends on the balance between the inclination
angle and the drum speed. A strong interaction shows that these parameters are optimized
independently, but in tandem. Tilt angle and drum speed are the two parameters studied,
each tested at three coded levels (−1, 0, 1). These levels represent low, medium, and high
settings, particularly for coarse particles in the −100 +50 µm fraction.

Figure 5. Interaction plot for the adjusted means of concentrate Y (asbolane recovery −100 +50 µm).

The interaction between tilt angle and drum speed plays a crucial role in asbolane
recovery, as demonstrated by Figure 5 and supporting experimental data summarized in
Table 2. Recovery generally increases with drum speed across all tilt angle levels; however,
the magnitude of this effect is strongly dependent on the tilt angle. At a Level 1 tilt angle,
recovery performance is consistently superior across the tested drum speed range. This is
evidenced by test t5, which recorded the highest asbolane recovery of 76.50%, coinciding
with a moderate drum speed (Level 0). Although this test also shows an anomalously
high mass recovery (144.95%), likely due to sample retention or measurement artifacts, the
recovery trend remains valid. In contrast, test t6 (tilt +1, speed +1) exhibits a significantly
lower recovery of 53.10%, suggesting that excessively high tilt angles may disrupt flow
stability or reduce residence time, adversely affecting coarse particle separation.
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The interaction plots further reveal a moderate synergistic effect between the two
variables. While all curves show a positive trend with increasing drum speed, the slope is
steepest under Level 1 tilt conditions, indicating that the positive impact of drum speed is
maximized when the system operates at a reduced inclination. This pattern supports that
mechanical stability at low tilt angles enhances particle capture, especially in gravity-driven
separation processes such as the Multi-Gravity Separator (MGS).

Additionally, supporting metrics from Table 2, such as concentrate grade and tailings
mass, reinforce this conclusion. Tests t3 and t5, both conducted at Level −1 tilt, not only
deliver high recoveries (+73%) but also maintain relatively low tailings mass percentages
(~33 to 35%) and favorable concentrate grades (>30%). This confirms that mechanical
configuration is critical in effectively separating coarser particles, likely due to minimized
turbulence and controlled settling environments.

The findings underscore the importance of optimizing tilt angle with drum speed
to achieve high recovery in coarse fractions. Specifically, low tilt angles combined
with moderate-to-high drum speeds yield optimal results for the −100 +50 µm size
class. The mechanical behavior of larger particles necessitates stable flow conditions,
where excessive inclination may cause adverse flow regimes, such as short-circuiting or
increased back-mixing.

These outcomes are consistent with previous research on gravity-based separation,
which emphasized the importance of controlling residence time and flow stability to ensure
effective separation efficiency. It is recommended that future investigations incorporate
computational fluid dynamics (CFD) modeling to quantify flow behavior under varying
tilt-drum settings.

3.4.2. Size Range −50 µm

Figure 6 illustrates the main effects plot for mass recovery in the −50 µm particle
size fraction, supported by the experimental results in Table 3. The three factors inves-
tigated, tilt angle (x1), drum speed (x2), and wash water rate (x3), demonstrate varying
degrees of influence on mass recovery, with wash water rate (x3) emerging as the most
significant factor.

Figure 6. Main effects plot for mass recovery −50 µm.

The steep slope of the wash water rate curve in Figure 6 indicates a substantial negative
effect on mass recovery as the factor level increases from −1 to +1. Based on the results
shown in the table, this inverse relationship suggests that higher wash water rates lead
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to reduced mass recovery, likely due to excessive turbulence and enhanced entrainment
of fine particles into the tailings stream. This trend is consistent with the lowest mass
recovery value (2.89%) observed in test t7, which coincides with the highest wash water
rate (+1) and further confirms the destabilizing effect of excessive wash water in ultrafine
particle separation.

In contrast, the drum speed (X2) shows a positive linear trend, where increasing drum
speed enhances mass recovery. This may be attributed to improved stratification and
residence time, which facilitate the separation of fine particles. The trend is reflected in
tests t3 and t4, where a combination of high drum speed and low wash water rate yields
mass recoveries exceeding 30%.

The tilt angle (X1) has a comparatively moderate but meaningful effect, with a slightly
increasing trend toward higher factor levels. Its influence appears to be less pronounced in
this acceptable size range, possibly because finer particles are more responsive to hydrody-
namic forces than tilting gravitational components.

The maximum mass recovery of 32.69% is achieved in test t4 (tilt −1, speed +1,
wash −1), which corresponds to the optimal configuration in terms of reduced wash water
and increased drum speed; this test also yielded one of the highest asbolane recoveries
(77.80%), reinforcing the idea that controlled wash water and sufficient mechanical agitation
are critical for optimizing fine particle recovery.

The response effect values further validate the trends observed in the main effects
plot. The most significant response (100.0) is associated with test t5, which combines a
high drum speed with low wash water rate and moderate tilt angle, demonstrating the
synergistic effects of mechanical and hydrodynamic controls.

Figure 7 shows the interaction plot for the adjusted means of concentrate Y (asbolane
recovery), −50 µm. Interaction plot showing the adjusted means of concentrate Y (asbolane
recovery) for different factor combinations: drum tilt × rotation speed, drum tilt × wash
water flow rate, rotation speed × wash water flow rate. The curves correspond to the
different levels of the coded factors (−1, 0, +1).

Figure 7. An interaction plot for the adjusted means of concentrate Y (asbolane recovery), −50 µm.

Factor interaction analysis reveals notable combined effects on asbolane recovery.
Three factors were evaluated to detect potential synergies or antagonisms on influencing
the response variable (Y).

Drum tilt versus rotation speed. A moderate interaction is observed. The curves are
not parallel, indicating that the effect of rotation speed varies depending on the tilt. More
specifically, a high inclination improves recovery. Conversely, when the speed is low, the
inclination is less pronounced, or even the opposite is less pronounced.
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Drum inclination versus wash water flow rate. This interaction is the most pronounced
of the three studied. The lines intersect, suggesting a strong dependence between the
two factors. The inclination effect remains present at low water flow rates. Still, it is
significantly amplified as the water flow rate increases. This suggests that process efficiency
is particularly sensitive to joint optimization of these two parameters.

Rotation speed versus wash water flow rate. A weak interaction is noted. The lines
are nearly parallel, indicating the independence of the respective effects of speed and water
flow rate. Each factor can therefore be adjusted separately without altering the effect of
the other.

The interaction curves for asbolane recovery reveal distinct optimization strategies
based on particle size. In the −100 +50 (µm) fraction, factors like drum inversion (reverse
mode) and extended processing time (120 min) enhance recovery by ensuring mechanical
stability for coarse particles. In contrast, the finer fraction appears to have a higher recovery
−50 µm fraction is highly influenced by hydrodynamic factors such as wash water flow
rate, turbulence (controlled by drum inclination), and flow regime stability. These factors
explain the 82.2% recovery plateau in fine particles (based on combinations of variables
shown in Table 4), emphasizing processing challenges.

3.5. Mass Balance
3.5.1. Size Range −100 +50 µm

Table 6 presents them as a balance of the size fraction −100 +50 µm. According to the
MLA results, the analyzed data emphasized the elements Mn, Co, and Ni, constituents
of the liberated asbolane mineral. The contents of and the metallurgical recovery of these
elements are noted for each test in Table 6 with mass recovery (mR), respecting the criteria
of the experimental model of Tests 1 to 7.

Table 6. The mass balance of the size fraction −100 +50 µm.

Test mR %

Content Metallurgical Recovery

MnO Co3O4 NiO MnO Co3O4 NiO

C % W % C % W % C % W % C% W% C % W, % C % W %

1 0.0 0.00 0.60 0.00 0.34 0.00 1.51 0.0 100 0.0 100.0 0.0 100.0
2 62.8 0.60 0.75 0.40 0.30 1.29 1.90 57.4 42.6 69.5 30.5 53.5 46.5
3 81.0 0.61 0.73 0.36 0.31 1.49 1.92 78.0 22.0 83.1 16.9 76.7 23.3
4 81.3 0.62 0.74 0.38 0.32 1.50 1.94 78.3 21.7 83.4 16.6 77.1 22.9
5 79.9 0.62 0.74 0.37 0.32 1.53 1.93 76.7 23.3 82.4 17.6 75.9 24.1
6 78.6 0.60 0.76 0.39 0.32 1.43 1.96 74.3 25.7 81.6 18.4 72.8 27.2
7 73.1 0.57 0.73 0.41 0.32 1.35 1.91 68.1 31.9 77.8 22.2 65.7 34.3

C: concentrate. W: tailings.

The table demonstrates the effectiveness of the MGS process in recovering manganese
(MnO), cobalt (Co3-O4), and nickel (NiO), while simultaneously minimizing tailings. The
manganese recovery in the concentrate exhibited a substantial increase from 17.4% in
test 2 to a maximum of 78.3% in test 4, underscoring the efficacy of optimizing MGS
parameters. Concurrently, there was a decline in manganese losses to tailings, which
decreased from 42.6% to 21.7% over the same period. However, beyond test 4, MnO
recovery declined to 68.1% by test 7, potentially due to operational constraints (drum
inclination × wash water flow rate). Cobalt demonstrated the highest recovery efficiency,
reaching 83.4% in test 4, with consistent performance above 80% in tests 3 through 6 and
minimal losses to tailings.
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Nickel recovery exhibited a comparable trend to manganese, reaching a maximum of
77.1% in test 4 before gradually decreasing to 65.7% by test 7. The behavior of asbolane,
a host mineral for Mn, Co, and Ni, aligned closely with the recovery patterns of these
metals, suggesting effective liberation and separation. Test 4 represented optimal process
performance, with recoveries for all three elements ranging from 77.1% to 83.4%. While
earlier projections indicated 85%–90% recovery, the data shows slightly lower but still
robust performance. The decline in recoveries observed in subsequent tests underscores
the significance of process stability and feed consistency. The MGS process is valuable for
enriching target metals, reducing tailings streams (with less than 23% of MnO, Co3O4, and
NiO remaining in tailings during optimal operation), and enhancing cost-effectiveness.

The employment of density-based separation within the MGS framework ensures
the attainment of high metallurgical recoveries (70%–83%) while concurrently fostering
environmental sustainability. This approach is promising for the efficient processing of
asbolane-bearing ores.

3.5.2. Size Range −50 µm

Table 7 shows the results of seven tests conducted under the same operational condi-
tions as the previous tests in MGS. The values of metallurgical contents and mass balance
were compared with the mass recovery (mR) for the elements MnO, Co3O4, and NiO in the
asbolane ore.

Table 7. The mass balance of the size fraction −50 µm.

Test mR, %

Content Metallurgical Recovery

MnO Co3O4 NiO MnO Co3O4 NiO

C % W % C % W % C % W % C % W % C % W % C % W %

1 0 0.00 0.61 0.00 0.25 0.00 0.25 0.00 100 0.00 100 0.00 100
2 4.58 0.50 0.65 0.42 0.31 0.84 2.06 57 43 70 30 54 46
3 32.05 0.68 0.65 0.33 0.23 2.05 2.55 78 22 83 17 77 23
4 32.69 0.66 0.67 0.31 0.23 1.97 2.54 78 22 83 17 77 23
5 22.0 66.1 65% 35% 22% 1.77% 2.47 77 23 82 18 0.00 24
6 12.02 0.60 0.65 0.40 0.23 1.42 2.49 74 26 82 18 54 27
7 0 0.55 0.65 0.42 0.23 1.07 2.47 68 32 78 22 77 34

C: concentrate. W: tailings.

The concentration of different elements increases progressively, indicating efficient
enrichment in MnO, Co3O4, and NiO, while the tailings decrease, confirming effective
separation by the MGS. Metallurgical recoveries improve notably from Test 4, with MnO
at 78% and Co3O4 at 77%, stabilizing around 77%–78% from Test 5 onward. Enrichment
indices exceed 1.0 for MnO and Co3O4, highlighting effective mineral concentration and
profitability. Oxide recovery follows a similar trend, peaking at 87% MnO and 52% Co3O4

in tests 5–6, reducing tailings losses. These results confirm the MGS’s role in optimizing
enrichment and recovery, with peak efficiency observed in tests 5–6, validating its benefit
for profitable and sustainable asbolane mining.

MGS is more efficient on the −50 µm fraction with the coarser fraction, with better re-
covery and more marked enrichment in MnO and Co3O4. The −100 +50 µm fraction shows
slightly lower performance, suggesting that treating finer particles optimizes recovery and
process profitability.
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3.6. Asbolane Mineral Concentration
3.6.1. Size Range −100 +50 µm

Figure 8 shows the distribution of NiO, Co3O4, and MnO in a sample with a particle
size of −100 + 50 µm across seven test conditions (Test 1 to Test 7), with data reported for
the feed (f), concentrate (c), and tailings (w). The vertical axis indicates oxide content (%),
while the horizontal axis combines test numbers and corresponding feed content levels.
Colored lines represent each oxide: green for NiO, orange for Co3O4, and blue for MnO.
Within each color, different marker shapes distinguish the process stages (feed, concentrate,
tailings). NiO exhibits the highest content in the feed, ranging from approximately 1.5% to
2.0%, and retains significant values in the concentrate phase, suggesting effective separation
(e.g., 1.541% in test 6). Co3O4 and MnO display lower initial concentrations, with average
values around 0.35%–0.45% and 0.6%–0.7%, respectively. Their moderate enrichment in the
concentrate phase (e.g., 0.631% MnO, 0.363% Co3O4) indicates partial recovery. The figure
highlights NiO’s superior separation performance compared to the other oxides.

Figure 8. The distribution of oxides (NiO, Co3O4, MnO) in a sample with a particle size of
−100 +50 µm. (f): feed (raw material before separation); (c): concentrate (enriched main product);
(w): tailings.

The data demonstrates MGS’s capacity to enrich valuable oxides while minimizing
associated tailings. The synergy between key operational parameters, tilt angle, drum
speed, and wash water flow plays a decisive role in this performance.

The experimental results from test 4 (x1 = +1, x2 = –1, x3 = –1) reveal the optimal
operating conditions for effective mineral separation. Under these settings, the process
achieved the highest recovery rates, ranging from 77% to 83% for metal oxides and 76.8% for
asbolane, while delivering significant enrichment and minimizing tailings. These findings
underscore the importance of maintaining a precise operational window, as the separation
efficiency is highly dependent on tightly controlled process parameters.

An analysis of the feed composition further supports these results, showing man-
ganese oxide (MnO) as the most prevalent oxide at 1.541%, primarily due to the asbolane
mineral present. Cobalt oxide (Co3O4) and nickel oxide (NiO) follow with concentrations of
0.631% and 0.363%, respectively. This composition highlights the challenges and opportu-
nities for selective recovery of valuable metals in the feed material.

During concentration, all three oxides improved grades, with NiO displaying the
most dramatic increase from 0.34% (test1) to 1.50% (test4), thanks to efficient density-based
separation. Tailings levels drop accordingly, especially by test 4: MnO from 42.6% to 21.7%,
Co3O4 from 30.5% to 16.6%, and NiO from 46.5% to 22.9%.
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The performance of the MGS in terms of separation efficiency shows it is partially
effective in concentrating metal oxides; however, missing data for key variables such as (c)
and (w) limit a comprehensive quantitative assessment. Additionally, feed variability (f )
poses challenges for reproducibility analysis. Among the critical parameters, the current
particle size range of −100 +50 µm may not allow for complete mineral liberation, suggest-
ing that finer grinding to below 50 µm could enhance separation efficiency. Additionally,
particle size analysis focused on testing finer size ranges (−50 µm) to enhance mineral
liberation and improve overall performance.

3.6.2. Size Range −50 µm

Figure 9 presents an analysis of the oxide composition of an asbolane mineral con-
centrate, with a reference mass of 50 µm. The oxides analyzed include NiO (nickel oxide),
Co3O4 (cobalt oxide), and MnO (manganese oxide). The following results show the average
of seven repeated tests. The x-axis (horizontal) of the graph indicates the various tests per-
formed, numbered from test1 to test7, while the y-axis (vertical) represents the percentage
content of metal oxides in the sample. Three metal oxides are analyzed: NiO (nickel oxide),
Co3O4 (cobalt oxide), and MnO (manganese oxide). Additionally, three sample types are
presented: (f) for feed (the raw material before separation); (c) for concentrate (the enriched
main product); and (w) for rejects (tailings or residue).
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Figure 9. The distribution of metal oxides (NiO, Co3O4, MnO) in a sample with a particle size of
−50 µm. (c): concentrate (enriched main product); (w): rejects (tailings or residue).

The specific values for each metal oxide in the concentrate are shown, with MnO at
2.35%, Co3O4 at 0.252%, and NiO at 0.65%. The colored curves in the graph illustrate the
variation in the content of each metal oxide across the different tests.

The figure displays the material balance results after separating an asbolane con-
centrate rich in Ni, Co, and Mn using an MGS with a particle size of −50 µm. The
feed (f) reflects the initial composition before separation, while the outputs include the
concentrate (c), which is enriched in valuable metals, and the rejects (w), representing the
depleted tailings. Seven tests were conducted, likely varying key operating parameters
such as rotation speed, tilt angle, and water flow rate. The objectives include evaluating
the separation efficiency of the oxides (NiO, Co3O4, MnO), quantifying the distribution of
metals in the concentrate and reject fractions, and identifying optimization opportunities
for the recovery of critical metals.

The MGS shows promising selectivity by partially enriching oxides in the concentrate,
although residual losses are lost in the rejects. The lack of precise numerical values for
the concentrate and rejects limits a quantitative assessment, but the notes suggest signif-
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icant differences between the tests. Nickel (NiO) likely concentrates in the concentrate,
while cobalt (Co3O4) and manganese (MnO) show a more complex distribution. The ef-
ficiency of the MGS varies between the tests, which could be due to adjustments to the
device parameters.

For the separation of NiO (specific gravity ~6.6–7.4) from compounds such as Co3O4

(SG ~6.1) and MnO (SG ~5.2), gravity-based methods, including centrifugal concentrators
and stabilizers, can be employed to exploit these specific gravity differences, achieving
nickel recoveries of over 70% from laterites [27,28].

In tailings management, an economic threshold (w) for NiO/Co3O4 content can guide
decision-making: reprocessing via flotation or acid extraction may be justified.

Typical nickel recovery from gravity-based processes ranges from 60 to 80. Research
also shows that combination with other methods, recovery rates of above 80% are possible.
Recovery rates of above 80% are possible when MGS is combined with different techniques.
The recent result of the MGS recovery shows more than 80% recovery. Additionally, pilot-
scale tailings reprocessing trials can be used to assess flotation performance at lower nickel
and cobalt grades [34].

3.7. Metallurgical Recovery
3.7.1. Asbolane Mineral Concentrate Mass −100 +50 µm

Figure 10 presents the metallurgical recovery rates of asbolane, a cobalt-, nickel-, and
manganese-rich mineral across seven Multi-Gravity Separator (MGS) tests, with the vertical
axis representing recovery percentages and the horizontal axis denoting test numbers (1–7)
with a particle size ranging between −100 and +50 µm.
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Figure 10. Asbolane mineral concentrate mass −100 +50 µm, where (c) is concentrate and (w) is
residue (tailings).

Parameters such as tilt angle, drum speed, and wash water flow directly affect tilt
angle, drum speed, and wash water flow. Operational parameters, as well as tilt angle,
drum speed, and wash water flow, strongly influence recovery trends, directly affecting
stratification and separation efficiency. Test 1, with a low tilt angle (–1), neutral drum speed
(0), and low wash water (–1), yielded 0% recovery, demonstrating ineffective separation. In
contrast, Test 4 (+1, −1, -11-1 1) achieved peak performance with 83.4% asbolane recovery
and high-grade concentrates (MnO: 1.94%, Co3O4: 0.74%, NiO: 1.50%), highlighting the
optimal parameter balance for maximizing retention and density-based separation.

Test 3, though showing the highest asbolane recovery (98.2%), produced lower metal
oxide grades. Tests 5–7, characterized by high drum speeds and elevated wash water
rates, saw declining recoveries (test 7: 35.1%) and increased metal losses. The variability
in recovery (0%–100%) reflects the MGS’s sensitivity to parameter shifts, where minor
deviations can significantly affect recovery rates and concentrate quality. Importantly,
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asbolane recovery correlates strongly with metal enrichment, reinforcing its role as a key
carrier of Mn and Co.

This is to identify the optimal conditions (rotation speed, wash water flow rate, and
inclination) for maximizing the recovery of metals (Mn, Co, Ni). However, the variability
of results, with recoveries ranging from 0.0% to 100.0% (83.4% for test 4 and 0% for test 1),
suggests that some tests are more effective than others in achieving this goal.

This sets the value of the efficiency of the MGS to concentrate the metals (Mn, Co,
Ni) in the asbolane mine (100–50 µm). The results contain significant variations in the
recovery rate (0%–100%) and the distribution of oxide metals into the concentration (c) and
the base (w). This study confirms that MGS is suitable for fine particles (+50 –100 µm), as
demonstrated by [35] for Cu-Co oxides. Their recovery of ~85% for cobalt is comparable to
the best tests in this study.

However, the observed variability (test 1 to test 7) suggests a strong dependence on
operating parameters (rotation speed, tilt angle), which is consistent with the conclusions
of [35] on the importance of hydrodynamic optimization [29]. The high Co3O4 content in
(c), confirmed by high values, corroborates the work of [29], where MGS enabled efficient
separation of Co from asbolane clays thanks to its adjustable centrifugal force.

In contrast, the residual Ni losses in (w) could be explained by a density similarity with
gangues, a problem reported by [36] for nickel ores. The low MnO contents in (w) indicate
good separation, consistent with the results of [37] on manganese ore separation with
flotation of low-grade manganese ore using a novel linoleate hydroxamic acid. However,
when Co3O4 or NiO persist in (w), additional steps (flotation, leaching) may be necessary,
as proposed by [18,37–39].

3.7.2. Asbolane Mineral Concentrate Mass −50 µm

The asbolane mineral concentrate, ground to a particle size of 50 µm (finer than that
shown in Figure 11), was subjected to seven metallurgical tests. The collected data include
the metal recovery rates (%) as well as the chemical composition of the concentrate (c) and
the tailings (w) in terms of MnO, Co3O4, and NiO.
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Figure 11. Metallurgical recovery: asbolane mineral concentrate mass—50 µm, where (c) is concen-
trate and (w) is residue (tailings).

Recovery ranges from 0% to 100%, with heterogeneous tests. The results suggest
increased sensitivity to operating parameters for fine particles (50 µm) compared to
100 + 50 µm.

Ref. [40] demonstrated that the MGS is effective for particles smaller than 75 µm, but
with decreased selectivity below 50 µm due to increased frictional forces. This explains the
observed variability (test 1 to test 1 to 7).
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The recovery of cobalt (Co3O4) and nickel (NiO) presents distinct challenges related to
density differences and mineral associations.

Cobalt (Co3O4): The tests show high recoveries (>80%), which aligns with [37]’s
work on asbolane, where MGS enabled effective separation due to the density difference
between Co3O4 and the gangue. If losses persist in (w), this could be explained by Co-Mn
micro-aggregates that are difficult to separate, as observed by [40].

Nickel (NiO): Low recoveries (Test 7 at 0%) could be due to the density similarity
between NiO and residual silicates, a recurring issue reported by [41]. The analysis reveals
that finer particles (50 µm) show greater results dispersion, highlighting the impact of
particle size on the stability of MGS separation [39,40].

Finer particles (−50 µm) show a greater dispersion of results (82.4% Co3O4,
78.3% MnO, and 77.1% NiO), confirming that particle size influences the stability of MGS
separation [37]. Optimizing hydrodynamic parameters (water flow, inclination angle) is
crucial for fine particles, as recommended by [39].

The MGS remains suitable for fine ores rich in Co, with potential recoveries above
80% if the parameters are optimized. However, there are some challenges to overcome. The
heterogeneity of the results highlights the need for strict control of the pulp, particularly its
viscosity and solid content. Additionally, to address the loss of NiO, hybrid approaches,
such as combining MGS with magnetic separation, could be tested, as suggested by [40].

This study on −50 µm asbolane reveals that MGS can achieve high cobalt recoveries,
but with increased variability due to particle fineness. The challenges for nickel highlight
the need for multifactorial approaches. These results line with recent work on the gravi-
metric separation of complex ores, while identifying key paths for optimizing processes at
an industrial scale.

3.7.3. Asbolane Ore Recovery: Size Range −100 +50 µm

The distribution results of the percentage obtained in each of the seven asbolane tests
are plotted in Figure 12. These values are compared with the value of ~1.3% of asbolane
present in the overall mass of each bench-scale test in MGS, aiming for recovery in the
−100 +50 µm fraction.
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Figure 12. Asbolane recovery from Agios Ioannis laterites (asbolane content 1.37% and size range
−100 +50 µm).

The data available seems to indicate the following conclusion:
Test 1: a 100% recovery of asbolane in the reject. This suggests a major significant

problem in the separation process, where all of the target minerals were directed to the
tailings instead of the concentrate. Several factors could explain this result, such as improper
equipment settings, operational constraints (drum inclination × wash and water flow rate).
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The tests 2 to 6 show variable recovery of asbolane in the concentrate, ranging from
approximately 48% to 77%. This fluctuation indicates that operational parameters have a
significant influence on separation efficiency. Furthermore, asbolane in the rejects through-
out these tests highlights the difficulty in achieving complete separation.

Test 7 shows the lowest recovery in the concentrate, at only approximately 35%, and
the highest recovery in the rejects, at approximately 65%. This result suggests that the
conditions of this test were particularly unfavorable for the recovery of asbolane.

The consistent presence of asbolane in the rejects across all tests highlights the chal-
lenges associated with effectively separating this complex mineral. The feed particle size
(−100 +50 µm) may have contributed to these difficulties, as coarser particles can retain
locked asbolane grains.

The significant variation in recovery rates between tests highlights the importance of
optimizing operational parameters. Centrifugal force, agitation frequency, tilt angle, and
feed rate were controlled to maximize asbolane recovery.

3.7.4. Asbolane Ore Recovery: Size Range −50 µm

Figure 13 presents the results of the multi-stage concentration (MSG) tests for of as-
bolane (a cobalt–manganese mineral) in the −50 µm fraction. Asbolane ore in feed = 1.37%:
the asbolane content in the feed ore was 1.37%. This relatively low content highlights the
importance of efficient separation to recover asbolane.
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Figure 13. Asbolane recovery from Agios Ioannis laterites (asbolane content 1.37% and size range
−50 µm).

The figure illustrates the results of seven tests (Tests 1 to 7) comparing asbolane
recovery in two products: concentrate and tailings.

Test 1 shows a striking result with 100% recovery of asbolane in the rejects. As
mentioned, this indicates a major problem in the separation process.

Tests 2 to 6 show variable recovery of asbolane in the concentrate, ranging from
approximately 48% to 77% with more than 81% recovery in test 5. However, asbolane is
also lost in the rejects, suggesting that the operational parameters were not optimal.

Test 7 shows the lowest recovery in the concentrate (~35%) and the highest recovery
in the rejects (~65%), indicating ineffective separation.

The results in Figure 13 confirm the challenges associated with asbolane recovery from
a sample with a particle size of −50 µm. As previously noted, feed particle size can on
separation efficiency.
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The variation in recovery rates between tests underscores the importance of optimizing
operational parameters, such as centrifugal force, drum tilt angle, drum speed, and wash
water, contributing to the overall performance.

The consistent loss of asbolane in the rejects across all tests indicates the need to
explore other separation methods, such as flotation, to improve recovery.

The results confirm MSG’s potential to recover substantial asbolane from low-grade
feed, though further improvements are achievable through operational optimization, addi-
tional testing, and possibly integrating other separation methods. These results, with their
significant proportions, have not been previously studied sufficiently and represent key
paths for optimizing the process at an industrial scale, with consideration of the scale-up
potential and cost-effectiveness of MGS implementation.

3.8. Particle Size Distribution
3.8.1. Size Range −100 +50 µm

Figure 14 illustrates the particle size distribution (PSD) results from seven separation
tests on material within the −100 + 50 µm size range. Each subplot (a–g) represents a
different test, reflecting how changes in process conditions affect separation outcomes.
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Figure 14. Particle size distribution (PSD) from laterites, Agios Ioannis. Size range −100 +50 µm,
where (a) is test 1; (b) is test 2; (c) is test 3; (d) is test 4; (e) is test 5; (f) is test 6; and (g) is test 7.

The graphs display the cumulative percentage of particles passing for the feed, concen-
trate, and waste streams. The black triangles in each graph indicate the size range where
separation was most effective, as the “separation zone”. In this zone, the Multi-Gravity
Separator (MGS) differentiates particles based on size and density.

This effective separation range arises from the interaction of various forces acting on
particles inside the MGS, including gravity, centrifugal force, and fluid flow. These forces
influence how particles with different densities and sizes are sorted.

The differences in the curves across the tests demonstrate how operating parameters,
such as wash water rate and drum speed, can impact the efficiency of the process. For
instance, a larger gap between the feed and concentrate curves typically indicates better
separation performance and higher concentrate purity.

The cumulative particle size distribution (PSD) curves presented in Figure 14 offer
a comparison of the particles passing through specific sieve sizes for the feed, concen-
trate, and tailings streams. The shape and displacement of each curve provide insight
into the effectiveness of separation under varying operational conditions. Sharp inflec-
tion points, particularly those observed in test 4(d) marked by black triangles, highlight
critical particle sizes where separation efficiency is maximized, especially for finer frac-
tions in the −100 +50 µm range. In contrast, flatter and overlapping curves, such as those
seen in test1(a), indicate poor selectivity and minimal differentiation between feed and
concentrate distributions.
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The displacement of the concentrate curve above the feed curve in specific tests, such
as test 4(d), signifies the successful enrichment of finer particles within the product stream,
demonstrating effective separation dynamics. Conversely, overlapping or minimally dis-
placed curves suggest inadequate process conditions, where similar particle populations
are retained in both streams. Tests 1 and 2 (a, b) further illustrate the favorable recovery of
ultrafine particles (<50 µm), evidenced by the steep incline of concentrate curves in this
region. However, recovery efficiency decreases for coarser fractions (>100 µm), reinforcing
the particle size sensitivity of the separation process.

Variations in the morphology of the PSD curves are also linked to operational settings.
Tests exhibiting enhanced separation performance, such as test 4(d), likely benefited from
optimized parameters, such as higher wash water flow, increased drum rotation speed, or
improved fluidization, all of which promote the preferential concentration of fine parti-
cles. In contrast, flatter profiles may be attributed to suboptimal hydraulic or mechanical
conditions. These findings have important implications for process optimization: steeply
rising concentrate curves suggest effective operational configurations (tilt angle, water
flow rate, drum speed), while flatter or overlapping trends indicate opportunities to refine
operational thresholds.

The results highlight the critical role of particle size in separation efficiency. In tests
1 and 2 (a and b), the recovery of fine particles is favorable. In contrast, other tests exhibit
varying separation profiles, suggesting that further adjustments to process parameters may
be necessary to optimize the recovery of desired particle sizes. The cumulative PSD curves
reveal specific particle sizes more than others, reflecting the separation dynamics of the
process. Better separation performance is observed in tests where the concentrate curve is
higher than the feed (test 4(d)). In contrast, curves closer to the feed suggest less efficient
recovery (e.g., Tests 1 and 2).

3.8.2. Range Particle −50 µm

Figure 15 shows the results of separation tests for particles down to −50 µm, with pos-
itive cumulative curves for feed, concentrate, and tailings. Each sub-figure (Figure 15a–g)
represents a separate test, highlighting separation performance under different conditions.
The black triangles explain the phenomenon described in the previous section, investigated
in the size range of −100 to +50 microns.

The results indicate that the curves for tests 1 to 4 (a to d) show varied particle
distributions, illustrating how size influences recovery in concentrates. Tests 5 and 6
(e and f) add dimension by presenting different processing configurations, while test 7 (g)
explores an alternative method.

The results reveal that the separation of −50 µm particles is sensitive to processing
conditions. In tests 1 and 2, the recovery of fine particles is satisfactory, indicating effective
separation. However, tests 3 and 4 show variations in the shape of the curves, suggest-
ing that adjustments to parameters, such as processing speed or water content, could
improve performance.

The black triangles on the curves represent points of optimal separation, indicating
specific particle sizes that can be better recovered. The tailings curves also show significant
trends, illustrating how unwanted particles are removed from the concentrate.

When comparing these results with those from tests on −100 +50 µm particles, it is
clear that particle size has a significant impact on separation dynamics. Tests on −50 µm
particles generally show higher recovery in the concentrates, which can be attributed to the
reduced particle size, thereby facilitating separation. However, this increased efficiency
is accompanied by potential complexity in tailings management, as finer size can lead to
greater concentrate contamination.
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Figure 15. Particle size distribution (PSD) from laterites with a particle range −50 µm in (a) test 1;
(b) test 2; (c) test 3; (d): test 4; (e) test 5; (f) test 6; and (g) test 7.
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Although −50 µm particles offer advantages in terms of recovery, they require greater
attention to operational parameters to avoid losses in the final concentrate. Strategic
adjustments based on these results could enable the significant optimization of separation
processes, both for fine and coarser particle sizes.

4. Conclusions
This study demonstrates that the Multi-Gravity Separator is highly effective for fine

particles, producing wonderful asbolane particles. The following key conclusions can be
drawn from the research:

• Operational parameters strongly influence asbolane recovery by the MGS.
• The feed pulp solids ratio (x1), drum speed (x2), drum tilt angle (x3), and wash

water flow rate (x4) significantly affect both the recovery and grade of the asbolane
concentrate.

• Although optimization was not conducted, results suggest that refining operational
parameters may improve separation efficiency and asbolane recovery in future contin-
uous tests.

• Proper optimization of these factors helps reduce the loss of valuable minerals such as
cobalt (Co), manganese (Mn), and nickel (Ni).

• In the Agios Ioannis laterite, the recovery of asbolane from the −50 µm fraction
reached 81.2%, while the −100 +50 µm fraction achieved approximately 76% recovery.

• The particle size data shown that MGS provides a cut in particle with −10 µm diameter
to indicate that MGS achieves a reduction in particle size with a −10 µm diameter in
the tailings, respectively.

These results highlight the significance of fine-tuning the operational parameters of
the MGS process to improve recovery and minimize mineral loss, ultimately enhancing the
overall efficiency of asbolane concentration. While this study presents essential and novel
results, additional research is needed to explore alternative separation methods, such as
flotation, to optimize asbolane recovery further.
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