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Preface to "Physical Separation and Enrichment”

This Special Issue includes 12 papers from around the world on topics related to physical
separation and enrichment in mineral processing. Physical separation has been used in mineral
industry for centuries to separate valuable minerals from gangues using differences in their physical
properties. Physical separation methods have several advantages over other mineral processing
techniques due to their high efficiency, low capital and operating costs, no additional chemicals
required, and consequently, lower environmental hazard. They can be applied to the ores from
mines or tailings, or at the recycling stage for scavenging the desired elements. Physical separation
methods are also used to upgrade the valuable minerals before the main beneficiation process when
the valuable minerals are at low grades, or in purification of flotation products in processing complex
ores. In this Special Issue, gravity and magnetic separation, hydrocyclones, screens, dry separators,

scrubbing, and application of physical separation in processing complex orebodies are discussed.

Saeed Farrokhpay
Special Issue Editor






p. o minerals MBPY

Editorial
Editorial for the Special Issue: “Physical Separation
and Enrichment”

Saeed Farrokhpay
GeoRessources, University of Lorraine, 54000 Nancy, France; saeed.farrokhpay@univ-lorraine.fr

Received: 4 February 2020; Accepted: 8 February 2020; Published: 14 February 2020

1. Introduction

Physical separation methods have been used in mineral industry for centuries to separate valuable
minerals from gangues using differences in their physical properties. They have several advantages
over other mineral processing techniques due to their high efficiency, low capital and operating costs,
no addition of chemicals and consequently, less environmental hazard. They can be applied to ores
from mines and tailings or at the recycling stage for scavenging the desired elements. They are also
used to upgrade valuable minerals (i.e., pre-concentration) before the main beneficiation process when
such minerals are at low grades and their separation would be costly [1], or in purification of flotation
products in processing complex ores [2,3].

2. The Special Issue

This Special Issue includes twelve papers from around the world on topics related to “Physical
Separation and Enrichment” in mineral processing. These papers discuss the latest findings on using
physical separation methods in mineral processing. They include papers discussing gravity and
magnetic separation, hydrocyclones, screens, dry separators, scrubbing, and application of physical
separation in processing complex orebodies.

Gravity concentration is one of the oldest industrial methods which is widely used for mineral
separation. Its importance has not decreased in the 21st century even with the invention of froth
flotation. In this method, gravity, or centrifugal force, is used to separate mixed particles either in
suspension or in dry form. A comprehensive review of gravity separation was recently published [4].
Magnetic separation also uses the magnetic properties of different minerals, and the most common
application of this method, as one may expect, is separation of iron and iron-bearing minerals [5]. In this
Special Issue, Tripathy et al. [6] discuss improving the quality of ferruginous chromite concentrates
using gravity and magnetic separation. The value of chromite ores is determined by their iron
and chromium contents. Therefore, reprocessing chromite concentrates by physical separation to
enhance the chromium-to-iron ratio is an important issue which is covered in this paper. Zeng et
al. [7] also discuss selective capture of magnetic wires in high gradient magnetic separation which
achieves an effective separation of fine weakly magnetic minerals using numerous small magnetic
wires. In addition, Kim and Jeong [8] also used a magnetic method to separate rare earth elements in a
deposit in North Korea. Rare earth elements have vital applications in modern technology, and their
importance is continuously growing in the world.

Hydrocyclones are devices that can effectively separate multi-phase mixtures of particles with
different densities or sizes based on centrifugal sedimentation principles. Traditional hydrocyclones can
only generate two products with different size fractions after one classification which may not meet the
requirements for the narrow size fractions in fine particle classification. Therefore, Zhang et al. [9,10]
discuss multi-product hydrocyclones via numerical simulation of flow field characteristics and
separation performance tests of multi-products, as well as numerical separation and experiments of
four product hydrocyclones. Their simulation results showed that, in contrast with the traditional
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single overflow pipe, there are two turns in the internal axial velocity direction of the hydrocyclone
with the double overflow pipe structure. Zhang et al. [9,10] provide evidence for understanding the
flow field distribution in hydrocyclones and the development of multi-product grading instruments in
terms of both theory and industrial applications. Jiang et al. [11] also discuss the effect of inlet velocity
on the separation performance of a two-stage hydrocyclone. The entrainment of coarse particles
in overflow, and fine particles in underflow, are two inevitable phenomena in the hydrocyclone
separation process which can result in a wide product size distribution. Hence, this study proposed a
two-stage hydrocyclone, and the effects of the inlet velocity on the hydrocyclone were investigated
using computational fluid dynamics.

Screening is a key operation in a crushing plant which ensures adequate product quality of
aggregates in mineral processing. It is affected by the relative difference among various properties such
as particle shape, size distribution and material density. Davoodi et al. [12] discuss the application of
the discrete element method to study the effects of stream characteristics on the screening performance.
Discrete element method is a method for analysing the interactions among individual particles and
between particles and a screen deck in a controlled environment. This paper demonstrates that denser
particles have a higher probability of passage due to their higher stratification rate which increases the
probability of contacting a particle with the screen deck.

The effect of the partition plate unit on the separating of fine coal particles in a compound dry
separator is reported by Chen et al. [13]. Compound dry separation technology is often applied for the
separation of coal of size fractions above 6 mm, and it has not been widely used in finer fractions. In
this paper, the effect of partition plate unit’s characteristics on both average density of particles in the
bed uniformly and the final separation results for fine coal particles are discussed. The results show
that characteristics of the partition plate unit had important effects on the separating process of fine
coal particles in a compound dry separator.

Du et al. [14] also contributed to this Special Issue by discussing scrubbing and the inhibiting
coagulation effect on the purification of quartz particles. The low removal efficiency of fine clay
impurities in natural quartz is the main problem affecting the practical usage of this resource. In this
paper, a combined physical purification process, including sieving, scrubbing and centrifugation, is
discussed to remove the clay impurities. In another paper, Yang et al. [15] discuss the process of the
intensification of coal fly ash using a stirred tank.

Application of physical separation methods to process heavy mineral sand in Brazil is discussed
by Gongalves and Braga [16]. They obtained minimum 70% recovery of the desired minerals by
using physical separation units (such as a shaking table and a magnetic separator). Wang et al. [17]
also studied a gold deposit located in Zambias where most of the gold particles were less than 10
um. They obtained more than 90% recovery by using a gravity—flotation combined beneficiation
process to recover the liberated coarse and fine gold particles. Gravity—flotation combined beneficiation
pre-treatment, in fact, provided a feasible method for the complex refractory gold ore.

3. Summary

This Special Issue is a good example of the growing number of technical and scientific activities
around the world trying to develop and understand various methods to separate valuable minerals.
We hope this issue will shed light on various aspects of physical separation and enrichment and
enhance the knowledge and scientific debate in this field of engineering research.

Acknowledgments: The Guest Editor would like to thank all authors, reviewers, the editor Mr. Irwin Liang and
the editorial staff of the Minerals journal for their timely efforts to successfully complete this Special Issue.
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Abstract: The low chromium-to-iron ratio of chromite ores is an important issue in some chromite
deposits. The value of the chromite ore is indeed dictated in the market by its iron, as well as
its chromium content. In the present study, a chromite concentrate was reprocessed by gravity
(spiral concentrator) and magnetic separation to enhance the chromium-to-iron ratio. Also, detailed
characterization studies including automated mineralogy were carried out to better understand the
nature of the samples. Enhancing the chromium-to-iron ratio was achieved by using advanced spiral
separators which will be discussed in this paper.

Keywords: chromite; beneficiation; wet high intensity magnetic separator; spiral concentrator;
QEMSCAN; chromium-to-iron ratio

1. Introduction

Chromite is the only available source of chromium metal which is used for alloy steels in the
form of ferrochrome. Production of ferroalloy is a high energy-intensive process and the economics
of the process depends on the associated impurity level. Among the impurities, iron is one of the
gangue element, which is present in the form of gangue minerals as well as in the chromite crystal
lattice. It is well reported in the literature that the chromium-to-iron ratio (Cr:Fe ratio) of chromite
ores plays a crucial role in the efficiency of ferrochrome production [1-3]. For removal of the gangue
minerals, including iron-bearing minerals, beneficiation is mandatory prior to the smelting process [4-6].
Conventionally, the chromite ore is beneficiated by using gravity concentration techniques. With the
decrease in the particle size, separation of the chromite particles by gravity separation becomes difficult
due to the presence of near density gangue minerals as well as limitation in the equipment design [7].
Thus, the improvement in the Cr:Fe ratio of the product is limited with ferruginous chromite ore
deposits compared to the siliceous type deposits. Beyond a specific limit, it is challenging to process
these iron-bearing minerals by using conventional gravity separators [4,8,9].

Beneficiation flow sheets generally consist of different classifiers (mechanical screw classifiers,
hydraulic based hindered settling classifiers as well as hydro cyclones), gravity units (jig, heavy
media cyclones/separators, spiral concentrators as well as shaking tables) and dewatering processes
(thickening and filtration). The ferruginous chromite ore deposits are mostly found in India. The
achievable Cr:Fe ratio of the concentrates varies from 1.5 to 2.8 from a low-grade deposit with Cr:Fe
ratios of 0.5 to 1.0 by using gravity separation [4,10-13].

There are few published data available about processing low-grade deposits or tailings in order to
beneficiate chromite. Publications relevant to the gravity separation of different chromite deposits as well as
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tailing fraction were studied [10,14-20]. Most of these studies are limited to the flowsheet development, as
well as recovery of the chromite particles. Gravity separators (water only cyclone, multi-gravity separator,
and knelson concentrator) have also been used to improve the product quality of low-grade chromite ores
as well as tailings of the beneficiation plant [12,16,17,21-24]. It should be added that the higher centrifugal
Falcon separator has not been studied for chromite ores although this device is widely used in the mineral
industry [25,26]. There are published papers available on magnetic separation as well as roasting assisted
magnetic separation to discard the iron-bearing gangue minerals [9,13,27-31]. Flotation, selective flocculation,
as well as magnetic carrier separation studies have also been carried out for different chromite ores to separate
chromite from the gangue minerals [32-39]. However, most of the studied ores are either synthetic samples,
or silicate rich gangue minerals. It should be mentioned that while separation of iron from chromite ore
is reported in the literature, the separation feature from the concentrate produced by gravity separation is
not available. Gravity concentration is a viable option due to the difference in the density of the associated
gangue minerals and chromite. Also, some case studies discussed on the application of spiral concentrator
for treating such ores from the gangue minerals. Furthermore, the spiral concentrator is widely used for
separation of minerals due to its lower operating cost. The other option for treating such materials is by
utilizing the difference between the magnetic susceptibility of the minerals. The wet high-intensity magnetic
separator is a common piece of industrial equipment for treating ferrous minerals. In this case, the gangue
minerals exhibit paramagnetic property due to their iron content. Therefore, any study in this direction will
assist on the amenability for the enhancement of the Cr:Fe ratio from ferruginous chromite ores.

In this paper, the enhancement of the Cr:Fe ratio of a chromite ore was investigated by reprocessing
via gravity separation and magnetic separation. A number of experiments were carried out by varying
the critical variables of these units. The ore samples were thoroughly characterized by different
techniques including automated advanced mineralogical tools.

2. Materials and Methods

2.1. Chromite Samples

Three different chromite samples were collected from a beneficiation plant as coarse, fine, and
ultrafine concentrates. The chromite ore is from an open cast mine at the Sukinda region, India, and
treated in a gravity-based plant. In the plant, the chromite ore was beneficiated by grinding to below 1
mm and classification to three different size fractions (by using hydrocyclone and hydraulic classifiers).
Each fraction was subjected to three-stage separation (a combination of a rougher-scavenger—cleaner
circuit) in spiral concentrators with different designs. The concentrate samples were filtered and dried
and about 1 ton of each fractions was collected for this study.

2.2. Particle Characterisation

The particle size distribution (PSD) of the sample was measured in a laboratory sieve shaker.
ICP-AES (Integra XL, LR. Tech. Pvt. Ltd. (GBC Scientific Equipment, Victoria, Australia )) was carried
out for the chemical assays. The mineral analysis was carried out by X-ray diffraction (XRD) supplied
by PANanalytical B.V. (Malvern Panalytical, Almelo, The Netherlands) and QEMSCAN (FEI Company,
Hillsboro, OR, United States). The details of these procedures are given in earlier publications [8,40].

2.3. Separation Processes

To enhance the Cr:Fe ratio of the samples, gravity concentration by the spiral concentrator and
magnetic separation by the wet-high intensity magnetic separator was used. The details of the
experimental setup along with the process conditions are discussed in Sections 2.3.1 and 2.3.2.

2.3.1. Spiral Concentrator Tests

Tests were carried out by varying the slurry flow rate and feed pulp density in two different spiral
designs (HG10i and FM1 (Mineral Technologies, Carrara, Australia)). The other variables, such as
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splitter position, were maintained constant. Important parameters of the spiral concentrators and
their design features along with the process conditions are given in Table 1. Experiments were carried
out by varying the listed variables and operated in closed circuit arrangement whereby the product
streams were recycled back to the feed tank. A valve located on the feed line was used to adjust the
desired feed rate. The splitter position was maintained at 18 and 21 cm, respectively, for the HG10i and
FM1 designs. The sampling was planned after setting the slurry flow rate with the designated slurry
pulp density and it was allowed to run until a steady flow of the products streams achieved (i.e., more
than 5 min). The products were collected, dried, weighed, and analyzed for the efficiency.

Table 1. The process parameters during the spiral concentrator tests.

Parameters Spiral Design Types
HG10i FM1
Spiral length (m) 2.84 3.12
Trough diameter (mm) 580 685
Trough height/pitch (mm) 350 360
Number of turns 8 8
Slurry flow rate (m3/h) 0.9-2.3 0.9 and 2.3
Slurry pulp density (wt.%) 20 and 25 15, 20, 25, 30

2.3.2. Wet High Intensity Magnetic Concentrator Tests

Tests were carried out on a pilot-scale wet high-intensity magnetic separator (Jones P40 model
WHIMS, MBE Coal & Minerals Technology GmbH, Gottfried-Hagen-Strafle 20, Germany) by varying
the magnetic field intensity at the different levels (0.4 to 1.35 T). The slurry pulp density and feed
rate were maintained at 10% and 0.1 tph, respectively. Wash water flow rate of the WHIMS was also
maintained at 7 L-min~!. Also, the samples were also treated in two-stage at different magnetic field
intensity. In the 1st stage, it was targeted to discard the non-magnetic particles at higher magnetic
field intensity whereas paramagnetic minerals were targeted at a lower magnetic field intensity in the
2nd stage.

2.3.3. Experimental Analysis

After each experiment, the products (magnetic, middling, and non-magnetic for the WHIMS, and
concentrate, middling, and tailing for the spiral concentrator) were collected for a fixed time, and dried.
The weight distribution, as well as the elemental analysis for each product was measured and used for
analyzing the grade, recovery, the Cr:Fe ratio and the Cr:Fe enrichment ratio. All tests were repeated at
least 3 times, and the experimental error was found to be £5%. The recovery and enrichment ratio for
each test were calculated using Equations (1) and (2).

Mass split x Grade (%)CroO3 of the product
Grade (%)CroO3 of the feed

Recovery (%)Crp,O3 = 100 X 1)

Cr : Fe ratio of the product
Cr : Fe ratio of the feed

@

Cr : Fe enrichment ratio =

3. Result and Discussion
3.1. Characterisation Studies

3.1.1. Particle Size and Chemical Analysis

The PSD of the chromite concentrates is given in Figure 1. It is observed that 80% of the particles
are below 715, 241, and 62 pm, respectively, for the coarse, fine, and ultrafine concentrates. Similarly,
50% of the particles are less than 345, 120, and 45um, respectively, for the coarse, fine, and ultrafine



Minerals 2019, 9, 667

concentrates. It is also observed that 21.2% of the sample is of ultrafine size (below 25 um) for the
ultrafine concentrate whereas this value is very minimum for the other two samples (i.e., 0.4% and 0.8%
for the coarse and fine concentrates, respectively). The elemental analysis of the chromite concentrates
is given in Table 2. Size by size chemical analysis results are also given in Table 3. The chromium oxide
and total iron content of all size fractions in all concentrates are varied in a broader range. The iron
content at finer fractions of all samples was found to be higher compared to the coarser size fractions.

100 — et
==@= Coarse concentrate,”
== Fine concentrate }
=== Ultrafine concep’trate

o
S e S S

Cumulative wt(%) passing
N W s 3 X
R

—
=)

El

10 100 1000
Particle size (in pm)

Figure 1. Particle size distribution of the chromite concentrates.

Table 2. Elemental assay of the concentrates.

Sample Assay (%)
(Concentrates) g, " ca0  Si0, MgO ALO; Cr,03 LOI  CrFe Ratio
Coarse 14.4 03 7.9 93 95 199 38 24
Fine 132 03 3.9 10.8 92 53.7 37 258
Ultrafine 18.1 02 8.8 79 95 29 43 16

Table 3. Size by size elemental assay of the concentrates.

Size Fractions (um) Cr,03 Fe(t) Cr:Fe Ratio

Coarse concentrate

+710 51 14.6 24
—710 + 500 47.9 15.3 2.1
—-500 + 250 48.3 15.1 22
—250 + 150 51.4 14.2 2.5
-150 + 75 51.8 12.1 29

-75 50.4 144 24

Fine concentrate

+150 51.6 13.6 2.6

-150 + 75 54.6 13.1 29
—75+ 45 56.4 12.1 3.2
—45 + 25 55.8 134 2.8

-25 48.3 229 14

Ultrafine concentrate

+150 25.6 19.8 0.9
—150 + 100 323 18.7 1.2
-100 + 75 33.1 18.6 1.2

—75+ 45 42.6 16.8 1.7
—45 + 25 51.8 144 2.5
-25 36.2 25.6 1.0
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3.1.2. X-ray Diffraction Analysis

The XRD analysis results (Figure 2) shows that the samples contain mainly chromite magnesian
(AlpgCr1 6aFeg 7sMgo504Tig02), hematite (Fe;O3), goethite (FeO(OH)), spinel (MgAl,Oy4) and
quartz(SiO,).
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Figure 2. XRD pattern of the chromite concentrates.
3.1.3. Heavy Liquid Separation Tests

Heavy-liquid separation studies were carried out by using organic liquids to analyze the liberation
of mineral grains of the samples. The heavy density separation study was performed by considering
two types of density liquids of densities at 2.8 (bromoform) and 3.3 g/cm® (di-iodo-methane). Results are
presented in Table 4. It is evident that the Cr:Fe ratio of the coarse concentrate increased from 2.4 to 2.7.
Similarly, the Cr:Fe ratio of the fine and ultrafine concentrates were enhanced from 2.8 and 1.6, to 3.2 and
2.5, respectively. Results also indicate that the liberation of the iron-bearing minerals are significantly
increasing when particle size decreases and therefore, the Cr:Fe ratio is enhanced to about 0.9 for the
ultrafine size concentrate. Also, this is an indication on the amenability scope for the gravity separation
for the removal of the iron-bearing gangue minerals. It can be assumed that by discarding the float parts
to the non-magnetic fraction at higher magnetic intensity, the desired Cr:Fe ratio can be achieved.

Table 4. Results of the heavy liquid separation for chromite concentrates.

o, sstribution (¢
Product Mass Split (%) Assay (%) Cr:Fe Ratio M
Cr203 Fe(r) Cr03 Fe()
Coarse concentrate
Density (2.8 g/cm®)
Float 7.5 11.6 11.3 0.7 17 59
Sink 92.5 53.0 14.7 25 98.3 94.1
Density (3.3 g/ cm?)
Float 12.4 17.8 18.7 0.7 4.4 16.1
Sink 87.6 544 13.8 2.7 95.6 83.9
Fine concentrate
Density (2.8 g/ cm®)
Float 3.2 229 494 0.3 14 11.9
Sink 96.8 54.7 121 3.1 98.6 88.1
Density (3.3 g/ cm®)
Float 6.1 10.7 33.3 0.2 12 15.3
Sink 93.9 56.5 12.0 3.2 98.8 847
Ultrafine concentrate
Density (2.8 g/ cm®)
Float 5.6 9.5 415 0.2 12 12.9
Sink 94.4 49 16.7 18 98.8 87.1
Density (3.3 g/ cm®)
Float 14.3 10.5 489 0.1 35 387
Sink 85.7 483 13.0 2.5 96.5 61.3
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3.1.4. Mineralogical Studies

The polished sections of the samples were studied by QEMSCAN. The results were derived by
analyzing more than 8500 particle using five different polished blocks. The mineral composition of the
concentrates are shown in Table 5. It can be seen that hematite, goethite, and iron silicates (serpentine,
olivine group of minerals) are predominant as iron-bearing gangue minerals along with chromite.

Table 5. Mineral analysis of the concentrates along with the grain size of different minerals.

Minerals Mineral Mass (%) Grain Size (um)
Coarse Fine Ultrafine Coarse Fine Ultrafine
Concentrate  Concentrate  Concentrate  Concentrate  Concentrate = Concentrate

Chromite 81.0 89.4 76.1 110.7 58.5 421
Goethite 4.0 2.5 7.5 25.0 249 18.1
Hematite 4.1 2.3 4.0 26.7 35.9 20.8
Fe-silicate 4.7 1.8 5.1 19.9 21.0 144
Kaolinite 0.6 0.4 1.1 28.7 27.0 21.3

Silicate 1.0 0.8 1.6 28.6 36.7 24.3
Gibbsite 0.5 0.2 0.7 28.2 375 21.2

Others 4.1 2.7 4.0 17.5 25.7 15.7

Further, the average liberation grain size of the minerals are also given in Table 5. It is found that
the average grain size for chromite and gangue minerals widely varies and the gangue minerals are
liberated at a finer size compared to chromite. It is also observed that the gangue minerals are well
liberated at ultrafine particle size ranges which indicates the desliming, as well as gravity separation
techniques, can be used to separate.

While Figure 3 shows the presence of different minerals interlocked together but it is evident
that a substantial amount of chromite is present in free form, as shown by the QEMSCAN images
(Figure 4). In fact, 76.8%, 80.1% and 70.7% of the chromite particles are in free form in the coarse, fine,
and ultrafine concentrates, respectively (which can be separated). Similarly, the association or interlock
of the gangue minerals can be observed in Figure 3. For example, the Fe-silicate particles in the coarse
concentrate indicate that 53.9% of the particles are interlocked with the chromite particles. In other
words, the separation of Fe-silicate is possible at a higher efficiency due to their different density, but
the interlocking of these particles with chromite enhances the apparent particle density and in turn, it
minimizes the efficiency of the gravity separation. Similar interpretations are valid for different gangue
minerals in these three cases. However, the enhancement of the Cr:Fe ratio due to the separation of
liberated gangue particle may not help in decreasing the Fe content to zero. It should be noted that iron
is present in the chromite spinel and it cannot be separated. Therefore, the Cr:Fe ratio data may not be
helpful in this case. For a better understanding, the deportment of iron was analyzed by QEMSCAN.
The elemental deportments for iron (Figure 5) showed that it is reported from hematite, goethite, and
Fe-silicates along with chromite. In other words, a higher value of iron might have come from chromite
particles as well as from the interlocking of iron-bearing minerals with chromite. This observation
has been also reported earlier [9,28,41]. Therefore, the iron level in the concentrate can be lowered to
only a certain extent, and beyond that, its separation is not feasible through the beneficiation. From
Figure 5, it is observed that 72.4%, 87%, and 73% of the total iron is reported from chromite in the
coarse, fine, and ultrafine concentrate, respectively. It is also found that iron is distributed mostly in
hematite for the coarse concentrate, whereas Fe-silicate bearing minerals are dominant in the fine and
ultrafine concentrate, respectively. It is concluded that the iron content in the beneficiation product
can be lowered to 10.4%, 11.6%, and 13.2% for the coarse, fine, and ultrafine concentrate, respectively.
Beyond these points, the iron content cannot be decreased further without losing chromite particles.
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Figure 3. Association of different minerals in the chromite concentrate samples: (a) coarse, (b) fine, and

(c) ultrafine concentrates.
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Figure 5. The iron deportment in different iron bearing mineral phases of the samples.

From the automated mineralogy, it is established that the best beneficiation strategy should
decrease the hematite content of the coarse concentrate. The amenability of the separation is feasible by
the gravity separation as well as magnetic separation. However, the magnetic separation may be more
helpful due to the differences in the particle magnetic susceptibility. On the other hand, the gravity
separation may be difficult due to the low concentration criterion between the minerals.

3.2. Separation Studies

3.2.1. Gravity Separation by Spiral Concentrator

Results of the separation using the FM1 spiral design for the coarse concentrate is shown in
Figure 6. From Figure 6a, it is found that the grade of the concentrate decreases with an increase in the
slurry pulp density at both slurry flow rates. It is also observed that the separation efficiency is poor
with slurry pulp density higher than 20%. The recovery in the concentrate fraction is found to be in
reverse trend of the grade, which is a general feature in the separation. Influence of the slurry flow rate
also significantly influences the separation, which is evident from both grade and recovery values.
A better separation is observed for the higher slurry flow rate of 2.3 m3/h. A similar observation has
been reported for other spiral designs for treating low-grade chromite and hematite ores [10,11,42].
The separation efficiency improves with increasing the feed velocity due to the enhancement of the
centrifugal force acting on the particles. This, results in migration of coarser gangue particles (iron
silicate bearing minerals) to the peripheral tailing stream. The influence of the slurry density, as well
as flow rate on the separation, is analyzed in terms of Cr:Fe and enrichment ratio to understand
the rejection of iron-bearing gangue minerals (Figure 6b). However, the rejection of iron-bearing
gangue minerals is drastically affected with an increase in the slurry pulp density, but the separation is
favorable at a higher slurry flow rate.

Similar tests were carried out in the HG10i spiral concentrator for the coarse concentrate sample.
From Figure 7a, it is found that the optimum separation (grade) is at a pulp density of more than 20%.
The layer of particles governs the separation inside the trough flows over the surface, which is dictated
by the slurry flow rate as well as slurry density. The influence of slurry density on the coarse particle
recovery is well explained in the literature [43,44]. However, the influence of the wash water flow rate
is more of an influence than slurry density, which is not considered in the present research. It is also
found that the grade, as well as the iron rejection, is better in the HG10i design. The lower diameter
trough with a minimum pitch in the design facilitated the enhanced separation and resulted in Cr:Fe
ratio values of more than 4 (Figure 7b).
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Figure 6. Influence of the feed flow rate and slurry density on the treatment of coarse concentrate by
the spiral FM1 design (a) for grade and recovery; (b) for Cr:Fe ratio and enrichment ratio of concentrate.

Figure 7. Influence of the feed flow rate and slurry density on the treatment of coarse concentrate by the
spiral HG10i design (a) for grade and recovery; (b) for Cr:Fe ratio and enrichment ratio of concentrate.

Separation studies using fine concentrate samples were carried out in the spirals by varying
slurry flow rate and pulp density. The results of the separation using FM1 spiral design is shown in
Figure 8. From the Figure 8a, it is found that the grade of the concentrate increases with an increase
in slurry pulp density up to 20% solids and after that, it decreases at the low slurry flow rate. The
grade decreases with an increase of slurry density at the higher slurry flow rate. The Cr,O3 grade
of the concentrate was enriched to values above 60% at the lower slurry flow rate. This is basically
due to the better liberation of the chromite particles in the feed slurry along with a single layer of
particle flow which enhances the separation. This in turn, results in better segregation of the heavy
particles in the concentrate. Further, influence of the slurry density, as well as the flow rate on the
separation was analyzed in terms of the Cr:Fe and enrichment ratios to understand the rejection of
the iron-bearing gangue minerals. Results in Figure 8b shows that rejection of iron-bearing gangue
minerals drastically decreases with an increase in slurry pulp density at the higher slurry flow rate.
However, the separation is favorable at a lower slurry flow rate.
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