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Abstract: Magnetic separation is often considered pertinent for manganese ore beneficiation when
the ore is abundant with siliceous rich gangue mineral phases. However, the process is deemed to
be inapposite for the ferruginous type of ore, and remains a grey area of research. In the present
investigation, two different types of manganese ore were studied in detail to understand the influence
of mineralogy on their magnetic separation performance. Detailed experiments were performed by

varying the critical variables of the dry magnetic separator, and the separation features were studied.
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updates The ore samples were thoroughly characterized by various techniques, including an automated

advanced mineralogical tool. The mineralogical results revealed that primary manganese bearing
Citation: Bhoja, S.K.; Tripathy, S.K.;

Murthy, Y.R.; Ghosh, TK.; Kumar,
C.R.; Chakraborty, D.P. Influence of
Mineralogy on the Dry Magnetic

minerals in both the ores are rich in cryptomelene, pyrolusite, psilomelane, and bixybyite. Similarly,
the major gangue minerals were alumina-bearing minerals and iron-bearing phases (hematite and
goethite). The optimum grade that could be obtained from single-stage dry magnetic separation was
35.52% Mn, and with a Mn:Fe ratio of 1.77, and 44% Mn recovery in the case of sample 1; whereas,

Separation of Ferruginous

Manganese Ore—A Comparative a 33.75% Mn grade, with a Mn:Fe ratio of 1.66 at Min recovery of 44% was reported for Sample 2.
Study. Minerals 2021, 11, 150. It was observed that both samples had a similar input chemistry (~28% Mn, ~1 Mn: Fe ratio) however,
https:/ /doi.org/10.3390/ they had distinctive mineralogical assemblages. Furthermore, it was observed that the liberation of
min11020150 manganese mineral was in a course size range, i.e., 300 to 450 um, while the association of iron and

manganese bearing phases was lower in sample 1 when compared to sample 2.
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1. Introduction
Publisher’s Note: MDPI stays neutral . L. . . . . .
There are various factors and criteria which are taken into consideration when opting

for an efficient beneficiation process. However, the ore mineralogy, and its associated
mineral assemblage, plays a vital role in identifying the suitable beneficiation route for
concentrating the different ore minerals. [1-5]. The mineral assemblage and grain devel-
opment with respect to size, coupled with grain interlocking, also influence the process
(dry or wet) selection. However, the desired mineral, and the gangue bearing mineral
- physical properties, greatly influence the process selection for optimum recovery [1,4].
The upgradation potential of any ore deposit is determined by several parameters: the
mineral assemblage, liberation characteristics, along with the textural pattern, rather than
its elemental composition [2,3]. The mineral characterization data is widely used in the
modeling, simulation, and prediction of the process [4-10].
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chemical, paint, fertilizer, and battery industries [11]. Furthermore, manganese mineral
has been extensively used for different low carbon technologies [12]. Manganese ore is
generally available and mined in different parts of the world, including India, and most of
the deposits need beneficiation prior to their application in the smelting process. Different
techniques, like ore sorting, gravity, magnetic, roasting-magnetic, and flotation [13,14]
are employed globally to beneficiate the manganese ore. Magnetic separation is one of
the most widely used processes for the upgradation of manganese ore. Furthermore,
dry-based magnetic separation methods are gaining importance due to advantages such
as water saving, and avoiding the tailing dam/dewatering step [15-20]. The magnetic
susceptibilities of the major manganese minerals and associated gangue bearing minerals
are tabulated in Table 1 [16]. The chemical composition, density, and specific magnetic
susceptibility of the minerals reported were measured at 25 °C under a weak magnetic field.

Table 1. Magnetic susceptibilities of manganese minerals and their associated major gangue bearing minerals [16].

Specific Magnetic

Mineral Name Elemental Composition aegr;ls:s})’ Susceptibility Mlzegl::it‘i,sem
(10-8 m3/Kg)
Major manganese minerals
Birnessite (NaOgp3Ca00.1KOy 1) (Mn, Fe),O4 1.5H,O 3 10 P
Bixbyite (Mn, Fe),03 5.12 0.0002 P
Braunite 3(Mn, Fe);03-MnSiO3 4.72 0.01 P
Cryptomelene KMngOq4 4.11 0.004 P
Hausmanite (Mn, Fe)30y4 4.76 0.006 P
Jacobsite MnFe,; Oy 4.99 500 F
Manganite MnO-OH 4.38 0.003 p
Psilomelane BaMngO14(OH)4 5.14 0.004 P
Pyrolusite MnO, 473 0.004 P
Rhodochrosite MnCO;3 3.69 100 P
Todorokite (Na, Ca, K, Ba, Sr) (Mn, Mg, Al)4O15.-3H,0 3.66 0.003 P
Major gangue bearing minerals
Alumina Al O3 3.95 —0.04 d
Calcite CaCOs3 2.83 —0.3-14 d/p

Goethite FeO-OH 427 26-280 F
Hematite Fep, O3 5.26 10-760 F
Kaolinite Al (Si; O5) (OH)y 2.65 -2 d
Limonite FeO-OH nH,;0 42 6674 P
Quartz SiO, 2.65 —0.5-0.6 D

(Legend: p—paramagnetic, d—diamagnetic, f—ferromagnetic).

Ample literature has been published on siliceous manganese ore concentration using
the wet magnetic separation technique. However, there is very limited literature on the
concentration of manganese mineral using dry magnetic separation from ferruginous
manganese ore (low-grade manganese ores with high iron contents). A summary of earlier
research on magnetic separation of manganese ore is tabulated in Table 2 [21-25]. The
influence of mineralogy on the magnetic separation of manganese minerals has been stud-
ied and reported by various researchers [16,20,32-36]). Different minerals have a different
response to the magnetic field (i.e., measured by magnetic susceptibility), and exploiting
the same the separation in other minerals is sought [37,38]. As the mineralogy varies,
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the operating parameters of the magnetic separator also need to be changed to obtain
optimum metallurgical performance [32].

Table 2. Summary of prior research on magnetic separation of different manganese ores.

Type of

Product Quality and

Ore Deposit Name Ore Type Dry/Wet Separator Process Condition Feed Quality Performance References
Chikla'InMdaig‘amS“a Siliceous D WHIMS MFi:1.2-1.8 tesla Mn:44% Fe: 7.8%, Mn: 51%, Mn recovery: 95% [18,19]
Bonai-Keonjhar, Sili D DBMS Mfi: 0.73-1.2 tes] Mnégéus/jfﬂ/s o Mn: 49%, Mn R £ 69%
Odisha, India iliceous i: 0. .2 tesla o, i n: b, Mn Recovery: o [20]
Fe: 2.98-7.7%
ng?;hlze‘l’;‘ﬁ:r Siliceous w WHIMS Mfi: 0.73-1.2 tesla I;/E;]/Z;Zss_léa/z Mn: 42%, Mn recovery: 56% [21]
e Sweon W waws o Sashae weLwmen g
Wasle\\]gi;ég:bbi’ - D DBMS 8?55850:/;;? Sﬁ;\,g Mn: 38% Mn: 52%, Mn Recovery: 77% [23]
Kilis region, Turkey ~ Siliceous D IRMS Size: —9 +2mm 1\74515913/815.9 o Min: 4951, M recovery: [24]
Chara%i:fabﬂz' Calcitic w WHIMS Mfi: 1.2 to 1.7 tesla, MSI‘/l(S::(; fgf/zz Mn: 4%, Mn Recovery: 52.2% [25]
Xial"éﬁ;‘zr‘g’d' Siliceous w HGMS Mfi: 1.25 tesla %“472/151:3’8/85&%2 Mn: 30%, Mn recovery; 64% [26]
Marganetzk, Russia Siliceous W IRMS Mfi: 0;_82 :Ielilla’ —10 Mn: 35)11;{;") Si02: Mn: 42'303/7.1\6/["2 recovery: [27]
Eskisehir, Turkey Siliceous D RERMS Mi: 0.9 tesla M3“61_ ;‘1/112:;3517(532 Mn: 46-7°/g,9'1\2/102 recovery: [13]
Joda, Odisha, India Ferruginous D IRMS Mfi: (ig—;{?n’tesla, 2154;10/03,21\;[1:1/0 ,FSel()223 Mn: 42(@71_\/1430;;“0‘781‘},: [28]
Joda, Odisha, India Ferruginous D IRMS Mfi: 0.9-1.6 tesla, g/éngoffézo’lilgi Mn: 27%, [29]
Hu“aaﬁ;‘;"ime' Carbonate D HIMS Mfi: 0.3-1.6 tesla I;’g‘d;ogj/“ﬁ:ig,i: Mn: 25'40/;'52{2 recovery: [30]
N;;S:Ergfg iacg € Ferruginous D IRMS Mfi: 1.1-1.6 tesla 191.;[; 1\2/[?18';21:1655 Mn: 29'70/,;’9_1\9/{,2 recovery: [31]

(Legend: D—dry, W—wet, WHIMS—wet high-intensity magnetic separator, DBMS—dry belt magnetic separator, IRMS—induces magnetic
roll separator, HGMS—high gradient magnetic separator, RERMS—rare earth roll magnetic separator, HIMS—high-intensity magnetic
separator, Mfi—magnetic field intensity).

The beneficiation studies using the magnetic separation technique carried out to date

mostly present different insights specific to the siliceous type of ore, and predominantly by
wet processing at finer particle size ranges, and using high-intensity magnetic separators.
There are limited avenues for dry magnetic separation, due to small differences in the
magnetic susceptibility of manganese minerals and the associated gangue bearing minerals.
However, some researchers have attempted to study the separation behavior, and reported
the dry magnetic separation of manganese ore. However, the influence of mineralogy
on separation behavior has been a grey area, and needs further study. In the present
investigation, an attempt has been made to understand the importance of mineralogy
on the beneficiation of ferruginous manganese ore using the dry magnetic separation
technique. The ore samples were thoroughly characterized by various methods, including
an advanced mineralogical study.

2. Geology of the Deposit

Manganese ore deposits in India are mainly distributed in the Madhya Pradesh-
Maharashtra, Odisha-Jharkhand, and Karnataka regions. The Odisha state alone, con-
tributes 29% of the total Indian reserves of manganese ores that are ferruginous and are
inherently friable. [39]. In Orissa, the manganese ores are confined to three stratigraphic
horizons: the iron ore group (I0G), the Eastern Ghats group, and the Gangpur group [2].
Furthermore, all of these stratigraphic groups of manganese deposits have been reported,
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three varieties of low-grade manganese ores: (a) siliceous, (b) ferruginous, and (c) alumi-
nous types [2].

Mn-Fe oxide ores are abundantly observed in stratiform ore bodies. Besides man-
ganese, it also contains a large volume of iron and silicate gangue bearing minerals.
The chief Fe-phases are hematite and goethite, with kaolinite as the significant gangue
mineral. The major manganese minerals are romanechite/cryptomelene, with occasional pyro-
lusite. Mn-ore’s strata-bound categories are mostly nodular/spherulitic and oolitic/mangcrete
types, or appear massive due to repetitive precipitation [40]. Pyrolusite, and cryptomelene
with sub-ordinate lithiophorite/chalcophanite/manganite are the manganese minerals
observed, and are generally of low to medium grade ore type.

The primary gangue mineral is quartz, in shear zone silicified categories of the ore
body. The iron minerals are mostly of hematite, with occasional goethite. Both stratiform
and strata-bound categories of ore bodies get oxidized locally, and get enriched in pyro-
lusite. Such ores are usually of a high-grade type, and locally occur as small pockets [37,41].

3. Materials and Methods
3.1. Manganese Ore

Representative samples of two different ore types were collected from the open cast
mines, as indicated in Figure 1 (red flags are the actual locations of the sample from where
they were withdrawn). A lot of around 600 t was collected from the mines as per the
standard practice (ISO 2859-1, Second edition, 15 November 1999), and it was further
reduced to a sub lot of 250 t. The representative sample of around 1 ton was drawn through
the channel sampling, dressing, and screening. This sub lot was reduced to a 500 kg sample,
which was used for experimentation. Thus collected representative samples were subjected
to detailed characterization and magnetic separation test work.

85°30
N -"‘2
oGuba 4
|/
Barbi

Horse-shoe
E synclinorium
B Study area ~us
(: 2 4kn

— Bty

Figure 1. Geological setting of the area under study [37].

3.2. Characterization Studies

The elemental assays were carried out using an ICP-AES (Integra XL, LR. Tech. Pvt.
Ltd. (GBC Scientific Equipment, Victoria, Australia)). The particle size distribution (PSD)
was measured by means of laboratory sieve shaker. The mineral phase analysis was
carried out by X-ray diffraction (XRD) (supplied by PAN analytical B.V. Malvern Analytical,
Almelo, The Netherlands) and QEMSCAN (supplied by FEI Company, Hillsboro, OR,
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0.25 Thick Kevlar belt

United States). The details of the procedure followed for preparing the sample for these
analyses are as reported in earlier publications [42—44].

3.3. Magnetic Separation Studies

The experimentation was carried out using the standard bench scale rare earth
roll magnetic separator (RERMS) (M/s Eriez India Ltd. Chennai, Tamil Nadu, India).
The neodymium-iron-boron magnet had a field strength of 12,000 to 18,000 Gauss at the
surface of the magnetic roll. However, with Kevlar® belts, the field strength was around
10,000 to 16,000 Gauss. The used magnetic separator (Figure 2) had the provision to con-
trol the feed rate and roll speed, as depicted in Figure 2. The splitters were provided
to split the non-magnetic fraction stream from the magnetic fraction stream. Tests were
carried out by varying the feed flow rate and roll speed. The design of the experiments
(based on Box-Benkhen) considered for the magnetic separation is tabulated in Table
3. Each experiment was conducted as per the design of experiments, and the products
(magnetic and non-magnetic fractions) were collected, weighed, and analyzed chemically
and mineralogically. The elemental analysis was carried out to investigate performance in
terms of grade, recovery, and Mn:Fe ratio, estimated as per Equations (1) and (2).

Product weight(%) x Product Mn grde (%)

M %) = 1
n recovery(%) Feed Mn grade (%) @
M : Fe ratio — Managanese cont.ent in the sample o)
Iron content in the sample
Feed
—h. //FF
Tail Magnetic
pulley head
pulley Non-magnetic
trajectory
Magnetic Adjustable
trajectory splitter

Figure 2. Schematic of rare earth roll magnetic separator.

Table 3. Actual and coded levels considered for the design of experiments.

Parameters Coded Levels Actual Levels
Roll speed (rpm) 1 0 -1 195 165 132
Feed rate (tph/m) 1 0 -1 1.1 0.43 0.11
Splitter position (deg) 1 0 -1 45° 90° 135°

4. Results and Discussion
4.1. Characterization Results

The partial elemental analysis of both the samples is tabulated in Table 4. Sample 1
contained lower Al,O3 and LOI (i.e., 7.85% and 2.78%, respectively) compared to sample 2
(i.e., 10.45% and 5.87%, respectively). Furthermore, both the samples moisture content
was in the range of 6 to 7%. The visual examination also revealed that sample 2 was more
lateritic compared to sample 1. The particle size distribution of the two samples is depicted
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in Figure 3. It can be seen from Figure 3 that sample 2 is narrowly distributed, with an
average particle size of 285 um, and with dgy size of 580 um, while the average size of
sample 1 is 200 um, with dgp size of 400 pm.

Table 4. Elemental analysis of samples 1 and 2.

Assay Value (%)

Sample
SiO, Al,O3 P K,O MgO CaO TiO% S LOI Mn:Fe Ratio
Sample 1 27.33 5.55 7.85  0.097 0.76 043 3.31 0.82 0.01 2.78 1.11
Sample 2 26.66 434 1045 0.09 0.21 0.21 1.2 0.23 0.07 5.87 1.05

(LOL: Loss on ignition at 850 °C).
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Figure 3. Particle size distribution of as-received manganese fines (samples 1 and 2).

4.1.1. XRD Studies

The XRD analysis of both the samples was carried for qualitative phase estimation,
and is depicted in Figure 4. Figure 4a,b show that both the samples comprised the major
iron-bearing mineral phase, hematite (Fe;O3), and the significant manganese bearing min-
eral phase was pyrolusite (MnO,). The minor manganese mineral phase was birnessite
((Nag 3Cag1Kg 1) (Mn** Mn3*),04-1.5H,0), while the other impurity bearing mineral phase
present was stipnomelane (K(Fe?*,Mg,Fe3*)s(Si,Al)1(0O,0H)y; n(H,0), however, the pro-
portions of the mineral phases varied. Similar mineral phases were observed by other
researchers studying this region [16,21,22,45].

4.1.2. Mineralogical Studies

Mineral liberation studies were carried out for understanding and identifying the
associated mineral phases. A mineral liberation analyzer (MLA) is a scanning electron
microscope (SEM) equipped with energy dispersive X-ray (EDX) spectrometers, and com-
puter software that automates microscope operation and data acquisition for automated
mineralogy. Various quantitative data sets, including modal mineralogy, porosity, grain size
and shape, mineral associations, and digital textural maps were collected on the samples’
polished surfaces. MLA measurements were based on backscattered electron (BSE) image
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analysis, for determining the grain boundaries and locations for X-ray spectral acquisition,
and classification of the characteristic X-ray spectra of mineral species by comparison
to a library of reference spectra. This data was derived by analyzing >200,000 samples
collectively for both samples, and studied for five polished sample surfaces of the feed
sample. It was also used to ascertain the mineral contents and the mineral interlocking char-
acteristics of the manganese bearing mineral and gangue bearing mineral. The MLA study
provided information on modal mineralogy, mineral grain size distribution, and grain
mapping, based on the identified mineral phases, which was used further to comprehend

the separation process.
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Figure 4. XRD diffractogram of the as-received manganese ore ((a). Sample 1, and (b) sample 2).

The modal mineralogy data was captured for the two ore samples, and the results
are given in Table 5. From Table 5, can be seen the proportion of the various minerals
present in the ore, such as goethite (x-FeO-OH), Al-bearing gangues, hematite (Fe;O3),
pyrolusite (MnO,), and other mineral phases. Furthermore, both samples were composed
of significant manganese bearing mineral phases, such as bixybyite ((Mn, Fe),03), cryp-
tomelene (K(Mn** Mn?*)3O1), and psilomelane (Ba (H,O)Mn>*501,). Whereas, the major
iron-bearing mineral phases were deported from hematite and goethite. The major man-
ganese bearing mineral phases for sample 1 was pyrolusite, and different from the mineral

phases observed in sample 2.

Mineral Grain Size Distribution

The sample 1 grain size distribution obtained from MLA is depicted in Figure 5a. It was
observed that the Al-bearing and iron-bearing mineral particles were distributed in a finer
size fraction, i.e., around 75 to 80 um. While the hematite mineral phase was distributed in
a coarser size range, i.e., around 160 um. The manganese mineral phase, the bixybyite and
cryptomelene mineral phase grain size distribution, was around 75 and 160 pm, respectively.
However, the pyrolusite phase was evenly distributed when compared to the other mineral
phases. It was also evident that 80% of the manganese bearing minerals were liberated,
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at a particle size range between 300 and 400 um. The quantitative mineralogy revealed
that the distribution of significant manganese minerals, such as pyrolusite, cryptomelene,
and bixybyite was 5%, 18%, and 11%, respectively. Similarly, the abundance of iron-bearing
mineral phases, goethite and hematite, in the ore was 16% and 12%.

Table 5. Modal mineralogy of the manganese fines analyzed by mineral liberation analysis (MLA).

Mineral Weight Fraction (%)
Chemical Formula Sample 1 Sample 2
Cryptomelene (K(Mn**, Mn?*)gO16 114 13.8
Bixybyite (Mn, Fe),03 12.3 13.2
Hematite Fe;O3 16.8 16.4
Goethite FeO-OH 29.0 18.9
Gangue Al-silicates 57 5.5
Pyrolusite MnO, 41 5.5
Mn-Al Phase Mn spinel’s 1.5 0.1
Quartz SiO, 0.3 0.7
Psilomelane BaMngO14(OH)4 0.9 1.2
Others 114 13.8
(Average standard deviation 5 = 1.3).
Sample 1
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Figure 5. Size-wise mineral grain distribution for manganese fines derived from the liberation data
((a) Sample 1 and (b) Sample 2).

Figure 5b shows that the distribution of the alumina bearing minerals and the cryp-
tomelene and hematite was similar to Sample 1. However, the mineral phases like goethite,
bixbyite, and pyrolusite were evenly distributed. It was also observed that 80% of man-
ganese bearing minerals were liberated, at particle size between 300 and 425 um. The as-
sociation of bixbyite, goethite, and pyrolusite was evenly distributed compared to the
other mineral phases present in the sample. The Mn-mineral phases were 25% cryptome-
lene, 13% bixybyite, and 5% pyrolusite; however, hematite and goethite were 13% and
16%, respectively.

To understand the separation characteristics, Mn and iron-bearing mineral theoretical
grade recovery curves for both the samples were plotted in Figure 6a,b. Figure 6a shows
that about 80% cryptomelene was recovered, with 75% grade in the product, at a rate of
~35% yield for the sample 1, whereas hematite was recovered. We observed the trend of
different minerals. Whereas, in the case of sample 2 it can be seen from Figure 6b that about
80% cryptomelene was recovered with 85% content, for pyrolusite it was ~45%, bixybite
~55%, goethite ~74%, and hematite ~80%. This type of mineralogical assemblage in the
ore is complex, and the separation would be difficult considering the interlocking between
the Mn- and iron-bearing particles. These theoretical curves will assists us in selecting a
suitable upgradation process.
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Figure 6. Theoretical grade recovery curves for Mn bearing minerals and Iron bearing minerals for
sample 1 (a), and sample 2 (b).
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Particle Mapping Using MLA

The mineral phase information was then overlaid on the XBE image to provide the par-
ticles” pictures, as shown in Figures 7 and 8, for samples 1 and 2, respectively. The mineral
phase images of both the samples showed that the hematite particles and cryptomelene,
even though liberated, were smeared by the alumina bearing gangue phase and finely dis-
tributed, and tended to smear on the coarser particle. The complex association of bixybyite
and alumina bearing minerals, hematite and pyrolusite was observed at intermediate sizes.
The complex interlocking of psilomelane, goethite, bixbyite, and gangue mineral phases
was observed at finer size ranges. The results of the grain mapping are synonymous to the
size-wise mineral phase distribution. Coarser particles exhibited a complex association of
goethite, bixybyite, hematite, and pyrolusite. Though the intermediate size range particles
were liberated, and with minimum interlocking. In contrast, the finer particles were syn-
onymous to the coarser particles, exhibiting a complex interlocking of bixybyite, goethite,
psilomelane, and gangue.

A=  ALLVWS "BRE. QTWPRSFP A FEL B AW
s
5] i & <2 R W & D Goethite El Gangue D Cryptomelane
e ). @3 .5.:. okt f/ 5 4-. 4 i 3 ' |:] Mn-Al Phase l:] Hematite . Pyrolusite
7RI & /0 ' % . Bixybyite D Quartz |:| Psilomelane
e 200um i & 1940 oLy . [l MnGamet

Figure 7. Grain mapping of manganese ore (for sample 1) based on MLA.

4.2. Magnetic Separation Results

Magnetic separation test results for both the ore samples are given in Table 6. From the
test results of sample 1, it can be observed that the maximum Mn content of 35.52% in the
non-magnetic fraction was obtained at a medium roll speed, with a lower feed rate and
positive splitter position. However, the recovery of manganese at this maximum grade was
69.2%, with a 1.77 Mn:Fe ratio. Similarly, the maximum manganese recovery of 81.2% was
obtained at (experiment 2) a higher roll speed, with lower feed rate and neutral splitter
position. At this level of recovery, the grade and Mn:Fe ratio were found to be minimum.
The maximum Mn:Fe ratio of 1.91 was obtained at (experiment 3) a lower roll speed, higher
feed rate, and neutral splitter position.
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Figure 8. Grain mapping of manganese ore (for sample 2) based on MLA.

Table 6. Magnetic separation results for sample 1 (with single-stage separation). The bold values indicate the highest values
that were achieved in the respective results.

Process Parameters Sample 1 Sample 2
Test Roll Speed Feed Rate Splitter Position Mn Grade Mn Recovery Mn: Fe Mn Grade Mn Recovery Mn: Fe

(rpm) (tph/mtr) (deg) (%) (%) Ratio (%) (%) Ratio
1 132 0.11 90 34.18 47.6 1.52 323 529 1.43
2 195 0.11 90 31.71 81.8 14 30.5 80.7 1.32
3 132 1.1 90 36.36 432 1.91 30.0 457 1.23
4 195 1.1 90 333 72.0 1.56 28.6 72.5 117
5 132 0.43 45 35.13 447 1.79 33.8 442 1.66
6 195 0.43 —45 31.41 71.1 1.43 27.6 71.0 12
7 132 043 135 33.82 384 1.66 314 40.8 1.72
8 195 0.43 135 32.54 72.1 1.52 275 71.2 1.35
9 165 0.11 45 32.57 64.6 151 29.6 67.9 1.46
10 165 1.1 45 33.56 62.1 1.58 29.6 59.4 1.48
11 165 0.11 135 35.52 69.2 1.77 30.1 64.5 1.46
12 165 1.1 135 34.14 60.1 1.67 30.0 61.5 1.39
13 165 0.43 90 34.17 61.8 1.68 30.6 65.5 1.44
14 165 0.43 90 33.81 60.9 1.61 29.1 64.1 1.39
15 165 0.43 90 3491 622 1.71 31.1 65.8 1.49

Similarly, from the magnetic separation test results of sample 2, it is observed that
a maximum Mn grade of 33.75% with 44.2% Mn recovery and 1.66 Mn:Fe ratio was
reported in experiment 5, where a lower roll speed, medium feed rate, and negative splitter
position was maintained. A maximum Mn recovery of 80.7% was obtained in experiment 2.



Minerals 2021, 11, 150

13 of 20

A maximum Mn:Fe ratio of 1.72 was obtained in experiment 7 with lower roll speed,
medium feed rate, and higher side of the splitter position. It was found that the best
grade that can be obtained from single-stage dry magnetic separation is 35.52% Mn, with a
Mn:Fe ratio of 1.77, at a recovery of 44% for sample 1, and 33.75% Mn grade with a Mn:Fe
ratio of 1.66, at a recovery of 44% for sample 2. Furthermore, to understand the influence
of variables and the separation behavior, a statistical analysis, i.e., analysis of variance
(ANOVA) was performed. A summary of this analysis is tabulated in Table 7.

Table 7. Significance parameters affecting individual response, along with the order of significance.

Sample Sample 1 Sample 2
Response Primary Effect Binary Interactive Effect = Ternary Interactive Effect Primary Effect
Grade (%) RS> FR - - RS

Recovery (%) RS RS x SP > FR x SP RS x FR x SP RS
Mn: Fe ratio RS > FR - - RS

(Legend: RS—Rolls speed, FR—Feed rate, SP—Splitter position).

In the case of sample 1, roll speed was the most significant parameter which affected
the grade, recovery and Mn:Fe ratio, followed by feed rate. A similar observation was
also reported in the published literature, while treating low-grade hematite and garnet
fines [29,33]. In the case of sample 2, roll speed tended to be the most significant parameter
in all cases. The interactional effect between roll speed and splitter position was more
pronounced for binary interactions than the other interaction (between feed rate and
splitter position). Furthermore, to gain a deeper understanding of the binary effect of the
parameters, 3-D response surface plots were generated to explain the interactive effect of
the parameters on the performance of magnetic separation.

It can be observed from Figure 9a, that with an increase in roll speed and feed rate,
maximum recovery was obtained; however, a decrease in the feed rate, and keeping
the roll speed constant marginally affected the Mn recovery, indicating the dominance
of roll speed in the interactive effects as well. Roll speed affects the centrifugal force
acting on the particle, and thereby controls the separation [33]. Increase in roll speed
might decrease the resultant force acting on the particle. Hence, it might have facilitated
better segregation of the paramagnetic minerals to a non-mag fraction, thus increasing the
Mn recovery. The interactive effect of splitter position and feed rate on recovery is also
observed in Figure 9b. Feed rate decides the number of layers of the particle flow on the
belt surface, where the number of layers governs the particle exposure to the magnetic
field, and its intensity [32]. It is observed that with an increase in feed rate, Mn recovery
to non-magnetic fraction increases. Hence, it is opined that manganese bearing minerals,
being paramagnetic, get segregated a to non-magnetic fraction, due to experiencing lower
magnetic field intensity; or the particle has less opportunity due to multi-layers in the
magnetic zone, as well as a lesser residence time. Statistical optimization was also carried
out using the Design Experts, (version 6.1.10, Stat-Ease Inc, Minneapolis, MN, USA) tool
to find out the optimization range and the optimized parameter range to conduct the
second stage magnetic separation test. The obtained results are as depicted in Figure 10a,b.
The optimized results are flagged and marked in a yellow color in the graph.

The experimental condition was chosen to reprocess for a cleaning (non-magnetic
fraction second stage separation) and scavenging operation (magnetic fraction second stage
separation) based on the optimum condition. The results of the non-magnetic fraction
cleaning operation are given in Table 8. It can be observed from the re-treatment test results
that about 29% (maximum) yield was obtained to the non-magnetic fraction, with a grade
of 34.92% Mn, Mn:Fe ratio of 1.7, and 36% Mn recovery. With the option of reprocessing
the non-magnetic fraction by decreasing the roll speed, the quality (Mn grade and Mn:
Fe ratio) of the non-magnetic fraction was increased. However, the yield and recovery
were decreased.
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Figure 9. Response surface plots depicting the effect of (a) roll speed and feed rate, and (b) feed rate
and splitter position on recovery for sample 1.
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Figure 10. Optimization results for sample 1 (a) and sample 2 (b) indicating the optimized range.

It was also observed from the re-treatment test of magnetic fraction, that there was an
increase of manganese content from 24.2% to 29.58%. Thus, the obtained non-magnetic
fraction was mixed with the non-magnetic fraction of the first roll (first experiment) and
the composite product was analyzed. Similarly, tests were conducted with the other
experimental products of tests 5 and 7, and are tabulated in Table 9. From the experimental
results (Table 9), it is observed that by retreating the magnetic product, sample 2 was
degraded in terms of the Manganese content and the Mn:Fe ratio. This might have been
due to the complex association of the iron-bearing and manganese bearing mineral phase,
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and may also be due to the presence of complex alumina bearing phases at this fines size.
However, the separated products were analyzed by carrying out a mineralogical study of
the samples.

Table 8. Summary of the results of non-magnetic fraction after re-treatment (for sample 1).

Single-Stage Separation Non-Magnetic Fraction Recleaning
Mn Grade Mn: Fe . o, Mn Recovery Mn Grade Mn: Fe . o Mn Recovery
Sample 1 Test No. (%) Ratio Yield (%) (%) (%) Ratio Yield (%) %)
Non-
e g‘r’féﬁc Exp2 3171 14 714 82 3492 1.69 29 36
cleanin: Exp 4 33.3 1.56 60.1 71 36.8 1.8 20 27
8 Exp 8 32.54 1.52 72 72 33.65 1.87 36 44
Table 9. Summary of magnetic fraction re-treatment of tests 3, 5, and 7.
Roll 1 Roll 2
M“(%ade Mn: Fe Yield (%) Mn Iioe/c)o very M“(%ade Mn: Fe Yield (%) Mn Iioe/c)o very
Sample 2 ° o (J o
Non- Exp 3 30.01 1.23 409 46 29.98 1.24 42 49
magnetic
cleaning Exp 5 33.75 1.66 36 44 32,52 1.59 50.1 60
Exp7 31.37 1.71 33.7 41 29.63 1.43 65 74

4.3. Mineralogy Interpretation

X-ray diffraction studies of the feed and the products of sample 1 were analyzed to
understand the enrichment of the different phases in the concentrated product. Figure 11a
shows a change in the peaks against the pyrolusite and the hematite, indicating that
the separation was achieved, as observed from the increase and decrease in the counts.
However, a similar change in the peaks was not observed for sample 2 (Figure 11b),
indicating that separation had not been achieved, which may be due to a higher level of
complexity in terms of the mineralogical assemblage.

Furthermore, the separated products were subjected to different mineral identification
to understand the separation phenomena. The comparison of the modal mineralogy
obtained from the MLA studies was observed for an understanding of the separation
characteristics in Test 1 of sample 1. The modal mineralogy of the magnetic and non-
magnetic fraction for sample 1 is depicted in Figure 12. Form Figure 12, it is observed that
there is a clear trend in the distribution of the minerals. Goethite and hematite phases are
reported more in the magnetic fraction, compared to the non-magnetic fraction. Similarly,
the cryptomelene, Al-silicate phases (gangue), and quartz are higher in the non-magnetic
fraction. However, the proportion of hematite and goethite belonging to the non-magnetic
fraction may be due to the particle size effect, and the mineral phase interlocking in
the particles.

Comparative analysis was attempted, to understand the actual and theoretical recovery
of each mineral phase for sample 1. The findings are plotted in a bar graph in Figure 13.
It is observed that there is a considerable gap in the recoveries of the mineral phases in
the separated product. We could achieve the desired constituents in the product with
higher recoveries, in contrast with the undesired constituents. This may be attributed to
the liberation of the mineral phases at finer sizes, where the efficiency of dry magnetic
separation is diminished. Additionally, finer manganese particles belonged to the non-
magnetic fraction through the smearing effect, which is challenging to address through dry
magnetic separation.
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Figure 11. (a) Comparison of XRD diffractogram of feed and product of sample 1; (b) Comparison of XRD diffractogram of
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Figure 13. Mineral phase recoveries of the product.

5. Conclusions

The influence of mineralogy on magnetic separation for two different ferruginous
low-grade manganese ores was studied. Detailed characterization studies concluded that
there are distinct characteristics of mineralogy between these ores. In sample 1, bixybyite
and goethite have an identical liberation grain size of 75 um and 80 pm, respectively.
Pyrolusite is evenly distributed in all the size fractions compared to the other mineral
phases. Similarly, cryptomelene and hematite are distributed at the coarser size of 160 um
and 165 pum, respectively. In the case of sample 2, the goethite, bixbyite and pyrolusite are
evenly distributed, unlike in sample 1. It was also found that 80% of manganese bearing
minerals are liberated at a particle size between 300 and 425 um. A distinctive upgradation
potential in dry magnetic separation for both the ore types was observed based on the
mineralogical change. The best grade that could be obtained from the single-stage dry
magnetic separation of sample 1 was 35.52% Mn, and with a 1.77 Mn:Fe ratio, at 44%
Mn recovery, whereas in the case of sample 2, a 33.75% Mn grade, with 1.66 Mn:Fe ratio,
at 44% Mn recovery was achieved. Mineralogical studies concluded that the complexity
of the mineral phases associated in sample 1 was relatively lower compared to sample 2.
The liberation characteristics in sample 2 impacted the magnetic separation performance,
which was substantiated through XRD and automated mineralogy. A characteristic change
in peaks for sample 1 was observed near the pyrolusite and the hematite, indicating that the
separation had been achieved. This was confirmed from the increase and decrease in the
counts, which were absent in sample 2. The modal mineralogy of the separated products,
i.e., the magnetic and non-magnetic fraction for sample 1 indicated the characteristic segre-
gation based on the mineral phases. Goethite and hematite phases were reported more in
the magnetic fraction compared to the non-magnetic fraction. Similarly, the cryptomelene,
Al-Si phases (gangue), and quartz were higher in the non-magnetic fraction. Furthermore,
the concentrate produced from the magnetic separation studies was found to be suitable
for a feedstock for silico-manganese production.
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