International Journal of Minerals, Metallurgy and Materials
Volume 22, Number 7, July 2015, Page 661
DOI: 10.1007/s12613-015-1120-0

Effect of desliming on the magnetic separation of low-grade ferruginous
manganese ore

Sunil Kumar Tripathy", P.K. Banerjeel’z), and Nikkam Suresh®

1) Tata Steel Limited, Jamshedpur, Jharkhand, India

2) Hindalco Industries Limited, Aditya Birla Group, Mumbai, India

3) Indian School of Mines, Dhanbad, Jharkhand, India

(Received: 26 March 2015; revised: 17 April 2015; accepted: 20 April 2015)

Abstract: In the present investigation, magnetic separation studies using an induced roll magnetic separator were conducted to beneficiate
low-grade ferruginous manganese ore. The feed ore was assayed to contain 22.4% Mn and 35.9% SiO,, with a manganese-to-iron mass ratio
(Mn:Fe ratio) of 1.6. This ore was characterized in detail using different techniques, including quantitative evaluation of minerals by scan-
ning electron microscopy, which revealed that the ore is extremely siliceous in nature and that the associated gangue minerals are more or
less evenly distributed in almost all of the size fractions in major proportion. Magnetic separation studies were conducted on both the
as-received ore fines and the classified fines to enrich their manganese content and Mn:Fe ratio. The results indicated that the efficiency of
separation for deslimed fines was better than that for the treated unclassified bulk sample. On the basis of these results, we proposed a proc-
ess flow sheet for the beneficiation of low-grade manganese ore fines using a Floatex density separator as a pre-concentrator followed by
two-stage magnetic separation. The overall recovery of manganese in the final product from the proposed flow sheet is 44.7% with an assay

value of 45.8% and the Mn:Fe ratio of 3.1.
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1. Introduction

Manganese is an important constituent of mild/carbon
steel, stainless steel, and other alloys of manganese. The
demand for manganese is increasing in parallel with the
demand for steel, whereas high-grade manganese ores are
being depleted. Thus, proper utilization of the available re-
sources is a major challenge for the mining and minerals
industry. However, the generation of large quantities of
low-grade manganese ore as fines during mining and the
size-grading of high-grade manganese ores have resulted in
the accumulation of large amounts of inferior-quality ore
that is being dumped at mine sites, resulting in space con-
straints and environmental problems [1-2]. Manganese ore
deposits in India occur as bedded sedimentary deposits and
are found predominantly in the states of Madhya Pradesh,
Maharashtra, Gujarat, Andhra Pradesh, and Odisha. The
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Odisha state alone contributes 29% of the total Indian man-
ganese ore reserves. These ores are ferruginous in composi-
tion and are inherently friable in nature [3]. The ore genesis
of the Joda deposit is typical, where the gangue content is
distributed in major proportion in all the size ranges [4—5].
The Joda mineral formation occupies a significant position
in the geological map of India, in general, and in the man-
ganese ores in particular. The mineralization of manganese
ore in Odisha is mainly confined to three stratigraphic hori-
zons, among which the ores of the iron-ore group occupy a
larger area and mostly occur in the well-known horse-
shoe-shaped belt of banded iron formations of Precambrian
age [3,6—7]. The manganese ores are mostly of low-to-me-
dium-grade type with a low phosphorous content. In con-
trast to the other manganese deposits in Odisha, three varie-
ties of low-grade manganese ores from this belt — (a) sili-
ceous, (b) ferruginous and (c) aluminous types — have been
reported [7-9]. Most of the manganese deposits of the Joda
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region are confined to pocket-type deposits, and their com-
positions differ from each other. These low-grade deposits,
as well as the generated fines, can be utilized; however, a
beneficiation process is imperative because of their high
gangue content. Extensive research on beneficiation of dif-
ferent types of Indian manganese ores has been conducted
[10—11], and some of the typical findings are discussed in
the subsequent section.

2. Manganese ore beneficiation

The literature contains several technical reports and re-
search papers related to the beneficiation of manganese ore.
We here review and critically analyze some of the relevant
published literature on this subject. Beneficiation flow
sheets were developed for the reduction of alumina content
in a lumpy manganese ore from the Joda area [12]. Simple
classification and washing has been reported to result in suf-
ficient reduction of the alumina and silica contents to
10%—14% with a recovery of 86%—88%. A floc-flotation
study was conducted on ultrafine siliceous manganese ores
from the Rida area of India [2], and the process parameters
for improving the grade and recovery were optimized. Un-
der the optimized conditions, the manganese ore was up-
graded to 42.3% Mn at 38.2% recovery from a feed ore as-
sayed to contain 27.8% Mn. Rao ef al. [13] conducted mag-
netic separation studies on medium-grade manganese ores
from the Chikla region of India and determined that the ores
contained 44% Mn, 7.8% Fe, and 22% acid-insoluble com-
ponents. When a wet high-intensity magnetic separator
(WHIMS) was used, a concentrate assayed to contain 51%
Mn was obtained with 95% recovery. Reduction roasting of
manganese ore fines from the Tirodi region, India was per-
formed using charcoal fines; this process was followed by
the fines’
nese-to-iron mass ratio (Mn:Fe ratio). Battery-grade man-
ganese dioxide was produced by upgrading low-grade ores
via chemical processing [14]. Similar studies were also
conducted on Indian manganese deposits to improve the

magnetic separation to improve manga-

Mn:Fe ratio of the product through optimization of the re-
duction roasting process followed by magnetic separation
[15—16]. However the techno-economics of these processes
have yet to be addressed in the present scenario.

Low-grade siliceous manganese ores from the Bo-
nai—Keonjhar belt, Orissa, India were mineralogically char-
acterized and beneficiated by a combination of gravity and
magnetic separation methods [17]. The results revealed that
a feed having containing 26% Mn was upgraded to contain
more than 45% Mn through the use of a dry-belt-type mag-
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netic separator; 69% recovery was achieved at a magnetic
field intensity of 1 T for finer-particle-size fractions.
Low-grade manganese ores from the Gangpur Group of
rocks (GG) were studied with respect to their field disposi-
tion, petrography, mineralogy, microstructure, and potential
for being upgraded by physical methods [18]. The major
manganese minerals were Mn-oxides (cryptomelane, py-
rolusite, lithiophorite) with subordinate Mn-silicates in the
bedded type, whereas manganese silicate phases (spessartite,
braunite, rhodonite, etc.) dominated in the massive category.
For the bedded-type ore, the product could be upgraded
through a combination of dry and wet magnetic separation
methods to 40.53% Mn with 24% yield from a feed assayed
to contain 15% Mn.

The enrichment of the manganese content and the Mn:Fe
ratio of a complex manganese ore from the Nishikhal de-
posit, India, containing 32% Mn, 18% Fe, 16% SiO,, 21%
acid-insoluble components, and 0.45% phosphorous was
studied. By reduction roasting followed by magnetic separa-
tion, the Mn content of the product was enriched to 40% and
the Mn:Fe ratio was increased to 10, although the phospho-
rous content decreased to 0.3% [19]. Beneficiation of
low-grade manganese ore from Andhra Pradesh, India was
investigated [20] using combination of jigging (for coarser
sizes) and a WHIMS (for fines). The results of this study
revealed that the product could be upgraded to 33% Mn
from a feed assayed to contain 26.6% Mn, with an overall
recovery of 50%. Another study on beneficiation of
high-phosphorous, low-grade manganese ore from Andhra
Pradesh, India using WHIMS was conducted; the results
revealed that the manganese content of the sub-200-pm
product could be upgraded in 6%—7% increments, with re-
jection of 10%—15% of insoluble gangue minerals. The au-
thors also determined that the phosphorous content could
not be reduced to less than 0.35% [21].

Recently, Singh et al. [11] briefly discussed the utiliza-
tion and upgrading of low-grade manganese ore fines from
the Joda region. The low-grade ore was screened at 0.5 mm,
and the oversize product was treated in a circuit comprising
gravity concentration and high-intensity magnetic separation.
The authors adopted a gravity separation method (jigging
and tabling) to remove the low-density silica and alumina
mineral sand. Here, magnetic separation was required to
improve the Mn:Fe ratio of the concentrate. In another study,
a two-stage high-intensity magnetic separation process was
established to recover a product assaying 42% Mn from a
feed containing 32.4% Mn; the Mn:Fe ratio of the product
was 5, and the manganese recovery was 47%—49% [22]. A
permanent roll magnetic separator was used to separate
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braunite particles from metamorphic primary deposits from
the Eskisehir region of Turkey, and the authors addressed
the effect of particle size on particle separation [23]. Mag-
netic separation of the composite feed (—10+1 mm) particles
was performed, and an approximate 10% enrichment in Mn
was observed. The authors also concluded that pre-sizing of
low-grade braunite ore into different particle size fractions
did not significantly improve the separation efficiency in the
magnetic separation compared to the separation efficiency
achieved with the composite feed. This finding contradicts
the basic theory of magnetic separation and is attributed to
the improper liberation and intricate association of
braunite-containing gangue in each of the size fractions.
Further elucidation of the role of particle size in mag-
netic separation would require size-wise mineral analy-
sis along with magnetic susceptibility distribution analy-
sis.

Although alternative methods of beneficiation have been
developed, the upgrading of manganese content is typically
conducted by methods such as manual sorting (which is still
practiced in some places), gravity concentration, flotation,
and pre-concentration of manganese ore prior to the mag-
netic separation. As reported in the literature, the flotation of
siliceous manganese ore has been attempted; however, the
adsorption mechanism has not been properly addressed
[2,24-26]. Gravity separation studies involving jigs, shaking
tables, etc. have been used to upgrade siliceous manganese
fines [27-29]. However, most of these studies have been
limited to siliceous-type ore deposits. In general, the com-
plexity of these separations is related to the liberation pattern
of the manganese-bearing minerals and the gangue content.
In some deposits, the alumina, silica, and iron gangue com-
ponents are heterogeneous. Separation is believed to be easy
when the ore contains gangue and manganese minerals with
a large difference in their particle size, density, magnetic
susceptibility, and hydrophobicity.

Most of the literature published on magnetic separation
of manganese ores has been limited to siliceous-type ores
(dominated by silicate-bearing gangue minerals), for which
WHIMS has predominantly been used for upgrading at finer
sizes. However, the literature contains very few studies on
the dry magnetic separation of manganese from low-grade
manganese ores with high silica and iron contents, except
for a few attempts reduction roasting followed by magnetic
separation. However, this process route cannot be commer-
cialized because of its high operating costs in the present
scenario. In this regard, a cost-effective techno-economic
flow sheet has yet to be formulated for the utilization of
these fines as a raw material in alloy making.

A thorough physical, chemical, and mineralogical char-
acterization must precede the beneficiation of manganese
ore fines. In most of the previously reported work, the
low-grade ores were relatively rich in manganese and were
studied for their beneficiation at coarser sizes. In the present
work, manganese ore fines with very low manganese con-
tents and with high silica and iron contents were used for the
detailed characterization and subsequent magnetic separa-
tion studies. Furthermore, the effect of desliming on the
separation of manganese-bearing particles under a magnetic
field is highlighted and discussed. Also, a simplified flow
sheet is suggested to beneficiate these ferruginous low-grade
manganese ores.

3. Materials and methods
3.1. Manganese ore fines

Approximately 1 t of manganese fine was collected from
the Joda opencast mine of Tata Steel at Odisha, India. The
obtained sample was thoroughly mixed and sampled for
characterization and experimental studies. Chemical analy-
sis revealed that the collected ore fines were composed of
22.4% Mn, 14.5% Fe, 35.9% silica, and 3.8% alumina, giv-
ing an Mn:Fe ratio of 1.6. The characterization of the feed
sample under study was performed using different tech-
niques such as size analysis, size-wise chemical analysis,
X-ray diffraction (XRD) analysis, mineralogical analysis
(under an optical microscope), quantitative evaluation of
minerals by scanning electron microscopy (QEMSCAN),
and heavy-liquid analysis. The results are discussed in detail
in the subsequent sections.

3.2. Experimental details

3.2.1. High-intensity dry magnetic separation

A high-intensity dry magnetic separator, known as an
induced roll magnetic separator (IRMS), was used in the pre-
sent investigation to concentrate the deslimed underflow ma-
terial of the Floatex density separator as well as the
as-received fines. Experiments were conducted at the labora-
tory scale using an IRMS supplied by Readings of Lismore,
Australia. The magnetic intensity of the separator was varied
by changing the gap and applied current (between the arc and
rotor). In all of the tests, the magnetic intensity was varied by
regulating the applied current and by maintaining the gap be-
tween the rotor and arc as constant at 3.2 mm. Similarly, the
rotor speed was varied between 80 and 120 r/min while the
feed rate was maintained at 0.25 t/h per meter width of rotor.
Details related to the IRMS and the experimental procedure
are well explained in the published literature [30]. Tests
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were conducted at different magnetic field intensities and rotor
speeds. The products obtained from each of these tests were
analyzed for estimation of the yield, grade, recovery, and en-
richment of the Mn:Fe ratio.
3.2.2. Desliming studies

Desliming studies were conducted in a hydraulic,
counter-current classifier to classify slime particles in the
low-grade manganese ore. In the present study, statistically
designed experiments were performed to beneficiate the si-
liceous manganese ore sample using a Floatex density sepa-
rator (FDS, model LPF-0230, Outokumpu). The cross-sec-
tional area of the square tank was limited to 0.23 m? and its
height was 0.53 m. The elevation of the conical section was
0.2 m. The feed distributor was located 0.23 m from the top.
The slurry was fed uniformly by controlling a bypass of the
feed pipe connected to a separator and the agitator. A
heavy-duty stirrer was fitted horizontally at the bottom level
of the slurry tank to keep the slurry in uniform suspension.
Before the start of an experiment, pre-determined quantities
of manganese fines and water were mixed in the slurry tank
to maintain a consistent feed at a uniform pulp density. The
system was then allowed to run for a few minutes to attain a
steady state. After ensuring the steady state condition
through the slurry flow rates of the overflow and underflow
streams, the products were collected for a known period and
their respective weights were recorded for computing
back-feed slurry rates for each of the experimental condi-
tions. The collected slurry samples were weighed after being
dried to determine their solids distribution and granulometry;
the samples were also analyzed for grade, recovery, rejec-
tion, etc. A series of tests based on statistical design were
conducted by varying the teeter water flow rate, set point,
and other process variables such as the solids feed rate (0.5
t/h of dry solids) while the feed pulp density was kept con-
stant at 25% solids by weight. The details of the variables
studied and their levels maintained are presented in Table 1.
Details about the FDS and the experimental procedure are
well explained in the published literature [31].

Table 1. List of variables and their levels considered for the
present study on FDS

. Levels
No. Process variables
Lower  Central  Higher
Teets ter fl te /
eeerwaer. 7c1)wrae g 10 12
(L-min™")

2 Set point 33 36 39
3 Feed rate / (th™") 0.50
4 Pulp density / wt% 25
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4. Results and discussion
4.1. Characterization studies

4.1.1. Size and size-wise chemical analyses

Wet-sieve analysis of manganese ore fines was con-
ducted in the laboratory; the results of their population dis-
tribution are shown in Fig. 1. The results indicate that ap-
proximately 80% of the sample has a particle size less than
302 um and that 33.6% of the total mass has a particle size
less than 25 pm. The size-wise chemical analysis of the feed
sample was performed to determine the distribution of
manganese and its gangue content; the results are tabulated
in Table 2.
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Fig. 1. Particle size distribution of manganese ore fines.
Table 2. Size-wise chemical analysis results of the manganese
fines
Mesh size / Weight Assay value / wt%
um retained/%  Mn  Fey, Si0, ALO;
+250 25.7 26.3 154 334 1.4
—250+150 14.8 19.6 13.1 48.0 1.2
—-150+105 6.4 184 126  46.7 1.1
—-105+75 6.3 19.1 133 450 1.3
~75+37 9.3 19.0 137 483 14
-37+25 4.0 17.8 129 492 1.3
=25 33.6 22.9 159 307 8.4

4.1.2. XRD studies

An XRD study was conducted to identify different min-
eral phases present in the ore; the obtained XRD patterns are
shown in Fig. 2. These patterns indicate that pyrolusite,
cryptomelane, and jacobsite are the manganese-bearing
minerals, whereas quartz, hematite, and kaolinite are the
major gangue minerals.



S.K. Tripathy et al., Effect of desliming on the magnetic separation of low-grade ferruginous manganese ore 665

3
6000
£
=
Q
2 4000 |
E=
g .
= 2000 F
o
o [
30 40 50 60 70 80
20/ (°)

Fig. 2. XRD patterns of manganese ore fines with identified
phases (®Quartz, *¥Hematite, @Pyrolusite, ®Cryptomelane,
#=Kaolinite, and A Jacobsite).

4.1.3. Mineralogical studies using an optical microscope
Mineralogical studies were conducted using an optical

microscope to identify the different mineral phases present

on the basis of the optical properties. The texture and the

association of the manganese minerals with gangue were
identified. The microphotographs of the ore are shown in
Fig. 3. Most part of the manganese observed belongs to the
mineral pyrolusite. Most of the silicate grains were inter-
locked with manganese minerals, as shown in Figs. 3(b) and
3(d). Large saccharoidal quartz grains were present along
with manganese infillings. The observations also revealed
that pyrolusite and cryptomelane constitute two distinct
manganese phases (Fig. 3(d)). Pyrolusite occurs as
large-bladed crystals having a sharp contact relationship
with quartz (Fig. 3(b)), whereas thin veins of cryptomelane
traverse through the sample. We also noted that cryptome-
lane and pyrolusite disseminated with silicate gangue min-
erals. The pyrolusite grains are present in the banded
form along with quartz grains at different thickness (Fig.

3(c)).

Fig. 3. Micrographs of manganese fines observed under an optical microscope.

4.1.4. Mineralogical analysis using QEMSCAN

To quantitatively estimate the mineral contents in the feed
sample, we performed QEMSCAN, which gave quantitative
modal mineralogical data related to trace mineral levels, the
calculated chemistry, mineralogical association and libera-
tion data, and elemental department with a mineralogical
map of the sample. The mineral quantification of the feed
sample was analyzed, as shown in Figs. 4(a)—4(b). As evi-
dent in Fig. 4(a), quartz, hematite, and kaolinite are the ma-
jor gangue mineral phases, whereas pyrolusite, cryptome-
lane, braunite, and bixbyite are the manganese-bearing min-
erals in the ore. As also evident in the figure, 66% of the to-
tal feed contains manganese-bearing minerals, whereas

quartz and hematite are the major gangue minerals (26%).
Among the manganese-bearing minerals, pyrolusite is the
dominant phase. The physical properties of the different
minerals differ from each other, which provide an avenue
for the beneficiation process. The deportment of Mn was
subsequently derived and plotted in Fig. 4(b), which shows
that approximately 50% Mn is from pyrolusite, whereas 26%
is from braunite. The mineralogical map of the head sample is
plotted in Fig. 5, which shows that most of the manga-
nese-bearing minerals are in the free form, whereas the
gangue minerals are in the interlocked form. Notably, the
manganese-bearing minerals are in the liberated form at both
coarser and finer sizes.
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Fig. 4.  Mineralogical studies in QEMSCAN: (a) quantification of different minerals in the ore fines; (b) deportment of manganese
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Fig. 5. Mineral mapping of head samples by using QEMSCAN: (a) coarser particle view; (b) finer particle view.

4.1.5. Heavy-liquid separation studies

Characterization by sink—float studies using heavy liquid
was also performed to assess the quality of the sample. Pure
bromoform (specific gravity 2.81) was used to quantify the
heavy (specific gravity >2.81) and light (specific gravity <2.81)
products of each size class of the manganese sample. The re-
sults indicated that the percentage of lower-specific-gravity
material (gangue minerals) in the overall feed manganese
sample is 21.2wt% (Table 3). In general, the proportion of
light products tended to decrease with decreasing particle size.
The high-weight percentage (50wt%) of the —105+75 pm
material had a specific gravity less than 2.81. These results
suggest that the float material is quartz, kaolinite, or other as-
sociated minerals.

4.2. Magnetic separation studies

Magnetic separation tests were performed using an in-
duced roll magnetic separator by varying the rotor speed and
magnetic field intensity. The obtained results are given in
Table 4. As evident from the results in the table, the manganese

Table 3. Results of sink and float study using bromoform

Size/pm  Weight/% wef;:; % (vl;lro?tfevgsl f’/c.
+250 25.7 31.8 8.2
-250+150 14.8 38.3 5.7
—150+105 6.4 43.0 2.8
—105+75 6.3 50.0 32
—75+37 93 9.7 0.9
—37+25 4.0 5.6 0.2
=25 33.6 1.0 03
Total 100 21.2

Note: w.r.t. means “with respect to”.

content could be enriched to a maximum of 27.5% at the
higher rotor speed (120 r/min) and lower magnetic field in-
tensity (0.8 T). The magnetic product obtained is not suit-
able for silicomanganese production because of its high
gangue content in terms of iron and silica. In addition, the
magnetic fraction separated by IRMS was enriched to
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27.2% Mn and was obtained in higher yield than the previ-
ous fraction obtained at the higher rotor speed (120 r/min)
and higher magnetic field intensity (1.6 T). Thus, the inter-
actional effect of these two variables clearly plays a vital
role in particle separation. However, in the products of the
tests, the coating of the ultrafine particles (slime) on the
coarse particle surface was observed to be predominant,
which may be the reason for the poor separation of the

manganese fines. Furthermore, the iron content of the
non-magnetic products was low, but so was the manganese
content. This result is a typical feature of this ore because it
contains huge quantities of siliceous as well as iron-bearing
gangue minerals. Evaluating the role of different variables
on the efficiency of the separation was difficult. Thus, we
formulated further strategies to classify the slime content
prior to the magnetic separation.

Table 4. Magnetic separation of as-received manganese fines by varying the rotor speed and magnetic field intensity of IRMS

No. Rotor spied / Magnetic field intensity Products Yield/ Assay value / wt% Mn:AFe
(rmin”") /T % Mn Fer Sio, ratio
Magnetic 74.2 24.5 16.2 31.7 1.5
1 80 0.8 .
Non-magnetic 25.8 16.4 9.5 482 1.7
Magnetic 77.1 25.1 16.9 324 1.5
2 80 1.2
Non-magnetic 229 134 6.2 479 2.1
Magnetic 83.7 243 16.1 33.8 1.5
3 80 1.6 .
Non-magnetic 16.3 12.8 6.0 47.0 2.1
Magnetic 71.5 26.2 16.1 30.7 1.6
4 100 0.8 .
Non-magnetic 28.5 12.9 10.3 49.1 1.3
Magnetic 75.6 27.1 16.7 309 1.6
5 100 1.2
Non-magnetic 244 7.9 7.5 51.6 1.1
Magnetic 784 26.3 16.6 304 1.6
6 100 1.6 .
Non-magnetic 21.6 8.3 6.7 56.1 1.2
Magnetic 58.2 27.5 17.1 28.9 1.6
7 120 0.8
Non-magnetic 41.8 15.3 10.8 45.8 1.4
Magnetic 63.5 26.8 17.7 273 1.5
8 120 1.2 .
Non-magnetic 36.5 14.8 8.8 51.0 1.7
Magnetic 672 272 17.2 26.9 1.6
9 120 1.6
Non-magnetic 32.8 12.6 8.8 54.5 1.4

Note: Mn:Fe ratio means managnese-to-iron mass ratio.

According to the characterization results, gangue miner-
als such as iron- and silicate-bearing minerals are apparently
evenly distributed in all of the size ranges. The silicate
gangue minerals can be separated by gravity concentration
because of their higher concentration criterion; however,
these gangue minerals are distributed in all of the sizes in
major proportion. Therefore, to suppress the particle size
effect during separation, a pilot-scale Floatex density sepa-
rator was used to reduce the content of siliceous gangue
minerals. Because the Floatex density separator is an ad-
vanced hydraulic teeter bed separator, it separates particles
on the basis of the principle of hindered settling coupled
with fluidization. Meanwhile, for the removal of iron-bearing
gangue minerals, magnetic separation was preferred, ena-
bling exploitation of the magnetic susceptibility differences
between different minerals. Therefore, the underflow prod-

uct of FDS was treated in a high-intensity magnetic separa-
tor. The results of beneficiation studies are discussed further.

4.3. Classification studies using a Floatex density sepa-
rator

Table 5 describes the experiments carried out with the
Floatex density separator and presents the obtained results.
With FDS, the manganese metal content was upgraded up to
42.1% from a feed Mn value of 22.4% in the underflow
stream of FDS, with a simultaneous reduction in the silica
content to 21.2% from 35.9% in the feed. The results also
indicate that, as the teeter water flow rate increased, the
yield to the underflow stream of FDS decreased. The yield
value varied from 71.9% to 32.9%. In addition, as the set
point increased, the bed height of the FDS also increased,
resulting in higher yield values in the overflow stream.
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Table 5. Underflow stream analysis results of FDS for all the
tests

Test conditions Assay value / wt%
M 0,

MO Tt e N setpom  Ma S0,
1 8 33 71.9 28.0 27.7
2 8 36 66.5 29.5 245
3 8 39 61.8 30.2 282
4 10 33 48.6 384 25.8
5 10 36 46.0 35.6 293
6 10 39 40.0 42.1 21.2
7 12 33 38.9 27.5 315
8 12 36 38.0 30.3 223
9 12 39 329 314 274

Results in Table 5 reveal that the Mn content in the un-
derflow stream of the FDS was improved from 27.5% to
42.1%. The better product quality of the FDS underflow
stream was achieved while the FDS was operated at inter-
mediate teeter water flow rate, i.e., 10 L/min. At this flow
rate, the Mn content varied from 35.6% to 42.1%; in con-
trast, at lower (8 L/min) and higher (12 L/min) teeter water
flow rates, only a slight upgrade in Mn was observed in the
underflow stream of FDS. This lack of upgrade is attributed
to the fact that, with increasing teeter water flow rate, the
teeter bed loosens and the density of the bed decreases. This
decrease in density allows the lighter gangue minerals to
also pass through the teeter bed to the underflow stream of
the FDS. This particular phenomenon inside the teeter bed
has been well described in the published literature [32]. In
addition, the particle separation in the teeter bed also depends
on the slip velocity. When the slip velocity of the particle is
equal to the interstitial teeter water velocity, the particles will
have a zero velocity with respect to a stationary observer and
will have an equal probability to transport to either the over-
flow or the underflow stream. If the slip velocity is greater
than the interstitial teeter water velocity, the particle will trans-
port to the underflow stream; otherwise, it transports to the
overflow stream [33—34]. That is, with the change (increase)
in the set point, the quality of the underflow stream changes.
Furthermore, the Mn content of the underflow stream sig-
nificantly improves at higher set-point values because, at
higher set-point values, the teeter bed height and bed pres-
sure increase. Consequently, transport of the lighter gangue
particles to the underflow is inhibited, thereby improving the
quality of the underflow stream product.

The literature related to FDS reveals that it is an effective
unit for removing silica gangue from iron ores, beach-sand
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minerals, chromite ores, etc. The present experimental re-
sults (Table 5) lead to a similar conclusion. Notably, the re-
sults of Table 5 indicate that, with change in teeter water
flow rate and set point, the silica content in the underflow
stream varied from 31.5% to 21.2%; however, an increase in
the set point results in only a marginal decrease in the silica
content . The recovery of Mn to the underflow stream and
the rejection of silica to the overflow stream were analyzed;
the results are presented in Fig. 6 for different teeter water
conditions. As evident in Fig. 6, the recovery of the Mn
content in the underflow stream varies from 89.7% to 46.1%.
The recovery of Mn to the underflow stream decreased dras-
tically at the higher teeter water flow rate (12 L/min, i.e.,
experiment Nos. 7, 8, and 9). Similarly the rejection of silica
to the overflow stream increases with increasing teeter water
flow rate. The maximum quantity of silica was rejected at
the higher teeter water flow rate of 12 L/min. For better un-
derstanding of the factors that affect the recovery of Mn, we
developed regression equations for Mn grade and recovery
in the underflow stream of FDS. To correlate the effects of
variables on the performance of FDS, the data presented in
Table 5 were used to develop second-order quadratic equa-
tions using the mathematical software package MATLAB 7.1.
The correlations thus developed are given by

Manganese content in underflow (%)=

~22.10+43.66TW —9.38SP —
2.3TW? +0.13SP> +0.07 TW xSP )

Manganese recovery to underflow (%)=
79.27+30.65 TW -5.11 SP -

2.38TW? +0.03SP*> +0.2TW x SP #))
100 80
90 175
80 170
S0t Teeter water flow rate 2
s —— 8L/min -m@-10L/min 165 =
E 60  —a— 12 L/min -¢-8 L/min 2
° -@- 10 L/min -g-12 L/min 160 8
s | Y s 155 ¢
2 40f e e 7
-~ 450
0F gt o
20 b Gommmmmmm "’_-—l 4 45
10 ' . : 40
32 34 36 38 40
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Fig. 6. Recovery of Mn to underflow and rejection of silica to
overflow stream in all tests.
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where TW is the teeter water flow rate, and SP is the set point.

The Mn grade of the underflow product of FDS was comput-
ed using Eq. (1). The goodness of fit between the predicted
values and the actual values for these correlations was evalu-
ated by estimating the R* value (0.94). According to Eq. (1),
the positive sign of the Mn grade of the underflow stream indi-
cates that the Mn grade increases with increasing teeter water
flow rate. The teeter water flow rate exerts greater influence on
the grade of concentrate than does the set point. The interactional
effect of the variables (teeter water flow rate and set point) on
the grade of the underflow stream is negligible. The model
equation for the Mn recovery of the underflow stream of
FDS is given in Eq. (2), which again clarifies that the teeter
water flow rate more strongly influences the Mn recovery in
the underflow stream than does the set point or the mixed in-
fluence of teeter water flow rate and set point; however, a re-
verse effect is observed when the set-point value is increased.

Given the product grade and recovery of the underflow
stream of FDS, the conditions in test No. 6 were chosen as
the optimal conditions and were used to further improve the
Mn:Fe ratio through removal of the iron-bearing gangue
minerals. The target grade fixed for the optimization was
such that the final product contained more than 40% Mn
with maximum possible recovery. The partition values ob-
tained under these conditions (for test No. 6) are shown in
Fig. 7. When the cut size of the separation was 102 um, the
curve obtained resembled a typical Rosin-Rammler type (of
particle size distribution) with a bypass ratio of 20%. The
plot shows lower imperfections, implying that the mis-
placement of finer material into the underflow stream was
low. Evidently, the set point and teeter water flow rate con-
trol the cut size and determine the performance of the FDS.
A high set point and medium teeter water flow rate are most
suitable for achieving a good separation in terms of manga-
nese content in the underflow stream. However, high teeter
water flow rates would be detrimental because it minimizes
the rejection of manganese-bearing minerals to the overflow
stream. These conditions provide efficient hydraulic trans-
port, high misplacement, and a low residence time of the
feed particles during concentration. These findings are con-
trary to the findings reported in the literature for the treat-
ment of coal fines in FDS. For further improvement in the
Mn content, the underflow stream product was treated by
high-intensity magnetic separation; the results are further
discussed in the next section.

4.4, Enrichment of FDS underflow product by high-in-
tensity magnetic separation

The literature indicates that a high-intensity magnetic

separator is an ideal unit for enhancing the Mn:Fe ratio in
the low grade manganese ore [19-20,22]. The underflow
stream product of FDS was treated in an IRMS by varying
the magnetic field intensity and the rotor speed. The results
of the tests are given in Table 6. At a lower rotor speed (80
r/min), the magnetic product was enriched with both man-
ganese and iron-bearing minerals. Similarly, at greater
magnetic field intensity, the non-magnetic product was en-
riched with silicate-bearing minerals. The effect of both of
these operating parameters on the separation performance is
discussed further.

100 -
90 -
80 -
70 +
60 -
50 -
40
30
20
10

O 1 1 1 1
0 50 100 150 200 250

Particle size / pym

Feed to underflow ratio / %

Fig. 7. Partition curve for Test No. 6.

In the magnetic separator, the applied magnetic field in-
tensity was maintained by adjusting the input current. As the
applied current increases, the magnetic field intensity will
also be high at a given fixed gap between the rotor and the
magnetic shoe. Another operating parameter, i.e., rotor
speed, which imparts centrifugal force to the moving parti-
cle in the stream, is essentially a function of particle mass.
However, because of the difference in the behavior of the
classified feed constituents, i.e., manganese and iron-bearing
minerals along with a limited amount of silicates, the mass
of the iron-bearing minerals is identical to the mass of the
manganese-bearing minerals. Also, the particle mass is an
important parameter in this case because of the gravitational
force. In these tests, the magnetic field intensity was varied
from 0.8 to 1.6 T and the rotor speed was 80 or 100 r/min
for treating the classified underflow stream product of FDS.
The assay values of manganese in the magnetic products in-
creased with increasing magnetic field intensity at a rotor
speed of 100 r/min (Table 6) because of the unified suscep-
tibility of the minerals. This result is due to the degree of
selectivity as a function of the magnetic field intensity.
Eventually, the optimum result was obtained at the lower
rotor speed and a higher magnetic field intensity of 1.6 T,
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where the manganese content in the magnetic product was
44.5% with 86% Mn recovery. At lower magnetic field in-
tensities, the locked particles (of manganese- and iron-bear-
ing minerals) could not be picked-up by the rotor surface,
which resulted in a relatively lower-grade product. Especially
in the case of separation performed here, the manganese-
and iron-bearing minerals were transported to the magnetic
stream, whereas the silicate-bearing minerals were transport-
ed to the non-magnetic product. Under this optimized condi-
tion, the Mn:Fe ratio was observed to be very low, i.e., 2.2,
because of the abundance of iron-bearing minerals, irrespec-
tive of their degree of liberation (free or locked). Because
these magnetic particles exhibit a high magnetic susceptibil-
ity, they are picked up by the rotor surface. Similarly, the
effect of the rotor speed being varied between 80 and 100
r/min was investigated, and the optimum result was achieved
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at the lower rotor speed of 80 r/min. The reason for this be-
havior could be that, in this type of magnetic separator, sev-
eral forces act on the particles as they flow under the mag-
netic field, viz., centrifugal force, gravitational force, and
magnetic force. In the present case, because the iron-bearing
minerals and manganese-bearing minerals are distributed uni-
formly in all size fractions, differential centrifugal or gravi-
tational forces cannot exist. This lack of differential forces is
a consequence of the segregation of mono-size and mono-den-
sity particles of both minerals in the feed. Nevertheless, the
difference in the magnetic susceptibility and the combined
effect of these forces eventually determines the optimum
operating conditions. As a result of this combination of forces,
the optimum result, as represented by the manganese grade
and recovery of magnetic product, was obtained at a mag-
netic field intensity of 1.6 T and a rotor speed at 80 r/min.

Table 6. Results of magnetic separation test for FDS underflow products

W el s hde gy el Bmonae
(M 2 (M 2
1 %0 08 Magnetic 28.2 435 246 139 291 37.7 185 1.8
Non-magnetic 71.8 413 160 256 704 62.4 86.9 2.6
: %0 10 Magnetic 32.1 432 236 146 329 41.2 222 1.8
Non-magnetic 67.9 416 159 242 67.1 58.8 77.8 2.6
3 %0 12 Magnetic 79.7 431 187 174 816 81.0 65.6 23
Non-magnetic 20.3 382 172 359 184 19.0 34.5 22
4 %0 14 Magnetic 80.8 438 195 163 84.0 85.6 623 22
Non-magnetic 19.2 350 138 416 16.0 144 37.7 25
s %0 16 Magnetic 81.4 445 202 152 860 89.4 58.5 22
Non-magnetic 18.6 31,6 105 472 14.0 10.6 41.5 3.0
6 100 08 Magnetic 24.1 429 238 144 246 312 16.4 1.8
Non-magnetic 759 419 167 233 75.4 68.8 83.6 2.5
7 100 10 Magnetic 28.6 431 229 138 293 35.6 18.7 1.9
Non-magnetic 714 417 166 241 70.7 64.4 81.3 2.5
g 100 12 Magnetic 65.7 435 187 162 679 66.8 50.3 23
Non-magnetic 343 394 178 306 321 332 49.7 22
9 100 14 Magnetic 74.8 438 195 163 7718 79.3 57.6 22
Non-magnetic 252 37.1 15.1 355 222 20.7 424 2.5
10 100 16 Magnetic 76.4 441 203 158 800 84.3 57.1 22
Non-magnetic 23.6 362 128 370 203 16.4 413 2.8
Feed 421 184 212 23

4.5. Flow-sheet development

Having established the optimum conditions for process-
ing of ferruginous manganese ore from the Joda mine, we
attempted to develop the process flowsheet because the
Mn:Fe ratio in the beneficiated product was observed to be

low, i.e., 2.2. This low Mn:Fe ratio necessitated that the ore
be further re-treated. To increase the Mn:Fe ratio, a second
stage of magnetic separation was used to effectively sepa-
rate iron-bearing gangue minerals. Notably, the magnetic
product of primary IRMS still contained some iron-bearing
minerals that could not be separated. In this context, the
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magnetic fraction obtained from test No. 3 in Table 5 was
further treated at a reduced magnetic intensity level of 0.8 T;
the results of this test are shown in Table 7. As evident from
the tabulated results, in the second stage of magnetic separa-
tion at lowered magnetic field intensity, the magnetic frac-
tion was enriched with iron-bearing minerals, leaving much
of the manganese in the non-magnetic stream and increasing
the Mn:Fe ratio to 3.1.

Table 7. Results of second stage magnetic separation of man-
ganese concentrate

. Assay value / wt% .
Product Yield/ % - Mn:Fe ratio
Mn F 1) SIOZ
Magnetic 32.8 418 356 87 1.3
Non-magnetic 67.2 458 127 184 3.1
Feed 445 202 152 22

To summarize, in total, classification of Joda ferruginous
ore using an FDS (Floatex density separator) discarded the
maximum amount of silicate-bearing minerals; in contrast,
further upgrading to achieve the desired Mn:Fe ratio was
possible using two-stage magnetic separation. The detailed
process flow diagram of the manganese ore fines is shown
in Fig. 8. When FDS was used, approximately 75.1% of the
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Mn was recovered in its underflow stream, which had an
acceptable grade of 42.1% Mn. In the first stage of magnetic
separation by high-intensity IRMS at the higher magnetic
field intensity of 1.6 T, the non-magnetic product was rich
in silicate-bearing gangue material, whereas the magnetic
product was enriched with manganese and a certain amount
of iron-bearing minerals because of their paramagnetic
properties. Further treatment of the ore at a lower magnetic
field intensity of 0.8 T in the second stage resulted in the
non-magnetic product being enriched with manganese and
in a marginal amount of silicates by discarding most of the
iron-bearing minerals in the magnetic stream. The final
product of the process was enriched to 45.8% Mn with an
Mn:Fe ratio of 3.1; in contrast, the manganese recovery was
44.7%. Similar studies were conducted by Grieco ef al. [23]
for the upgrading of braunite-rich particles by splitting the
feed into several fractions and comparing the results with
those obtained using bulk beneficiation. The results reported
by Grieco et al. contradict the present findings. They ob-
served that bulk separation was better split beneficiation.
This difference in findings can be attributed to the distribu-
tion and abundance of the gangue-bearing slime coating on
the coarse ore particles and also to the complex mineralogi-
cal association of the gangue.

Manganese ore | [22.42]

100 Mn, % \Mn recovery, %,

fines (=0.5 mm)

Mn/Fe ratio

| Floatex density separator

2.1] 75.1

23 Underflow

93] 2438
0.79

| High intensity magnetic separator (1.6 T)

[ Nonmagneic|

44.5 |2§4-6 Magnetic

31.6] 105
3.0

| High intensity magnetic separator (0.8 T)

s L)

45.8] 447
3.1

41.8] 199
1.3

Fig. 8. Studied flow diagram for beneficiation of low grade manganese fines.

5. Conclusion

Low-grade manganese ore fines from the Joda region,

India were studied in the present investigation; analysis of
the ore fines indicated that they contained 22.4% Mn and
35.9% SiO,, with an Mn:Fe ratio of 1.6. Detailed charac-
terization studies by size and chemical analysis, XRD
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analysis, mineralogical analysis, and optical microscopy in
combination with QEMSCAN and heavy-liquid studies
were conducted prior to magnetic separation. The following
points were concluded: (1) approximately, 21wt% of the to-
tal mass was low-density gangue minerals, which can easily
be separated by initially differentiating the particles by size
and density; (2) in the ore, 50wt% of the manganese miner-
als were in the liberated form, whereas the remainder was
intricately associated with the gangue minerals in different
proportions.

On the basis of the results of the characterization, benefi-
ciation of low-grade manganese fines was conducted by
subjecting both the as-received sample as well as classified
mass to magnetic separation. We drew the following con-
clusions. (1) Magnetic separation of as-received samples in-
dicated poor separation of manganese-bearing minerals be-
cause of the abundance of slime content in the feed. (2)
These fines were classified using a Floatex density separator
to deslime the feed; the Floatex density separator classified
the feed and rejected the maximum amount of sili-
cate-bearing gangue minerals in the overflow, whereas the
two-stage magnetic separation of its underflow gave an ap-
preciable upgrade of the Mn content, along with an accept-
able Mn:Fe ratio. (3) Beneficiation studies of low-grade
manganese ore fines using a Floatex density separator re-
sulted in an increase in the manganese content to 42.1% Mn
with 75.1% recovery; in contrast, two-stage magnetic sepa-
ration facilitated in discarding of the silicates and
iron-bearing gangue minerals. (4) In two-stage magnetic
separations, i.e., high-magnetic field intensity followed by
low-magnetic field intensity, of the FDS deslimed product,
an enriched Mn:Fe ratio of 3.1 was achieved through sepa-
ration of the silicates and iron-bearing gangue minerals. (5)
On the basis of our findings, we proposed a process flow

sheet for the beneficiation of low-grade manganese ore fines.

The overall recovery of manganese in the final product was
44.7%, with an assay value of 45.8% and an Mn:Fe ratio of
3.1. This suggested simplified flow sheet will improve the
recovery substantially for the production of silico/ferro-
manganese-grade concentrate from the fines. The additional
recovery of manganese may require that the middling prod-
uct be reground and retreated with multiple passes through a
high-intensity induced roll magnetic separator.
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