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ore sample contains an average grade of 13.8% MnO. The valuable mineral containing manganese
is pyrolusite, and calcite is the main gangue mineral in the ore. Gravity (jigging and tabling), high-
intensity magnetic, and flotation (cationic and anionic) methods were examined in this study. Among
the applied methods, cationic flotation has the highest manganese recovery in the concentrate (77.4%)

with a selectivity index of 2.34. The highest grade of MnO in the concentrate is 52.6% with a selectivity  Keywords:
index of 4.10, which is obtained using high-intensity wet magnetic separation. The highest separation
efficiency (almost 54.2%) is also achieved by this method. For developing a suitable flowsheet, the
combination of various methods including gravity-flotation (cationic and anionic), gravity-magnetic, and

Manganese
Pyrolusite

gravity-gravity was examined. Among the combined methods, the combination of tabling and cationic Beneficiation

flotation methods has resulted in a concentrate containing 39.9% MnO with an acceptable recovery of ~ Flowsheet

71.5%, which seems a more suitable flowsheet for development on the industrial scale.

Gravity separation
Magnetic separation

Flotation

1- Introduction

Manganese with special physicochemical properties
is mainly used in various industries including metallurgy,
battery making, and chemical [1]. The accepted commercial
manganese concentrate should contain more than 40% Mn
(51.6% MnO) [2]. Among minerals, pyrolusite containing
63.2% Mn is one of the most abundant and economical
manganese minerals [3, 4, 5]. Nowadays, due to the reduction
of high-grade manganese resources, low-grade reserves have
been given more attention. to achieve the concentration
required by manganese-consuming industries from these
resources, it is necessary to use different beneficiation
methods [6]. Gravity, high-intensity magnetic separation,
and flotation are common methods for manganese mineral
processing [7, 8]. Most manganese resources are low-
grade deposits that have a complex chemical composition,
and manganese minerals are found in fine grains form and
scattered inside them [9, 10]. The physical methods cannot be
effective for the separation of fine pyrolusites disseminated
inside gangue minerals [11]. Despite of manganese production
in limited amounts from high-grade manganese resources in
the country, it is expected that soon the exploitation of low-
grade resources and their beneficiation will be inevitable.

*Corresponding author’s email: iranajad@aut.ac.ir.

One of these low-grade deposits that has been noticed
recently is the Amir Charagah deposit with an average grade
of 13.8% MnO. In this work, the various methods including
gravity, magnetic, and kinds of flotation methods as well as
their combination are investigated for beneficiation of Amir
Charagah ore samples.

2- Methodology

In this research, the studied ore sample was taken from
the Amir Charagah deposit located in East Azerbaijan
province. The chemical composition of ore samples and
products obtained from different separation methods was
determined by X-ray fluorescence (XRF). The mineralogical
composition of samples was conducted by X-ray diffraction
(XRD) analysis. A scanning electron microscope (SEM, XL
30 model) equipped with a WDX (Wavelength dispersive
X-ray) analyzer was employed to study the mineral’s texture
and to determine the pyrolusite liberation degree. After
crushing and rod milling the samples to desired sizes, the
gravity separation experiments were carried out by jigging
and tabling. The wet magnetic separation of pyrolusite was
conducted on samples milled under 180 um (d, =180 um)
at different intensities using a high-intensity disk magnetic

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

607


https://dx.doi.org/10.22060/ceej.2024.22479.7979
https://www.orcid.org/0009-0009-0332-9745
https://www.orcid.org/0000-0002-5469-084X

Sh. Rahimi et al., Amirkabir J. Civil. Eng., 56(5) (2024) 607-628, DOI: 10.22060/ceej.2024.22479.7979

138
100

Feed (-10mm)

582

i s 11..0

Flotation

Final concentrate

73
Tailing | | 33.5 |—— Legend
17.6 Mn0 %
W
o Mn
Recovery

Fig. 1. Suggested flowsheet for beneficiation of Amir Charagah manganese ore based on
the combination of gravity and cationic flotation.

separator manufactured by Box Mag Rapid Company. The
anionic and cationic flotation experiments were carried
out using oleic acid and dodecyl amine (DDA) collectors,
respectively. Sodium carbonate and calcium chloride were
used as depressant agents in the cationic flotation while
sodium silicate was consumed for this purpose in the anionic
flotation experiments. After grinding and desliming, 300 g of
ore sample with a -150+20 um size fraction were subjected
to the flotation experiments carried out in a 11 Denver cell
with a solid percentage of 25-30 % wt. After mixing the pulp
for 4 min, the depressant and collector agents were added
and conditioned for 5 min for each of them. Finally, after
adding pine oil with a conditioning time of 2 min, the froth
collection was performed for 4 min, after which the froth
phase was brightened. The flotation concentrate and tailing
were filtered, dried weighed, and chemically analyzed to
determine the MnO content and calculate recovery.

3- Results and Discussion

According to the X-ray diffractography, the studied ore
consists of pyrolusite as the main valuable mineral, and
calcite and quartz as gangue minerals. The chemical analysis
showed that the ore containing 13.8% MnO which implies
about 17% pyrolusite is one of the low-grade deposits in the
world. Based on XRD and XRF analysis, almost 79% and
3-4% of the ore is formed by calcite and quartz, respectively.
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Based on the studies conducted by SEM the liberation degree
of pyrolusite has been determined 180 pm.

Jigging and tabling as common gravity methods were
examined for the beneficiation of the studied sample. In order
to achieve a clean tailing with a minimum content of MnO,
the jigging experiments were performed on various size
fractions. The optimal results were obtained in -9500+4750
um size fraction with 50% of weight recovery. The optimal
concentrate with 20% MnO and 77.4% recovery is favorable
for other separation techniques such as tabling, magnetic
separation, and flotation. The separation experiments
conducted by shaking the table on different size fractions
showed that the optimal results are obtained in the size
fraction of -425+180 pum. At these conditions, a concentrate
with a weight recovery of 19.4% containing 42.8% MnO
(with 52.1% recovery) is achieved. These results indicate
that although the MnO grade in the concentrate produced by
tabling is relatively high, the MnO recovery and its separation
efficiency in the jigging concentrate is significantly higher
than that’s of the shaking table.

After crushing the sample under 10 mm, and separating
the materials finer than 2 mm by screening, the material with a
size of -10+2mm was beneficiated by the jigging method. The
jigging concentrate was mixed with materials below 2mm and
then milled under 180 um by rod mill. This feed material was
subjected to magnetic separation at different intensities. The
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results show that the weight percent of magnetic product and
recovery of MnO increase by increasing magnetic intensity
while the MnO content decreases slightly. The highest amount
of separation efficiency (54.16) and selectivity index (4.1) are
achieved in the magnetic separation with the intensity of 1.77
tesla. Under this condition, an optimal concentrate containing
52.6% MnO with 64.6% recovery is produced.

The MnO content in the concentrates obtained by both
cationic and anionic flotation experiments are equal, but
recovery, separation efficiency, and the selectivity index in
cationic flotation are higher than in anionic one. This means
that in the flotation of pyrolusite from gangue minerals, the
cationic collectors can act more selectively than anionic
types.

Since the gravity, magnetic, and flotation methods
alone were not able to produce manganese concentrate
with a favorable grade and recovery, the combination of
different methods was examined. According to the results,
two combinations including tabling-cationic flotation and
jigging-magnetic separation are suitable for beneficiation of
studied ore. The highest recovery of MnO in the concentrate
and its separation efficiency are almost 71.5% and 56.1%,
respectively, which are obtained by a combination of tabling-
cationic flotation. This concentrate contains almost 40%
MnO which can be improved by cleaner stage flotation.
The concentrate with the highest content of MnO (52.6%)
is achieved using the combination of jigging-magnetic
separation. In this concentrate, the MnO recovery and
separation efficiency are 56.6% and 54.16%, respectively.

4- Conclusion

The concentrate with the highest MnO recovery and
selectivity index is obtained in the cationic flotation using
dodecylamine as a collector and sodium carbonate as a
depressant.

The hig- intensity wet magnetic separation produces a
concentrate with the highest MnO content and separation
efficiency.

A manganese concentrate with the highest MnO recovery
and separation efficiency is obtained by combination of
tabling and cationic flotation while the concentrate with the
highest MnO content is achieved using the combination of
jigging and magnetic separation.

Due to the high cost of high-intensity wet magnetic
separation, and the possibility of improving the MnO content
of the cationic flotation concentrate, the combination of
gravity and flotation methods according to the flowsheet
given in Fig. 1 is suggested for beneficiation of the studied
low-grade ore.
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Table 3. Chemical composition of ore sample determined by XRF.
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Fig. 2. X-ray diffraction pattern of manganese ore sample.
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Table 4. Determination of pyrolusite liberation by measuring the particles surface using JMicroVision software.
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Fig. 3. percentage of pyrolusite liberation degree as a function of particles sizes.
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Table 5. Wet sieve analysis and chemical analysis of different size fractions after crushing the sample under 2 mm.
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Table 6. Wet sieve analysis and chemical analysis of different size fractions after rod milling.
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Table 7. Results obtained from jigging separation method in different size fractions.
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Table 8. Results obtained from tabling separation in different size fractions.
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Table 9. Magnetic separation results.
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Table 10. Optimal conditions used in the flotation experiments.

o Slge
oy Ol g9
o pH odisS Jled oS culslos b Jycidiy
@/t) cdake & (g/t) cdals &y @/t) cdake &y
A Yo - - YO« (o2, S A_:L.:)S Yooo w.AT uL:.szd @’M‘U
(P95 9 (Fowl glishd (Sl alojl 5l el Cuwd s digr gl duulis 1) Jgo
Table 11. Comparison of optimal results obtained from anionic and cationic flotation experiments.
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Table 11. Comparison of optimal results obtained from anionic and cationic flotation experiments.
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Fig. 4. Types of pyrolusite based on size and texture in the studied ore sample by scanning electron micros-

copy. A: Liberated pyrolusite (bright particles) and interlocked with calcite. B: Disseminated fine pyrolusites

inside the calcite mineral. C: X-ray mapping of Mn in Fig. B shows that the bright parts are pyrolusite. D:
X-ray mapping of Ca in Fig. B shows that the gray parts are calcite.

952 SE S glpie 4 CandS 5 Gl a5 o S 03 (g9 ]
Vgans (guuiblise (sjlolis ooy 352 ol b Atk Satstols sla IS
shay (Bl 5l g anbl 5iKie Saw 2y90 1 1y 2 LI ks
O 08 JaSS g lgis 4 el cnl i 98 o0 Cogucne a3y
Ol el o8 29 48 SIS, Wil o (yamlisls (> b g B il
Y] s aled o olusS jle > anes JB
Sl sl cle by peise Sl S olsie @ emelislh
SE @l s B3l 3 1 ded e g jSie sla S
390 )3 |y omligld [hgy (635,150 &S (6,500 > .l ol 5,1l

wy

reaboline 8 (ol diej ol 3 @l sl dlox 51l 08
(F 51 5YL) VL Ues pogaseo ()jg 4 i b it (j90liglé
AT fse oS G yge0 3 elyem (sla SIS L Ll 5l oglis 5 5800 (slaails
$039350 > aSubl (glisS & albl g il SIS sladils slal g (S
S /o e A O OlFee WS HlE J& oaiS b sbeolSiwd LI
Sl blize il Glie b 128 ey 1) 2959
odenS] Glo SIS 51 oS amd e i ludlS onimd iS5 Ciliee
55 o0 ) Sl G S dlgls > Cojglyrn Ju I S
bl s siond Lo smabliio (£3030,B (el b SIS oyl a 3]



EYAL 54V domio AFF o @ oylads DF 0,93 yS pual (yas (owodides &yl

@ Wy duie oS alaghy) glye 4 (8 Glaghy, cuwl pib
3 selisl s Bl cly g gan ol Ll Gl salb po polaie
sle (Do) b3 9 SRSu Ll () (nl oS 5 gd 485 IS albly
s odel Cuwd 4 gl 5 85 )5 sy 3050 (islighh g uablise
Bl o 26,5 8 dcslio 3,90 (SE) sl IS pasls ol
5 (0 JS3) (S9t (ommibgld b (JB (sl gy oS 5 48 a0 (o0 Lt
@) Cojdorm jl olae il wlg (oo (F JS8) (cublise ol
Oamoligld — 185 oS5 Lisle o)l jlade wis e .asl atdly o yen
Vb 2L 5l b nl g ol pmibline= JB oS 5l i (988
Bl da g5 0y50 Y jle b0 gsluiS &S Jyse j0 (Jg Cunl [hgy opl po
25 518 ooliial 3)50 K55 (o J5 pgd a5 Y
3w el oad o3l Lis 0 IS > ] cdold a5 Jol cuS 5 g
b eslgls (slosl S5 b 19,80 =¥ slol b SiaslS” sdiged Sl 5
4 0,5luiS” Ly Gl 0 plodl Ladss i cldes 1550 5a0 3l o0liiu]
W (65 4oy 3l dm g osd Lol (9,500 V0% 15 el B e 3l oel o
lyyS 5l oolasiwl b .l 48,8 )1)8 oolatwl 350 youwliald STyes flgis
(DDA) cpol Juwdg ;65K 5 S oS cuslssh lgie a0 poies
audl ] o cawd 4 VD b3k g 0oy Fr dgds Jle b (gloluis
ke b oysluS 4 8l Al po 0)5luiS (g9t L oly (oo po)) 90
Copbld o8 ooVl ©ad punblisn § Sz (oS 5 b9y p9d o5 5
she YU oS 5 opl 5l ookl b sl s o3y i & s , o]
3 tey ol 3 e Gl G 4l 9 (0 Jols 0 piludS ) S
FYL G951 Ggnalisht —(JB (bg) il & (oS 5 by, ple
Ui Al yo S§ cadol Slygd 0,5 Syl e wuS 5 opl g0 Gl
Shed e Ll Gl dloye I G 298 (0 plxl S bawy Lls
asyo opl o albl 5l g3l Jiso g Al i3l ao )y Ye/A & (63959
dg, = A M 4y Sl 8iloy 5 Gialy 3 Slles I gy D9d (0 Bls
39 oo o3lial Laulis Lol dls o lgic 0 Vb @b _guboliio b, ;)
sy Jy ol x> g S 5 i 5 e i
Aolss Caglsl )3 pod a8 5 el ik Lol )90 SV e b o yiluis
YU G 5 omblize ol ai e Glipsd a5 Cul (Soo 4] g
Sl o )5 culplis 5l dxlge codgazme L) ped oSy jl oolatal

e

gl p&in 3 0L de 5 aboul el 03,8 plian g H0 K sl S
F5ie ke Gl eslo)lse 18150 6y a0 ula S ol ()51 5
Omlisl el 2 ogMe [¥] A5 sl 55 (psmeliglt adgl Sygs 5
o g cwn¥l 205L b g olatl ool Slles (ghls (63,8 5o,

DIVS ko (53l )lie 2218 Sl st 25 gt 4 15l Wl
el 55,8 o5 o o ly aoanST sla SIS aslisld (s e
Mo b e bulyd i b g S ol el el 9SS (8L
L ALY a\ﬁ.m
@ bt U hbp 4 gls & S gy @ plabe
Jitio 0y5ludS (A5 & Cojglyn €95 93 b odas (5% a3l
el JIy53 3 580 VL (ab3L S gy ol S Gmed 41 9 398 (o0
YO 29> g o &S Canl pl 3 Ka bawg Gl cuenl plpls
25 2B gl e 1 ol dlbl glgis a1y 639,5 STy Sl o>
IR b 2590 pbe SuilS &S (i) e gy 4 Gl ) L
€5 9 0 & baiye) oy &l sl Cujgdyrm il b S 05 (o0
Sy cxl bk Gl 4 xie g ol Jame albl 4 (Cujglyym
Al o awd a4 Canlio Jhe b oyiluiS g, opl )0 45 X pm 4 00
Gl (gublie By 4 ol )0 0yiludS ) e e oy i
Fg Sl o8 5o bk ol sl e @ 3 cal ond Jols Y
IB 55 Sbjb olus Jle 10 3ol cdl boclie cond iolidl b
9 Cojdom (oubliaahl (ol @ dog Ll (105 70 394>) o5
Sl pidy publite (il )5 a8 sy o )l 4 cdS” ublinely
ol g Cajgloz GLSE 3 alie (v ol 4 gL
2 o iy el (grlighs (o) 4 b (2l 0p8luS 4 (ol
s )3 S8 Cla p3lSe (351 hond 4 A2 b Sl gmslisle
Jdo s a5l yamoliald )5 Lol il o 3 5 S dlins (pl o SIS
2 8N (Sl Sl o g b S (odaw Jb lie > SV
J ol bcdl cand dopd A g bl L oyl S 4 ly
s o Cojolg e (o6 0 5S4 (oliod (y9manlilh (b9, 4 oS
Sl )3 Cojlom bl G laShy 4 g b nlnly
S e 4 CandS L o] (b (0155 (09 e i g adlllas )50
0,5l 155 & 5 e 4 s cela by I So gt e S

il oS 5 sl (b 5l ookl doe )5 0 Aiblgs Cujelg (2l



| tendore —T) S 0

ATiA

Y-

ra/4

;ﬁ.l'ﬂ-; n:.:jl.uu.‘.s'

v
|| TR e

\YIiF

M) 2

Ml

(P omolight o (055 5a0) M (g, cuS 5 Canigld O JSUS

Fig. 5. Flowsheet of combination of gravity method (tabling) and cationic flotation.
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