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a b s t r a c t

During the hydrometallurgical extraction of zinc by electrowinning process, a hazardous solid waste
called anode mud is generated. It contains large quantity of manganese oxides (55–80%) and lead dioxide
(6–16%). Due to the presence of a large quantity of lead, the anode mud waste is considered hazardous
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and has to be disposed of in secure landfills, which is costly, wastes available manganese and valuable
land resources. For recovery of manganese content of anode mud, a process comprising of carbothermal
treatment using low density oil (LDO) followed by sulphuric acid leaching is developed.

© 2010 Elsevier B.V. All rights reserved.
ulphuric acid leaching

. Introduction

Zinc is an important non-ferrous metal next only to copper and
luminum. It is brittle at room temperature, but becomes ductile
n the temperature range 100–150 ◦C and can be rolled into sheets
r drawn into wires [1]. The hexagonal close-packed crystal struc-
ure governs the behavior of zinc during fabrication [2]. It finds
pplications in batteries, galvanizing, automobile and die-casting
ndustries. Zinc compounds are used in cosmetics and pharmaceu-
ical compositions, as micro-nutrient in agriculture and in textile
ndustries, etc.

The world production of zinc in 2008 was reported to be 11.683
illion tons [3]. In India, its production for the 12-month period

etween April 2006 and March 2007 was about 0.237 mT against
demand of 0.333 mT. The corresponding values for 2005–2006
ere 0.331 mT and 0.430 mT, respectively [4]. The gap in pro-
uction and demand was primarily met by imports. In primary
roduction, zinc sulphide (Sphalerite) ore is widely employed while

n secondary sector zinc and brass ash, dross, skimmings, etc. are
sed as raw material. Zinc can be produced either by pyrometallur-

ical or hydrometallurgical process [5]. However, the latter process,
hich involves grinding, roasting, leaching in acid and removal

f impurities followed by metal electrowinning using aluminum
athode and lead (with 0.5–1% silver addition) anode, is more com-
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monly employed [6]. During electrolysis, zinc metal deposits on
the cathode and is removed in the form of sheets by peeling. To
protect anodes from excessive corrosion, manganese compounds
are added (2.5–7 gpl). On the surface of lead anodes, lead dioxide is
formed by electro-oxidation and manganese (present in the bath)
deposits as manganese oxide. The deposited oxides are powdery
in nature and fall off to the bottom of the bath. At the end of the
electrowinning cycle the powder (anode mud) is removed from the
bottom of the electrowinning cell. The quantity of anode mud gen-
erated depends on the composition of the bath and conditions of
electrolysis and generally varies between 25 and 35 kg for every
ton of zinc produced [7]. Due to the presence of significant content
of lead (as dioxide) in the anode mud (about 6–16% depending on
the electro-winning process parameters, purity of electrolyte and
anode composition, etc.), it is categorized as hazardous waste and
has to be disposed of in secure landfills. The increasing transporta-
tion and land costs make its disposal very costly. Further, the high
manganese oxide content (55–80%) makes it attractive and imper-
ative to recover and recycle manganese content of anode mud.

As manganese is a multi-valent ion, anode mud contains a mix-
ture of different oxides of manganese, some of which are insoluble
in sulphuric acid. To achieve maximum recovery of manganese,
the insoluble oxides need to be converted to soluble forms. It has
been reported [8–10] that carbo-thermal treatment of pyrolusite

ore using coal as reducing agent helps in improving leachabil-
ity of manganese content in H2SO4. However, Indian coals have
high ash content (30–45%) and their usage will cause generation
of large quantity of solid waste, the disposal of which may again
pose problems due to the presence of lead. Other reducing agents
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Table 1
Chemical composition of raw anode mud, washed and carbothermally reduced anode mud. Compositions are in weight percentage (%).

% Constituent (As element) → Mn Pb Zn Fe Ca Ag Moisture
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Raw anode mud (% w/w) 43.9 3.87
Water washed anode mud sample (% w/w) 46.65 6.54
Carbothermally reduced anode mud (% w/w) 50.50 7.18

eported in literature for partial reduction of the ore include iron
ulphide (pyrite) [11,12], graphite [13], sulphur slag [14], oxalic
cid [15], carbohydrate (as glucose [16,17], as sucrose [18,19]), coal
ellets containing coal, bituminous lacquer, shale oil [20], non-
oking coal [21], and hydrogen [22]. Kholmogorov et al. [11] as
ell as Parida et al. [12] leached manganese values from man-

anese ores using sulphuric acid in the presence of pyrite in the
emperature range of 80–100 and 70–95 ◦C respectively. Welham
13] achieved the reduction of manganese bearing ores in the range
f 500–700 ◦C by extended milling of the ore with graphite for
0 h prior to thermal treatment. Abou-EI-Sherbini [14] used sul-
hur slag for reducing low grade pyrolusite ore at a temperature

n the range of 300–400 ◦C in air or in a closed stainless steel
ube. Akdogan and Eric [23] reduced manganese ore using carbon
nd carbon monoxide in the temperature range of 1100–1350 ◦C.
iterature survey also reveals that partially reduced manganese
ioxide is highly reactive in acid/alkaline medium. Manganese
ioxide can be leached in ammonical solution (containing ammo-
ia and ammonium salt) [24,25], SO2 [26,27], FeSO4 solution [28]
nd dilute nitric acid [29,30] as well as in dilute hydrochloric
31–33]. Abbruzzese et al. [34] achieved maximum leaching of

anganese values from low grade manganese ores with aqueous
O2 or through bio-leaching using heterotrophic micro-organisms
n 15–20 days operation. Das et al. [25] studied the reaction kinetics
f reduction of manganese dioxide with ammonium sulfite solution
y heating in the temperature range of 80–110 ◦C in an auto-
lave. To obviate the disadvantages encountered in above processes
uch as high cost of reducing agents, e.g., glucose/sucrose/oxalic
cid, high processing time/fuel cost, need of autoclave and use of
nvironmentally hazardous chemistry, a carbothermal treatment

rocess for anode mud utilizing low density oil (LDO) – a liquid
hase reducing agent has been developed in our laboratory to ren-
er its manganese content leachable in H2SO4 [35] as leaching of
artially reduced manganese ore in dilute sulphuric acid is by far
he most commonly employed method in the industry for making

Fig. 1. X-ray diffractogram
2.10 0.087 9.01 0.028 2
0.13 0.11 9.25 Not estimated 0.45
0.14 0.12 9.94 Not estimated –

manganese sulphate [36–43], which may subsequently be used for
making manganese compounds such as manganese oxide [44,45].

The results of the process developed in our laboratory on car-
bothermal treatment of anode mud using LDO followed by leaching
in dilute H2SO4 are presented in this paper.

2. Materials and methods

2.1. Raw materials and chemicals

The anode mud sample was collected from a primary zinc pro-
ducing industry. The low-density oil (LDO) was used as a liquid
source of carbon. L.R. (Merck India) sulphuric acid was used in
leaching experiments.

2.2. Carbothermal reduction process

The anode mud collected from primary zinc industry was found
to be acidic in nature, having a pH of about 1. To avoid corrosion of
the reactor, the raw anode mud was thoroughly washed with water
and dried in air-oven and then mechanically homogenized with
appropriate quantity of liquid reducing agent (LDO). The homoge-
nized mixture was placed in a steel hood (15 cm × 15 cm × 30 cm)
fitted with a steel nozzle to provide escape for evolving gases.
The hood, with mix inside, was placed in an electric muffle fur-
nace and the temperature of the furnace was raised at a rate of
10 ◦C/min to required temperature. After heating for desired dura-
tion, the hood was withdrawn from the furnace and the contents
were allowed to cool to ambient. A reducing atmosphere was main-

tained in the reaction vessel during cooling. The carbothermally
treated anode mud sample was leached with sulphuric acid. The
process parameters were optimized with regard to concentration
of LDO, temperature and duration of heat treatment for optimum
recovery of manganese content available in the anode mud.

of raw anode mud.
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.3. Procedure for acid leaching of the carbothermally treated
node mud

For acid leaching process, 10 g of carbothermally treated anode
ud was leached with 200 ml sulphuric acid of appropriate con-

entration in a double walled cell under continuous stirring with
he help of a magnetic stirrer for desired duration. The temperature
f the contents was maintained by circulation of the thermostated
il through the jacket of the cell. After leaching, the contents were
iluted with distilled water and filtered to separate manganese-
earing leachate from the residue. The leaching parameters were
ptimized based on the percent of manganese recovered in the
eachate.

. Results and discussion

.1. Physical and chemical characterization of raw, washed and
arbo-thermally treated anode mud

The average particle size of the raw anode mud sample, as mea-
ured by Malvern Instruments particle sizer (Model MS 14), was
7 �m with 25% below 12 �m and 90% below 125 �m. The surface
rea of raw anode mud was observed to be 17.47 m2/g.

Chemical analysis of raw and washed anode mud samples was
arried out using standard procedures. The contents of iron, zinc,
anganese and lead were analyzed using Atomic Absorption Spec-

rometer (GBC make model No. 902). As a countercheck, the content
f manganese was analyzed by potentiometer titration method
46] also. The chemical compositions of raw, washed and carboth-
rmally treated anode mud are given in Table 1. It is observed
hat due to water washing the adherent/adsorbed zinc sulphate

s removed and hence the concentration of insoluble constituent’s
ike manganese oxides and lead dioxide/lead sulphate increases. On
arbothermal treatment of the washed anode mud, due to reduc-
ion of oxides to form CO2, the net metal content in the treated
node mud is observed to increase (see Table 1).

Fig. 3. X-ray diffractogram o
Fig. 2. SEM micrograph of raw anode mud.

3.2. Mineralogical and morphological characterization of raw,
washed and carbothermally treated anode mud samples

For identification of the mineralogical phases, X-ray diffraction
Spectrometer (Bruker make model D-8 Advance) with nickel-
filtered Cu K� radiation was used. The identification of the phases
present in the sample was done by comparing the experimentally
observed inter-planer spacing (‘d’ values) and the intensity of the
peaks with the ‘d’ values of the respective likely substances/phases
given in the JCPDS files [47] and search manual. The X-ray diffrac-
tion study of raw anode mud (Fig. 1) shows the presence of
different phases of manganese oxide like MnO1.88, �MnO2, �MnO2,
�MnO2, Mn2O3 as well as some phases of MnSO4·H2O, PbSO4, PbO2,
CaSO ·2H O, CaSO , CaFe (SO )(OH) ·19H O, ZnSO ·nH O, Fe O ,
4 2 4 4 4 2 2 4 2 2 3
etc. And the morphology of the waste materials was studied using
Jeol make Scanning Electron Microscope (Model JSM 5600). The
SEM (Fig. 2) micrograph of anode mud shows a mixed morphology
of manganese oxide along with lead components.

f washed anode mud.
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Fig. 4. SEM micrograph of washed anode mud.

The mineralogical phases present in the water washed anode
ud sample, as identified by X-ray diffraction studies (see Fig. 3)

re PbO2, PbSO4, �Mn2O3, �MnO2, MnO1.88, �MnO2, MnO2 (Rems-
ellite) and CaSO4 (arising due to neutralization of highly acidic
node mud by lime). ZnSO4, MnSO4, MnSO4·H2O, CaSO4·2H2O,
aFe4(SO4)(OH)2·19H2O are observed to be absent. SEM (see Fig. 4)
f washed anode mud shows a mixed morphology and all the par-
icles are observed to be agglomerated.

The carbothermal treatment of anode mud at elevated tem-
eratures is effective in reducing acid-insoluble higher oxides of
anganese oxide phases into acid soluble phases. Thus peaks cor-

esponding to formation of new phases MnO (‘d’ values 2.56, 1.57,
.34, 1.28) and �MnO2 appear while the intensity of the peaks cor-
esponding to phases MnO1.88 and �Mn2O3, increases. The lead
ompounds are reduced to PbS (‘d’ values 2.97, 2.09, 1.79) lead
etal and Pb4SO7 phases. Fig. 5 shows the X-ray diffractogram of

arbothermally reduced anode mud. SEM (see Fig. 6) of CRT anode
ud shows the presence of rod shaped and spherical shaped struc-

ures.
.3. Effect of LDO concentration in carbothermal treatment
rocess on recovery of manganese

To determine the content of oil required for carbothermal treat-
ent, 100 g anode mud was thoroughly homogenized with 10, 15,

Fig. 5. X-ray diffractogram of carbo
s Materials 186 (2011) 293–299

20 and 25% (v/w) low density oil (LDO) and treated at 650 ◦C for
120 min following the procedure described above. The carbother-
mally treated anode mud was then leached with sulphuric acid
and the residue was separated by filtration with Whatman filter
paper (No. 42; pore size 2.5 �m). The content of manganese in the
leachate was evaluated using potentiometric titration method. The
results are shown in Fig. 7. The percentage of leached manganese
is observed to increase rapidly with increase in LDO content up to
20% (v/w) where after it becomes practically constant. Hence the
use of 20% (v/w) LDO in the anode mud–LDO mix was considered
to be sufficient and further experiments were carried out using this
composition.

3.4. Effect of temperature of carbothermal treatment on the
recovery of manganese from anode mud

To optimize the temperature of carbothermal treatment, thor-
oughly homogenized mix of 100 g anode mud with 20% (v/w) LDO
was treated for 120 min at different temperatures ranging from 450
to 750 ◦C. The results are shown in Fig. 8. The percent manganese
content recovered in the leach is observed to increase with increase
in treatment temperature up to 650 ◦C where after it becomes con-
stant. Hence it is concluded that 650 ◦C is the optimal temperature
for carbothermal treatment of anode mud.

3.5. Effect of treatment time on the recovery of manganese from
anode mud

To optimize the time required for carbothermal treatment, thor-
oughly homogenized mix of 100 g anode mud with 20% (v/w) LDO
was treated at 650 ◦C for different time periods varying in the range
of 30–120 min. The percentage manganese content recovered is
observed to increase with duration of treatment up to 120 min
beyond that there is no appreciable gain in manganese recovery
(see Fig. 9). Hence a treatment time of 120 min is considered to be
optimum for maximum recovery of manganese.

3.6. Effect of acid concentration on leachability of manganese
For optimizing the acid concentration required during leach-
ing, 10 g of carbo-thermally treated anode mud was leached
with 200 ml of sulphuric acid of different concentrations ranging
between 5 and 50% (V/V) at 100 ◦C for 7 h. After this period, the
solution containing manganese was separated from the residue by

thermal treated anode mud.
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Fig. 8. Effect of temperature on the carbothermal treatment of anode mud.
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leaching time, the recovery of manganese increases, but becomes
Fig. 6. SEM of carbothermal treated anode mud.

ltration and analyzed. The results are shown in Fig. 10. The content
f leached manganese with 15–30% H2SO4 is observed to be almost
onstant. Since the concentration of acid decreases during leaching
nd hence 20% acid concentration was considered to be suitable
or the leaching of the treated anode mud in sulphuric acid. The

anganese leachability in the experiments using 5, 10, 40 and 50%
s observed to be lower. While the low leachability of manganese
n dilute acid is easily understandable, its decrease in concentrated
cid solutions may be attributed to a decrease in the solubility of
anganese sulphate.

.7. Effect of temperature on leachability of manganese

To optimize the temperature of leaching, 10 g carbo-thermally
reated anode mud was leached with 200 ml of 20% sulphuric
cid solution at different temperatures ranging between 25 ◦C and
00 ◦C for 7 h and the results are shown in Fig. 11. It is observed that
ith increase in temperature of leaching, the manganese recov-

ry increases. However, at temperatures above 100 ◦C, the acid
apors generated cause severe corrosion and also pose health haz-
rd. Hence a temperature of 100 ◦C for leaching was considered to
e sufficient.

.8. Effect of time on the leaching of manganese
To optimize the time of leaching process, 10 g of carbother-
ally treated anode mud was leached with 20% (V/V) H2SO4 at

00 ◦C for different durations ranging between 3 and 8 h. The results
re shown in Fig. 12. It is observed that with the increase in
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ig. 7. Effect of oil concentration on the carbothermal treatment of anode mud.
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Fig. 9. Effect of time on the carbothermal treatment of anode mud.
constant beyond 7 h. Thus, it can be concluded that 7 h is suffi-
cient time for the maximum recovery of manganese during acid
leaching.
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Fig. 10. Effect of acid concentration on the recovery of manganese.
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Fig. 11. Effect of leaching temperature on the recovery of manganese.
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Fig. 12. Effect of leaching time on the recovery of manganese.

. Conclusions

. A lab scale process comprising of carbothermal reduction using
low density oil followed by dilute sulphuric acid leaching has
been developed whereby about 95% of the manganese available
in anode mud is recovered.

. For carbothermal treatment, use of 20% (v/w) LDO and heating
at 650 ◦C is found to be optimum.

. For the leaching process, use of 20% (v/v) sulphuric acid at 100 ◦C
for 7 h has been observed to be optimum.
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