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Abstract−The extraction behaviors of Cu, Ni and Co from a complex matte under different leaching conditions have

been discussed. The synthetic Cu-Ni-Co-Fe-S matte was prepared by melting the pure metals. The matte contained

24.95% Cu, 35.05% Ni, 4.05% Co, 11.45% Fe, 24.5% S, similar composition as is expected to be obtained by reduction

smelting of the Pacific Ocean nodules followed by sulphidisation of the alloy. The different phases identified are CuFeS2,

CuS2, (FeNi)9S8, (FeNi)S2, Ni9S8, Ni3S2, (CoFeNi)9S8 and Co metal. The merits and demerits of each process of dis-

solution i.e., H2SO4/oxygen pressure leaching, atmospheric FeCl3 leaching, NH4OH/(NH4)2SO4 pressure leaching are

discussed in detail. Out of the three, the H2SO4/oxygen pressure leaching process is found to be the most suitable with

more than 99% metal extraction efficiency within 1 h of leaching time. From the X-ray diffraction analysis, the dif-

ferent undissolved phases corresponding to different leaching processes have been identified. The metal extraction effi-

ciency decreased in case of atmospheric FeCl3 leaching and NH4OH/(NH4)2SO4 pressure leaching processes due to

the formation of product layer such as elemental sulfur and goethite, respectively.

Key words: Manganese Nodules, Matte, H2SO4 Pressure Leaching, NH4OH/(NH4)2SO4 Pressure Leaching, Atmospheric

FeCl3 Leaching

INTRODUCTION

Deep-sea manganese nodules are one of the most important min-

erals discovered in the recent past, which have very high potential

as a source of non-ferrous metals such as copper, nickel, cobalt and

manganese. As the land-based resources of these valuable metals

are either inadequate or depleting fast, the possible exploitation of

sea bed manganese nodules has gained much importance, particu-

larly in the Korean context where there are almost no primary re-

sources of these metals. The vast size of these deposits, for exam-

ple, of the order of 1011 ton in the Pacific Ocean, is the main reason

for the continued research and development [1]. Though the eco-

nomic potential of recovering valuable metals from nodules has

long been recognized, an economically viable as well as environ-

mental friendly extraction process is yet to be developed.

Sea nodules are comprised mainly of oxides of manganese and

iron together with various valuable metals such as copper, nickel

and cobalt [2,3]. These metals are present in oxide form and are

reported to be in the lattices of iron and manganese minerals [4,5].

Therefore, breaking up of these lattices by pyrometallurgical reduc-

tion or hydrometallurgical reductive dissolution is an important step

for the satisfactory recovery of valuable metals. The extraction pro-

cesses developed so far for sea nodules fall mainly under two catego-

ries: pyrometallurgical pre-treatment followed by hydrometallurgical

processing and purely hydrometallurgical processing. Some pyro-

metallurgical pre-treatments are smelting, reduction-roasting, sulfatiz-

ing, chloridizing, etc. [6-10]. The reductive dissolution is performed

by leaching in hydrochloric acid, sulfuric acid, ammonia, etc., in

absence or presence of reducing agents such as sulfur dioxide, pyrite,

sodium sulfide, charcoal, alcohol, organic acids etc. [11-15]. Based

on literature and contacts with industry [16], the most promising

leaching systems for commercialization have been identified as (1)

sulfuric acid/oxygen, (2) ferric chloride, and (3) ammonia/oxygen.

Each method has its own merits and demerits. The sulfuric acid/

oxygen system has good potential for commercialization; however,

the kinetics is relatively slow at typical in-situ conditions. To en-

hance metal extraction rate, it needs to be operated at high pressure

and temperature conditions. Although the ferric chloride system

shows promise, severe corrosion problems have resulted in limited

industrial interest. By contrast, the ammonia/oxygen system has

some unique advantages which make it of more interest to industry.

The advantages are that the basic leach solution alleviates several

corrosion problems observed with the acidic systems and cleaner

leach liquors produced, thus facilitating subsequent metal recovery

[17]. However, similar to sulfuric acid/oxygen system, it has the dis-

advantage of operating at relatively high temperature and pressure.

The Minerals and Materials Processing Division of the Korea

Institute of Geoscience and Mineral Resources (KIGAM), Korea

has been working for the past several years on the processing of

the Pacific Ocean manganese nodules for metal recovery. A pro-

cess based on pyrometallurgical pre-treatment of nodules followed

by hydrometallurgical processing has been proposed by KIGAM

and it involves the pyrometallurgical smelting reduction-sulfidation

route to produce Cu-Ni-Co-Fe rich matte and Mn slag [18], fol-

lowed by leaching with suitable reagents [19-21]. In the present paper

we have made a comparison study of three different leaching pro-

cesses (H2SO4/oxygen pressure leaching, atmospheric FeCl3 leach-

ing, NH4OH/(NH4)2SO4 pressure leaching) carried out in our labo-

ratory to recover valuable metals like Cu, Ni and Co from Cu-Ni-
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Co-Fe rich matte.

EXPERIMENTAL

The synthetic Cu-Ni-Co-Fe matte having similar composition

as is expected to be obtained by reduction smelting of the Pacific

Ocean nodules followed by sulfidization of the alloy was prepared

by melting the pure metals in required proportions in an induction

furnace. A graphite crucible was used for this purpose. Appropriate

amount of metals placed in the crucible was heated to about 1,500 oC.

When the alloy was completely melted and homogenized, sulfur

addition was made. To avoid loss due to evaporation, pure sulfur

powder was compacted into small cylinders in a mechanical press

and manually held into the melt and stirred with a graphite rod. At

the end of the run, the crucible was removed from the furnace and

cooled to room temperature. The matte was crushed in a jaw crusher,

ground in a ball mill and sieved under 100 µm for further study.

The pressure leaching experiments were carried out in a 450 ml

capacity autoclave (Model 4562, PAR, USA) with 100 ml of leach

solution and the desired amount of matte. Temperature was con-

trolled through a PID controller with digital read-out for tempera-

ture, pressure and agitation speed. The contents were heated to the

desired temperature. On attainment of temperature, the contents were

stirred at 600 RPM and oxygen was introduced into the system con-

tinuously to maintain a constant pressure during the entire period

of the experiment. Reaction time was counted after the introduc-

tion of oxygen into the reactor. The atmospheric FeCl3 leaching ex-

periments were performed in a glass reactor, with a Teflon cap in

the central hole in which the axis of a Teflon stirrer with adjustable

revolutions was placed. The flask was heated by an electrical heat-

ing mantle fitted with a temperature controlling thermostat where

the variation of temperature was ±1 oC. The sulfur content in the

carbon tetrachloride was determined by weighting the residue after

evaporation of the solvent at a low temperature under vacuum us-

ing a rotavapor (Buchi, R-134). Each leaching experiment was per-

formed at 5% (w/v) pulp density of matte. The contents were cooled,

discharged, filtered and analyzed by atomic absorption spectropho-

tometer (AAS, Varian, Spectr-400) after suitable dilution. The re-

sidues were washed, dried in an air oven at 110 oC for 24 h. Known

amounts of residues were acid digested and analyzed for Cu, Ni,

Co, and Fe. In each case a satisfactory (±3%) material balance was

obtained. Particle size measurements were done by a Malvern par-

ticle size analyzer (Hydro 2,000 M/MU). The mineralogical com-

position of the matte before and after leaching was carried out by

X-ray diffraction analysis (XRD, Rigaku, Model-RH 200, Japan)

at a scanning speed of 2 deg/min using Cu-Kα radiation source. The

identification of mineral phases was based on d-values and inte-

grated intensities. The surface area of the matte was determined by

BET method using five-point surface N2 (Micromeritics, Model -

TriStar, V 5.02, USA). Sulfur analysis was done by a LECO SC-

432 analyzer. A scanning electron microscope (SEM, JEOL, JSM-

6380LA) was used for particle observation in the matte before and

after leaching.

RESULTS AND DISCUSSION

1. Characterization of the Matte

The chemical analyses of the synthetically prepared Cu-Ni-Co-

Fe matte contained 24.95% Cu, 35.05% Ni, 4.05% Co, 11.45% Fe,

and 24.5% S. It is established that hydrometallurgical processes,

particularly pressure leaching processes, are sensitive to particle

size. So in the present study we reduced the particle size below 100

µm prior to processing by pressure leaching. Table 1 shows the par-

ticle size distribution of the bulk sample used in the study. About

67% of the sample was in the range −63+25µm. Specific surface

area of the matte was found to be 0.694 m2/ gm. The X-ray diffrac-

tion pattern of the matte is shown in Fig. 1a. The major mineral phases

identified were: CuFeS2, CuS2, (FeNi)9S8, (FeNi)S2, Ni9S8, Ni3S2,

(CoFeNi)9S8 and Co metal. There was no peak for elemental sulfur

indicating proper reaction with the metal ions with elemental sulfur.

2. Chemistry of Different Leaching Processes

It is well known that metal oxides dissolve rapidly in acids com-

pared to sulfides. To enhance the sulfide dissolution the presence

of an oxidant is required. Ferric ion is one such oxidizing agent,

used successfully for the dissolution of mineral sulfides. The solution

must be acidic since ferric hydroxide starts to precipitate at about

pH 3. The leaching of complex Cu-Ni-Co-Fe matte in presence of

FeCl3 can be described by the general equation:

MS+2Fe3+=M2++So+2Fe2+ (1)

where, M stands for Cu, Ni and Co.

The rate of dissolution of sulfides in presence of Fe3+ ion is con-

trolled by chemical reaction rather than diffusion processes. The

oxidation potential of ferric chloride leaching system results in ele-

Table 1. The average particle size distribution of the matte

Particle size (µm) Distribution (wt%)

−100+63 25.9

−63+25 66.9

−25 07.2

Fig. 1. XRD pattern of matte and leached residues under best leach-
ing conditions, (a) matte, (b) 2 M NH4OH+2 M (NH4)2SO4,
15 kg/cm2 pressure, 200 oC and 1 h, (c) 1.5 M FeCl3, 0.3 M
HCl, 90 oC and 7 h, (d) 1.0% H2SO4, 150 oC, 10 kg/cm2 and
1 h.
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mental sulfur as one of the major by-products, a form generally more

acceptable environmentally than the SO4

2− from H2SO4 and ammo-

niacal pressure leaching. Iron can be rejected as a precipitate, e.g.,

goethite or jarosite.

Hot concentrated H2SO4 is another oxidizing agent. The oxidiz-

ing power may be considered by the result of SO3 decomposition

as follows:

H2SO4=H2O+SO3 (2)

SO3=SO2+1/2O2  (3)

However, leaching with dilute H2SO4 at ambient temperature and

pressure is a slow process in which acid consumption is high and

the final extraction of valuable metals may be incomplete. To im-

prove the extraction of the valuable nonferrous metals, another oxi-

dizing agent in the form of oxygen has been used successfully. Metals

are leached in form of soluble metal sulfides. A typical example of

CuFeS2 is presented below:

2CuFeS2+2H2SO4+5O2=2CuSO4+2FeSO4+2H2O+2S (4)

Depending on the acid concentration, pH and temperature the

ferrous sulfate would get oxidize to ferric sulfate, which at about

100 oC hydrolyzes rapidly, even at a pH as low as 1.5, to hematite

as shown in the following reactions:

2FeSO4+H2SO4+1/2O2=Fe2(SO4)3+H2O (5)

Fe2(SO4)3+3H2O=Fe2O3+3H2SO4 (6)

The combination of ammonia and ammonium salts is known to

be a powerful lixiviant used in hydrometallurgical processes. Many

metals including Cu, Ni and Co can be extracted by using a mix-

ture of ammonia and ammonium salts under high temperature and

pressure conditions. The detailed chemistry of the oxidative am-

monia leach is quite complex and multi step, but the basic princi-

ples are reasonably established [22]. Briefly, the sulfide component

is oxidized to a soluble species, predominantly sulfate (SO4

−2) to-

gether with some lower oxidation state species such as thiosulfate

(S2O3

−2), thionate (S3O6

−2) and sulfamate (NH4·SO3·NH2). The Fe

component is oxidized to the +3 state and precipitated as hydrated

ferric oxide (Fe2O3·H2O). The Cu and Ni are released in the +2 oxi-

dation state and stabilized in solution by the formation of amine com-

plexes with NH3 ligands. On the other hand, cobaltic ammine com-

plexes are more stable compared to cobaltous ammine in the higher

pH range.

2-1. Atmospheric FeCl3 Leaching

The effect of FeCl3 and HCl concentrations, temperature and ad-

dition of CCl4 on metal extraction are discussed in this section (Table

2). Using 1.0 M FeCl3 and 0.3 M HCl, the fraction of Cu, Ni and

Co dissolved into solution was studied up to 7 h reaction time at

90 oC. The results clearly demonstrated that Cu dissolution was fast

and reached equilibrium within 3h compared to Ni and Co, which

needs 5 h and 7 h, respectively. Effect of FeCl3 concentration showed

that, by using 0.5 M FeCl3 almost 80% Cu was leached out to the

solution within 7 h. With further increasing FeCl3 concentration to

1.0 M and above showed more than 99% extraction of Cu within

that period. The effect of FeCl3 concentration on Ni extraction was

almost similar to Cu extraction. Whereas, Co extraction was slow

and reached maximum 87%, even though FeCl3 concentration was

increased to 2.0 M. In 7 hrs time, about 99% Cu, 93% Ni and 85%

Co could be leached out using 1.5 M FeCl3 and 0.3 M HCl.

Fig. 2 shows the leaching efficiency of Cu, Ni and Co using HCl

(0.1, 0.3 and 0.5 M) and mixture of HCl-FeCl3 at 90 oC and 7 h.

The main aim of carrying the leaching experiments in two differ-

ent conditions was to distinguish the effect of FeCl3 and HCl, in-

dividually. It was found that Cu extraction was almost negligible in

all the three concentrations of HCl studied. Whereas, in the pres-

ence of 1.5 M FeCl3, extraction of Cu was more than 99% at 90 oC

and 7 h. This showed that FeCl3 was solely responsible for the ex-

traction of total Cu. Both Ni and Co showed similar extraction be-

Table 2. Effect of different leaching parameters on the extraction of metals using atmospheric FeCl3 leaching process

Time, h [FeCl3], M [HCl], M Temp., oC CCl4, g Extraction of Cu, % Extraction of Ni, % Extraction of Co, %

1.0 1.0 0.3 90 - 90.5 55.0 39

3.0 1.0 0.3 90 - 98.0 82.0 57

5.0 1.0 0.3 90 - 98.8 90.5 61

7.0 1.0 0.3 90 - 99.0 91.0 64

7.0 0.5 0.3 90 - 80.0 61.0 29

7.0 1.0 0.3 90 - 99.0 91.0 64

7.0 1.5 0.3 90 - 99.5 93.0 85

7.0 2.0 0.3 90 - 99.9 95.0 87

7.0 1.5 0.1 90 - 98.7 88.0 79

7.0 1.5 0.3 90 - 99.5 93.0 85

7.0 1.5 0.5 90 - 99.5 95.0 86

7.0 1.5 0.3 30 - 60.0 31.0 16

7.0 1.5 0.3 50 - 70.0 55.0 45

7.0 1.5 0.3 70 - 82.0 82.0 75

7.0 1.5 0.3 90 - 99.5 93.0 85

7.0 1.5 0.3 30 100 63.0 35.0 18

7.0 1.5 0.3 50 100 82.0 61.5 50

7.0 1.5 0.3 70 100 94.0 91.0 82
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Fig. 2. Effect of HCl concentration (open marks) and HCl+FeCl3
(closed marks) on the extraction of metals (FeCl3=1.5 M,
Temp=90 oC, Time=7 h).

Fig. 3. Cu, Ni and Co extraction efficiency under best conditions
of different leaching processes (A=atmospheric FeCl3 leach-
ing, B=NH4OH/(NH4)2SO4 pressure leaching, C=H2SO4 pres-
sure leaching).

Fig. 4. SEM-micrographs, (a) matte, (b) FeCl3 leached residue (elemental S coated), (c) FeCl3+CCl4 leached residue (elemental S removed),
(d) NH4OH/(NH4)2SO4 leached residue (goethite formation), (e) H2SO4 leached residue (hematite formation).
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havior, i.e., extraction increased with increasing concentration of

HCl. The Ni extraction increased from 12 to 40% and Co extrac-

tion increased from 10 to 32%, when HCl concentration was in-

creased from 0.1 to 0.5 M without FeCl3. Whereas, Ni extraction

increased from 88 to 95% and Co extraction from 79 to 86% in pres-

ence of 1.5 M FeCl3 and similar acid conditions, which indicated

that acidity also played a role in Ni and Co extraction. The extrac-

tion of Cu, Ni and Co was studied at various temperatures between

30 and 90 oC at a fixed concentration of 1.5 M FeCl3 and 0.3 M HCl.

As shown in Table 2, the extraction of all the three metals increased

with increase of temperature. The effect was found to be the maxi-

mum for Co, followed by Ni and Cu. At 30 oC the reaction was very

slow. With increasing temperature from 30 to 90 oC, an acceleration

of metal extraction, i.e., 60 to 99.5%, 31 to 93%, and 16 to 85%

for Cu, Ni and Co, respectively at 7 h was observed. Based on the

results, it was observed that 1.5 M FeCl3, 0.3 M HCl, 90 oC and 7 h

appeared to be optimum conditions to extract 99.5% Cu, 93% Ni

and 85% Co.

The CCl4 addition to the reaction mixture in presence of 1.5 M

FeCl3 and 0.3 M HCl at various temperatures showed a marked in-

crease in Cu, Ni and Co extraction efficiency. There was no dif-

ference in the extraction rate of the metals at the initial stage of the

reaction irrespective of temperature. This is understandable, because

at the initial stage of the reaction the role of CCl4 was minimal due

to formation of small amount of elemental sulfur. With increasing

time, there was marked improvement in the extraction of metals.

The effect of CCl4 was greater at higher temperature compared to

lower ones.

The combined application of XRD and SEM studies is a useful

tool for the characterization of leached and bulk samples. The sam-

ples before and after leaching were subjected to XRD and SEM

analysis to see the phase changes and morphological observations.

Fig. 1c shows the XRD analysis of matte leached for 7 h using 1.5

M FeCl3 and 0.3 M HCl at 90 oC. As shown in the XRD analysis,

CuFeS2 and CuS2, the two Cu phases present in the matte, dis-

solved simultaneously in the reaction mixture. The Ni is associated

with five different phases, i.e., (FeNi)9S8, (FeNi)S2, Ni9S8, (CoFeNi)9S8

and Ni3S2 in the matte. Out of these, the dissolution of (FeNi)9S8

appeared to be slow and not complete. The undissolved cobalt was

assumed to be the cobalt metal. Although some nickel and cobalt

was not leached out (7% Ni and 15% Co), it was not detectable in

the XRD analysis. Elemental sulfur was formed with increasing ex-

traction of metals. SEM observations of the leached samples with-

out and with CCl4 are presented in Fig. 4. Without CCl4, elemental

sulfur can be seen on the leached surface of the residue (Fig. 4b).

Whereas, elemental sulfur was not observed in the leached residue

when leaching was carried out in the presence of CCl4 (Fig. 4c).

This was supported by the increasing amount of metal extracted

into solution in presence of CCl4. This indicated that metal extrac-

tion was hindered by the formation of elemental sulfur, which was

subsequently coated around the mineral particles.

2-2. NH4OH/ (NH4)2SO4 Pressure Leaching

The mechanism by which pressure leaching processes affect the

release of metals from sulfide mineral matrices, largely dependent

on many factors such as temperature, oxygen partial pressure, con-

centration of leaching reagents, time and process chemistry. The

effects of different parameters on the extraction of metals using am-

monia/ammonium sulfate pressure leaching process are presented in

Table 3. Effect of different parameters on the extraction of metals using NH4OH/(NH4)2SO4 pressure leaching process

Time,

h

[NH4OH],

M

[(NH4)2SO4],

M

Oxygen partial pressure,

kg/cm2

Temp.,
oC

Extraction of Cu,

%

Extraction of Ni,

%

Extraction of Co,

%

0.25 2.0 1.0 15 150 65.0 73.0 22.0

0.50 2.0 1.0 15 150 83.0 84.0 37.0

1.00 2.0 1.0 15 150 91.0 86.0 45.0

2.00 2.0 1.0 15 150 93.0 88.0 46.0

1.00 1.0 1.0 15 150 67.0 52.0 17.5

1.00 2.0 1.0 15 150 91.0 86.0 45.0

1.00 3.0 1.0 15 150 92.0 87.0 63.0

1.00 4.0 1.0 15 150 92.0 87.5 66.0

1.00 2.0 1.0 15 150 91.0 86.0 45.0

1.00 2.0 2.0 15 150 91.5 81.0 68.0

1.00 2.0 3.0 15 150 93.0 79.0 71.0

1.00 2.0 4.0 15 150 94.0 76.0 72.0

1.00 2.0 2.0 05 150 63.0 38.0 43.0

1.00 2.0 2.0 10 150 86.0 54.0 58.0

1.00 2.0 2.0 15 150 91.5 81.0 68.0

1.00 2.0 2.0 20 150 94.0 83.0 68.0

1.00 2.0 2.0 25 150 95.0 84.6 69.0

1.00 2.0 2.0 15 100 75.0 62.0 45.0

1.00 2.0 2.0 15 125 83.0 73.0 61.5

1.00 2.0 2.0 15 150 91.5 81.0 68.0

1.00 2.0 2.0 15 175 93.0 83.0 72.0

1.00 2.0 2.0 15 200 94.0 85.0 76.5
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Table 3. The effects of time show that, all the three metals exhibited

similar type of extraction behavior. At the beginning of the leaching,

the extraction rate of all the three metals was very fast. Within the

first 15 min, 65% Cu, 73% Ni and 22% Co recovery was achieved.

This increased to 91%, 86% and 45% for Cu, Ni and Co, respec-

tively, after 1 h leaching time. Beyond 1 h, there was no marked in-

crease in extraction for the studied metals. The variations of NH4OH

concentration at a fixed (NH4)2SO4 concentration and vice versa

were studied at fixed other conditions. With increasing NH4OH con-

centration from 1.0 to 4.0 M and keeping (NH4)2SO4 constant at

1.0 M, the extraction of Cu, Ni and Co increased from 67% to 92%,

52% to 87.5% and 17.5% to 66%, respectively, with an equilib-

rium pH between 8.5 and 9.9. On the other hand, by varying

(NH4)2SO4 concentration from 1.0 M to 4.0 M and keeping 2.0 M

NH4OH concentration constant, Cu extraction increased marginally

from 91 to 94% and Co extraction increased substantially from 45

to 72%, whereas, Ni extraction showed a negative trend. The Ni

extraction decreased from 86 to 76% when (NH4)2SO4 concentra-

tion was increased from 1.0 M to 4.0 M. At the same time, pH also

decreased from 9.3 to 8.1. This can be explained by the fact that, at

higher pH nickel ammine is the most stable species. In the pH range

6.0-8.0, Ni is precipitated as insoluble nickel hydroxide, thereby

decreasing Ni extraction efficiency [23]. The effect of oxygen par-

tial pressure was studied by varying it from 5 to 25 kg/cm2, keep-

ing all other parameters such as 2 M NH4OH, 2 M (NH4)2SO4, tem-

perature at 150 oC and time 1 h constant. Extraction of Cu varied

from 63 to 95%, Ni varied from 38 to 84.6% and Co from 43 to

69% as oxygen pressure was increased from 5 to 25 kg/cm2. For

all the three metals, extraction rate was fast up to 15 kg/cm2 oxy-

gen partial pressure. With further increase in partial pressure up to

25 kg/cm2 the metal extraction was not significantly increased. Sim-

ilarly, it was found that by increasing the leaching temperature from

100 to 200 oC, Cu extraction increased from 75 to 94%, Ni extrac-

tion from 62 to 85% and Co extraction from 45 to 76.5% after 1 h

leaching. So it was concluded that, under the best leaching condi-

tions (2 M NH4OH+2 M (NH4)2SO4, 15 kg/cm2 pressure, 200 oC and

1 h), 94% Cu, 85% Ni and 76.5% Co can be effectively recovered.

The leached residue after leaching under best conditions was sub-

jected to XRD analysis to see the phase changes that disappear and/

or the products that form during leaching (Fig. 1b). It was observed

that, some of the mineral phases like Ni3S2, (FeNi)S2, Ni9S8, CuS2

and Co metal completely disappeared within 1 h of leaching. The

intensity of CuFeS2 lines decreased with progressive leaching. How-

ever, the dissolution of CuFeS2 was incomplete even after 1 h of

leaching time. This was presumed to be the contributing factor for

the undissolved Cu. The CuFeS2 phase is reported to be the most

difficult to leach of all the copper minerals, owing to the formation

of a tenacious goethite reaction product under certain conditions [24].

As shown in the XRD, goethite peaks developed as the CuFeS2 phase

dissociated. This indicated that the iron present in CuFeS2 was mostly

precipitated to goethite and remained in the residue. Similar types

of results are also reported by other researchers [25] during ammo-

niacal leaching of chalcopyrite. The conclusion was further sup-

ported by the SEM study shown in Fig. 4. The photograph in Fig.

4a of the matte sample revealed particle aggregates of different ini-

tial size without goethite on its surface. After 1 h leaching, goethite

was found on the leached surface of the residue, which was sub-

sequently coated around the mineral particles (Fig. 4d). These ob-

servations indicated that the goethite formed from the iron was re-

leased during dissolution of CuFeS2. On the other hand, whether

Ni and Co associated with Fe phases behaves in a similar way or

not was not possible to detect in the present study. As shown in the

XRD analysis, the undissolved Ni and Co phases were (FeNi)9S8

and (CoFeNi)9S8, respectively.

2-3. H2SO4 Pressure Leaching

The preliminary experiments showed that temperature, oxygen

partial pressure and acid concentration played an important role dur-

ing H2SO4 pressure leaching of matte. The results presented in Table

Table 4. Effect of different parameters on the extraction of metals using H2SO4 pressure leaching process

Time,

h

[H2SO4],

% (v/v)

Oxygen partial pressure,

kg/cm2

Temp.,
oC

Extraction of Cu,

%

Extraction of Ni,

%

Extraction of Co,

%

Extraction of Fe,

%

0.5 1.0 10.0 150 96.5 97.0 97.5 00.8

1.0 1.0 10.0 150 99.2 99.3 99.5 00.7

1.5 1.0 10.0 150 99.9 99.9 99.9 00.5

2.0 1.0 10.0 150 99.9 99.9 99.9 00.3

1.0 0.5 10.0 150 75.2 95.4 96.8 00.2

1.0 1.0 10.0 150 99.2 99.3 99.5 00.7

1.0 1.5 10.0 150 99.6 99.9 99.9 32.0

1.0 2.0 10.0 150 99.8 99.9 99.9 45.0

1.0 1.0 04.0 150 35.0 89.0 93.0 03.2

1.0 1.0 06.0 150 35.0 89.0 96.0 02.9

1.0 1.0 08.0 150 72.0 98.0 98.0 01.6

1.0 1.0 10.0 150 99.2 99.3 99.5 00.7

1.0 1.0 10.0 110 55.0 92.5 95.0 05.0

1.0 1.0 10.0 120 59.0 95.8 96.8 04.4

1.0 1.0 10.0 130 73.0 96.7 97.1 03.7

1.0 1.0 10.0 140 87.5 97.5 97.9 02.6

1.0 1.0 10.0 150 99.2 99.3 99.5 00.7
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4 clearly demonstrate that Cu, Ni and Co extraction was fast and

reached equilibrium within 30 min. About 96-97% each of Cu, Ni

and Co was extracted within this period. With further increase in

time up to 1 h, more than 99% metal extraction was achieved. On

the other hand, the Fe concentration in solution decreased with time.

For example, within 30 min 0.8% Fe was in the solution; that de-

creased to 0.3% after 2 h leaching. This can be explained by the

precipitation of soluble Fe as hematite with time and remained in

the residue. The effect of H2SO4 concentration on metal extraction

at 10 kg/cm2 pressure, 150 oC and 1 h time was studied. It was found

that 1.0% (v/v) H2SO4 was sufficient enough to extract more than

99% Cu, Ni and Co. With further increasing H2SO4 concentration

resulted in significant increase in soluble Fe in solution. This is due

to the higher acidity in the solution which prevented the precipita-

tion of Fe.

The effects of oxygen partial pressure and temperature were pro-

minent in case of Cu extraction compared to Ni and Co extraction.

Cu extraction increased significantly with an increase in oxygen pres-

sure and temperature. For example, Cu extraction increased from

35 to 99.2% and 55 to 99.2% when oxygen partial pressure was

increased from 4.0 to 10.0 kg/cm2 and temperature from 110 to 150
oC, respectively. Under the same conditions, the variation in Ni and

Co extraction was within 10%. Based on the results, it was observed

that 1.0% H2SO4, 150 oC, 10 kg/cm2 and 1h contact time appeared

to be optimum to extract 99.2% Cu, 99.3% Ni and 99.5% Co. XRD

analysis (Fig. 1d) showed the formation of hematite (Fe2O3), which

was further confirmed by SEM study (Fig. 4e).

SUMMARY AND COMPARISON AMONG

LEACHING PROCESSES

The results of different leaching processes show that they differ

considerably in their extraction conditions and efficiency of metal

extraction. The merits and disadvantages of a particular process de-

pend on many factors. For example, the availability and cost of fuel,

selectivity, extraction efficiency of desired metals, speed of reaction,

availability and cost of reagents, reagent consumption, and equip-

ment requirements are among other factors to be considered. A com-

parison of different leaching processes is presented in Table 5. The

extraction of Cu, Ni and Co was more than 99% in case of H2SO4

pressure leaching. Whereas, the other two methods suffered by in-

adequate extraction efficiency of the desired metals (Fig. 3). The

leached solution in case of ammoniacal leaching was selective and

free from Fe impurities. The leached solution was contaminated

with Fe in case of FeCl3 leaching and H2SO4 pressure leaching pro-

cesses which require another processing step to remove Fe. The

FeCl3 leaching process results in elemental sulfur as one of the ma-

jor by-products, a form generally more acceptable environmentally

than the SO4

2− from H2SO4 pressure leaching and ammoniacal pres-

sure leaching. The time required to achieve maximum extraction

efficiency is quite high for FeCl3 leaching (7 h) compared to 1 h

for the other two processes. The FeCl3 leaching process is carried

out at atmospheric pressure and mild temperature, whereas ammo-

niacal and H2SO4 processes have the disadvantages of operating at

high pressure and temperature conditions. The metal extraction effi-

ciency was hindered in case of atmospheric FeCl3 leaching and NH3/

(NH4)2SO4 pressure leaching processes due to the formation of ele-

mental sulfur and goethite phases, respectively, which subsequently

coated around the mineral particles.
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