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Abstract In view of the steady depletion of primary sources of copper and the
increased global demand for refined copper, it becomes necessary to explore some
secondary sources for possible extraction of copper. The waste copper smelter dust
(CSD) is a rich secondary resource for copper as shown by the chemical compo-
sition of the South African Palabora coppers smelter plant CSD that assayed 18.02,
13.36, and 3.4 wt% copper, iron and sulphur; respectively. Studies on CSD have
focused majorly on either dust characterization or treatment, while hydrometal-
lurgical extraction without pretreatment and with pretreatment using techniques
such as oxidative roasting are also considered quite attractive. The challenge of iron
dissolution during the leaching stage in these processes necessitates adequate
purification of the leach liquor before the extraction of the metal as nano-particles.
Hence, this review examined the theories relating to the characterization and
treatment of CSD for copper recovery as nanoparticles; with factors having a
bearing on the treatment process such as kinetics considered with the aim of pro-
viding scientific basis for the research.
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Introduction

The United States of America (U.S.A) was the leading copper consumer and is
credited with roughly 16% of the total consumption of world refined copper, which
approximates to 2.4 million tons as at 1980 [1]. In 2002, the U.S.A was surpassed
by China as the world’s leading consumer of refined copper. The thriving economy
in China further added to its increase in annual refined copper consumption during
the 8 years from 1999 to 2007 as illustrated on Fig. 1 [2].

Consequently, it is predicted that by 2025, the global demand for refined copper
will increase to 29.5 million metric tons from the 22.4 million metric tons predicted
for 2015 [3]. This increasing global demand for refined copper has impacted
negatively on the primary sources of copper, thus making secondary copper pro-
cessing an ever-increasing importance within the global copper industry [4].

Recently, the copper industry has witnessed significant growth in the recovery of
copper and other metal values from secondary materials [5–7] such as:

(a) Metallurgical wastes—copper smelter dust, low grade slags, residues, anode
slimes, oxide residues etc.

(b) Industrial wastes—bars, pipes, wire, copper sheeting, ship screws, etc.
(c) Consumer wastes—bronze and brass applications.
(d) Electrical and electronic waste (e-waste)—domestic electrical, computer,

audio-visual, and
(e) Telecommunication appliances

At present, the disposal of metallurgical wastes such as copper smelter dust
(CSD) is becoming costly owing to increasingly stringent environmental regula-
tions [8]. Furthermore, the physical and chemical nature of CSD (such as the
content of heavy metals) causes it to be classified as hazardous waste [9]. While the
South African National Standard (SANS) annual target level of dust is
300 mg/m2/day and the industrial action level of dust is 1200 mg/m2/day [10].
Table 1 presents a breakdown of the CSD deposition rates around the Palabora

0

10

20

1980 1990 2000 2008

co
pp

er
, i

n 
m

ill
io

ns
 o

f 
to

ns

Year

Global copper consump on
India
U.S.A
China
Others

Fig. 1 Global consumption of copper from 1980 to 2008 (adapted from [2])
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mining company’s (PMC) smelter and in its vermiculite operations plant also in
Phalaborwa Town [11]. In view of the above, there has been an increasing interest
in developing processes for the recovery of metals from these wastes [12].

Often, pyrometallurgical and hydrometallurgical processes are employed for
treating such residues [12]. But the pyrometallurgical processes require investment
in expensive equipment, results in high energy consumption and thus, leads to the
production of worthless residues [13–16]. As a result, much focus has been on
hydrometallurgical processes [12].

The leach-solvent extraction-electrowinning process option has been the tradi-
tional hydrometallurgical route of recovering copper from its source as copper
cathodes [17, 18]. But recovering the copper value as nano-particles is more
attractive, because of its vast applications in areas such as heat transfer and
microelectronics and coupled with the fact that it is significantly less expensive than
silver and gold; thus making it a worthy alternative to noble metals in some
applications [19, 20]. Currently, a novel approach at laboratory scale was reported
by Darezereshki and Bakhtiari [21]; it combines hydrometallurgical techniques with
nano-technology to recover the oxide of copper as precipitate of nano-particles from
leach solution of CSD. Yet; additional work is required to enhance the process to be
able to produce metallic copper nano-particles with acceptable grade and recovery
from this metallurgical waste.

Hence, in the light of the above mentioned, this review will be looking at the
theoretical background, the characterization and treatment of CSD, the recovery of
copper as nano-particles from leach solution of CSD.

Theoretical Background

Copper Smelter Dust (CSD)

Copper smelter dust is the product consisting of SO2, N2, O2, water vapor, heavy
metals and other impurities recovered from exhaust gas streams found in furnaces,
flues and settling chambers as a result of roasting, smelting and converting opera-
tions from copper refining processes as illustrated on Fig. 2 [17, 22, 23]. The basic
elements and their concentrations, are a function of the following: the characteristics
of the sulphureted ores that are processed, the species and their concentration, the
reactor type used in the different stages of the process together with the conditions

Table 1 Breakdown of monthly dust deposition rates 23 June 2009 to 23 June 2010 [11]

Parameter Smelter Vermiculite operation plant Phalaborwa town

Monthly 12 12 9.00

Minimum (mg/m2/day) 528.58 3175.99 101.37

Maximum (mg/m2/day) 2643.58 2643.58 430.39

Average (mg/m2/day) 1376.57 4890.71 224.01
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under which these stages operate [24]. All these factors add up to influence the
chemical and mineralogical characteristics of the copper smelter dusts (Tables 2, 3, 7
and 8), thus giving a reason for their variability and as a result, the processes chosen
for their treatment, are based on the recovery of valuable elements and the stabi-
lization of undesirable elements present in the copper smelter dusts [25].

Mechanism of Dust Formation

There are two kinds of dust that forms in metallurgical smelting processes, namely
mechanically formed dust which consists of small particles of the charging material
that get carried away with the process gas and the chemically formed dust, which
consists of vaporized components that condense into particles as the process off-gas
temperature cools down. Mechanical dust forms as a result of the entrainment of
small solid and/or liquid particles from charged material into process off-gas.
Mechanical entrainment involves the elutriation by the process gas of small solid
and liquid particles that travel at a relatively high velocity through the process [26,
27]. Process reactions can cause the charging material to collapse or fragment into
smaller dust particle.

Chemical dust formation is caused by the vaporization of components from the
process, followed by the condensation of the components from the process gas at
lower temperatures in the off-gas system [27]. Materials with low melting points
such as As, Sb, their oxides and sulphide, often have high vapour pressure and tend
to vaporise during smelting, forming chemical dust. Chemical dust has a very fine
particle size because of the nucleation and growth processes occurring as the

Fig. 2 Schematic drawing of the locations of the gas cleaning devices in a copper-plant (adapted
from [22])
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process off-gas cools down. In copper smelting processes, easily volatile compo-
nents include Ag, As, Pb, Sb, and Zn. Copper can also vaporize in the hot com-
bustion zone of the furnaces. Oxygen enrichment increases the combustion
temperature in the flash furnace and as a result, more copper is vaporized.
Vaporized copper particles are very fine and easily drift out of the furnace with the
off-gas.

Uses of Copper Smelter Dust (CSD)

Although there is no report in literature of application of copper nano-particles
obtained from leach solution of CSD; except for its recovery from this waste [21].
Yet, copper nano-particles, due to their excellent physical and chemical properties
and cheap production method, have been of great interest. Copper nano-particles
have extensive applications as heat transfer systems [28], antimicrobial materials
[29, 30], super strong materials [31, 32], sensors [33, 34] and catalysts [35, 36].

Table 2 Typical chemical compositions of CSD in literatures as determined using different
analytical techniques

Reference Chemical composition of CSD (wt%) Analytical
technique(s)Cu Fe Zn S Bi As Cd Pb Sb Other

Oriol et al.
(2011)

4.0 – 18 >7.0 1.1 20.50 9.5 8.0 1.2 – ICP-AES,
ICP-MS

Vítková et al.
[38]

41.64 29.61 0.33 12.98 2.30 0.43 0.03 0.33 – 12.35 ICP-AES,
HPLC

Bakhtiari et al.
[15, 16]

35.5 15.3 – 12.2 – – – – – 55.5 AAS

Alguacil et al.
[17]

24.5 14.0 0.15 – – 0.9 – 0.08 – 60.37 AAS,
ICP-MS

Montenegro
et al. [8]

10.8 0.8 15.6 10.4 3.5 19.4 – 7.8 0.1 31.6 ICP-AES

Morales et al.
[39]

27.0 11.0 5.80 7.50 0.21 13.0 0.16 1.50 – 33.83 XRF

Ha et al. [43] 10.9 1.6 7.8 – 1.9 7.1 1.3 14.2 0.1 55.1 ICP-AES

Wu et al. [42] 2.69 0.44 38.63 – – – – – – 58.24 XRF

Vakylabad
et al. [40, 41]

33.67 21.19 – 9.02 – 0.80 – 6.64 – 28.68 AAS

Qiang et al.
[12]

7.53 – 40.21 – – – – 6.62 – 45.64 ICP-OES, IC

Table 3 Typical chemical compositions of CSD from Sarcheshmeh Copper Mine, Iran; Mufulira
copper smelter, Zambia and Chilean copper smelting plant, Chile, as determined using different
analytical techniques

Elements CuO Fe2O3 S ZnO PbO Bi2O3 CaO MgO TiO2 SiO2 Al2O3 Others

wt% 18.02 13.36 3.44 0.27 0.12 0.02 3.52 2.86 1.11 33.06 22.19 1.95
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Studies on CSD can be divided into two groups; those focused on dust char-
acterization [22, 37] and those focused on dust treatment [8, 15–17, 38–41], even
though the two are often considered together.

Characterization of Copper Smelter Dust

Chemical Composition of Copper Smelter Dust

There are about six analytical techniques reported in literatures that have been used
to determine the chemical composition (CC) of CSDs and these has been sum-
marized into a table of analytical methods and relevant research findings (Table 2).

Therefore, the findings from the use of these analytical techniques showed that
overall, this metallurgical waste often contains contaminants (Tables 2 and 3) such
as antimony (Sb), bismuth (Bi), arsenic (As), lead (Pb), zinc (Zn), cadmium (Cd),
selenium (Se), tellurium (Te) and compounds thereof [8, 12, 42, 43]. But it often
contains significant amount of copper (Tables 2 and 3), titanium and alumina as in
the case of PMC’s CSD (Table 3).

Particle Size of Copper Smelter Dust

The major techniques reportedly adopted to determine the particle size distribution
(PSD) of this metallurgical waste has been summarized on Table 4. As can be seen
on Table 4, the marlven particle size analyzer (MPA) was used to determine the
PSD of a CSD from a smelter in South Korea; nevertheless, results using this
techniques tend to appear coarser than those of other methods. Austin and Shah [44]
proposed a method for inter-conversion of laser diffraction (MPA) and sieve-size
distributions (screening), and a simple conversion can be developed by regression
for materials of constant characteristics. Additionally, the outcomes can depend on
the relative refractive indices of the solid particles and liquid medium (usually,

Table 4 Particle size of copper smelter dust determined using different methods

S.
No.

MPA Wet sieving SEM-SE/BSE Cyclosizer Reference

1 – 80% less than
38 µm

– Coarse
and fine
fractions

Vakylabad
et al. [41]

2 – 70% of particles
were finer than
80 µm (d70 = 80)

– – Bakhtiari
et al. ([15,
16]; 2011)

3 5–50 µm – – – Ha et al.
[43]

4 – – Spherical particles and other
irregular particles with size
ranging from 1–10 µm

Coarse
and fine
fractions

Morales
et al. [39]
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though not necessarily, water), and even particle shape. Furthermore, on one hand
the most commonly used method for PSD determination of CSDs is the wet
screening method (Table 4), probably because of its simplicity. While on the other
hand the cyclosizer is often used to classify the residues produced after the dis-
solution studies of CSDs, into coarse and fine fractions (Table 4).

Hence, the average size of this CSD as determined by these aforementioned
methods fall within the size range of 5–50 µm (Tables 4 and 5) as have been
reported in literature [39, 43]. Furthermore, the CSD is said to be an ultrafine
material requiring the use of the wet aspect (Table 6) of these techniques for its
PSD analysis. This is in order to minimize losses through clogging and prevent
dusting issues that could lead to environmental pollution [45].

Mineralogical Composition of Copper Smelter Dust

Depending on where this dust was collected (Fig. 2), often the main minerals of the
CSD are magnetite, cuprospinel, chalcopyrite, chalcanthite, delafosite,

Table 5 Showing the results of particle size distribution of the waste copper smelter dust of PMC

Size range
(µm)

Mass
(g) retained

Mass
(%)

Cumulative mass (%)
undersize

Cumulative mass (%)
oversize

+300 51.00 12.39 87.61 12.39
−300 to +212 5.70 1.39 86.22 13.78
−212 to +150 4.50 1.09 85.13 14.87
−150 to +106 3.90 0.95 84.18 15.82
−106 to +75 6.90 1.68 82.50 17.50
−75 to +53 10.00 2.43 80.07 19.93
−53 329.50 80.07

Table 6 Methods reportedly used in literature to determine PSD of CSD (adapted from Wills
2003)

Method Wet or dry Fractionated sample Approximate size range (µm)

Test sieving Both Yes 5–100,000

Laser diffraction Both No 0.1–2000

Optical microscopy Dry No 0.2–50

Elutriation Dry Yes 5–45

Table 7 The mineralogical composition of the CSD from PMC determined using XRD

S. No. Minerals Chemical formulae of minerals Weight %

1 Cuprospinel Cu6.88Fe17.12O32.00 24.34

2 Chalcopyrite Cu4.00Fe4.00S8.00 7.95

3 Mullite Syn Al(Al0.69 Si1.22 O4.85) 42.97

4 Gypsum Ca(SO4)(H2O)2 11.69

5 Quartz low SiO2 11.45

6 Magnetite Mg0.04Fe2.96O4.00 1.60
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chalcocynite, zincosite and claudetite (Tables 7 and 8). The major technique used to
determine the minerals in this dust is the XRD (Oriol et al. 2011; [39, 46]); although
seldom used SEM/EDS and TEM/EDS for this purpose [40, 41, 47]. Below are the
brief descriptions of the techniques used in the mineralogical analysis of CSD’s, as
reported in literature; also including the earlier discussed SEM, under particle size
determination.

Hence, for an improvement on the recovery of copper from this metallurgical
waste, a comprehensive physical-chemical-mineralogical characterization of the
CSD is needed [37]. Since most characterization requirements are mainly based on
current operating practices, there is the need to use different analytical techniques to
appropriately characterize the CSD in order to generate more robust data for
decision making.

Treatment of Copper Smelter Dust for Copper Recovery

Enrichment of Copper Smelter Dust

Gravity Separation Method

The gravity methods of separation are used to treat a great variety of materials
ranging from heavy metals such as lead sulphide (specific gravity of 7.5) to coal
(specific gravity of 1.3) at particle sizes in some cases below 50 µm (Wills 2003).
So therefore, for an effective separation, there must be a marked density difference
between the mineral(s) of interest and the gangue(s) minerals; thus obeying the
concentration criterion, which is � ±2.5 (wills 2003). Also bearing in mind that
the motion of a particle in a fluid is not just dependent on the specific gravity alone;
but also on its particle size and shape [48].

Going through Table 9, one would clearly observe the marked difference in
specific gravity (S.G.) of some of the minerals contained in the CSD—Chalcopyrite
(S.G. = 4.30) and Bismuthinite (S.G. = 7.20), Tenorite (S.G. = 6.50) and
Arsenolite (S.G. = 3.20) and Gunningite (S.G. = 3.87) for which separation is
possible (i.e. � ±2.5) with this method; but with a particle sizes range from 10 to
38 µm (Fig. 3; Tables 4 and 5); only the modern gravity techniques (Knelson and
Falcon concentrators) have proven to be efficient for beneficiation of materials in
this particle size range of up to 50 µm(Wills 2003).

Magnetic Separation Method

Here, the main physical property of note is the magnetic susceptibility; separation
using this method is possible, for the characteristic mineralogical composition of
most CSDs −0.70–1.30 amps for Chalcopyrite, 0.50–1.00 dc amps for cuprospinel,
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0.01 amps Magnetite and 0.10–0.30 amps for Hematite (Table 10). Yet, the particle
size remains an important factor to consider, if this method is to be used to separate
the contained minerals from its gangue; considering the fine-ultrafine nature of the
CSD, dusting will definitely be an issue to deal with should this method be used to
upgrade it. Otherwise, the wet approach will be better suited for upgrading this
metallurgical waste, like the wet high intensity magnetic separator (WHIMS).

Table 9 Common minerals found in CSD and their specific gravity (84)

S. No. Elements Typical forms Mineral Specific gravity (SG)

1 Copper Cu2S Chalcocite 5.50–5.80

CuS Covellite 4.60–4.80

CuFeS2 Chalcopyrite 4.10–4.30

Cu5FeS4 Bornite 5.06–5.08

CuSO4.5H2O Chalcanthite 2.12–2.30

CuFeO2 Delafossite 5.41

CuFeO4 Cuprospinel 5.00–5.20

CuO Tenorite 6.50

Cu3AsS4 Energite 4.40–4.50

2 Arsenic As2S3 Arsenolite 3.87

3 Bismuth Bi2S3 Bismuthinite 6.80–7.20

4 Cadmium CdS Greenockite 4.80–4.90

5 Iron Fe2O3 Hematite 5.26

FeS2, Pyrite 4.95–5.10

Fe3O4 Magnetite 5.17–5.18

6 Lead PbSO4 Anglesite 6.30

7 Antimony Sb2S3 Stibnite 4.63

8 Zinc (Zn,Fe)S
ZnSO4

Sphalerite
Gunningite

3.90–4.20
3.20

Fig. 3 a, b, e–h shows the variation in particle sizes in this dust sample, c, d shows how smaller
particles with sizes of approximately 2 µm are embedded in larger particle of about 8–10 µm
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Table 10 Magnetic property of minerals in CSD (85)

Minerals Typical form Magnetic susceptibility
Total range (AMPS)

Magnetic susceptibility
Best range (AMPS)

No.

Copper Covellite 0.80 to >1.70 >1.70 2

Chalcopyrite 0.30–1.70 0.70–1.30 dc 8

Bornite 0.30–1.10 0.60–0.90 4

Chalcanthite 0.60–1.20 0.80–1.00 3

Delafossite – – –

Cuprospinel 0.10–1.10 0.50–1.00 dc 3

Tenorite – – –

Energite >1.70 >1.70 3

Arsenic Arsenolite 1.00 to >1.70 >1.70 3

Bismuth Bismuthinite >1.70 >1.70 2

Cadmium Greenockite >1.70 >1.70 1

Iron Hematite 0.25–0.50 0.10–0.30 11

Pyrite >1.70 >1.70 9

Magnetite <0.01 to 0.05 0.01 6

Lead Anglesite >1.70 >1.70 9

Antimony Stibnite >1.70 >1.70 6

Zinc Sphalerite 1.30 to >1.70 >1.70 8

Sphalerite (Fe) 0.20–1.20 0.60–1.00 dc 6

Gunningite 0.90 to >1.70 1.10–1.20 1

Table 11 Thermal and Electrical conductivity of elements in CSD (49)

S.
No.

Element Typical forms Thermal Conductivity
(J/m s K)

Electrical Conductivity
(1/mohm cm)

1 Copper Covellite
Chalcopyrite
Bornite
Chalcanthite
Delafossite
Cuprospinel
Tenorite
Energite

401.00 595.800

2 Arsenic Arsenolite 50.20 30.030

3 Bismuth Bismuthinite 7.92 9.363

4 Cadmium Greenockite 96.90 146.413

5 Iron Hematite
Pyrite
Magnetite

72.80 102.987

6 Lead Anglesite 35.30 48.431

7 Antimony Stibnite 24.40 25.641

8 Zinc Sphalerite
gunningite
Zincosite

116.00 169.033
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Electrostatic Separation Method

This is another minerals processing technique that depends on the difference in
electrical conductivity (Table 11). Here, the difference between the electrical con-
ductivity of copper and the gangue minerals in the CSD—595.800 Cu, 9.363 Bi,
102.987 Fe, 48.431 Pb and 25.641 Sb is significant [49]; and separation is possible
on this basis; but what is of note is that the sample must be very dry for a good
result, while bearing in mind that it is also particle size sensitive.

Froth Flotation Method

Froth flotation is a highly versatile method for physically separating particles based
on differences in the ability of air bubbles to selectively adhere to specific mineral
surfaces in mineral/water slurry. Froth flotation can be adapted to a broad range of
mineral separations, as it is possible to use chemical treatments (Table 12) to
selectively alter mineral surfaces so that they have the necessary properties for the
separation. It is particularly useful for processing fine-grained ores that are not

Table 12 Chemical reagents to be used in metallurgical test work [86]

Manufacture Chemical name Active ingredient Water
soluble

Use

Cytec 7261A Polyacrylamide x Depressant of metal
sulfides

Cytec 7262 Polyacrylamide x Depressant of metal
sulfides

Cytec 3894 Dialkyl
thionocarbamate

– Selective collector for
Cu

Cytec 404 Mercaptobenzothiazole x Cu collector for
tarnished Cu minerals

Nalco TX-15281 Thio-ester – Selective collector for
Cu

Nalco TX-15155 Thio-ester – Selective collector for
Cu

fisher DG-13 Activated carbon 13 – Flotation reagent
collector

SNF Sodium
isopropyl
xanthate

Xanthate x Sulphide collector

cytec Aero froth 65 Polyglycol x Flotation frother

cytec Methyl isobutyl
carbinol

Alcohol x Flotation frother

Fisher Calcium
hydroxide

Ca(OH)2 x Base, flotation pH
modifier

Sulphur dioxide SO2(g) – Acid, flotation pH
modifier
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amenable to conventional gravity concentration [50]. The mineralogical composi-
tion of the tailings obtained from the froth flotation of PMC’s CSD is presented on
Table 13; it reveals significant amounts of titanium compounds (25.20 wt%) on one
hand, silicon and aluminum oxide as mullite (45.50 wt%) on the other; thus,
suggesting a further beneficiation, for an efficient processing of the CSD.

Roasting Pretreatment

The decreasing rate of copper in ores now requires pre-treatment of ores (Fig. 4).
Thus suggesting that direct leaching and the associated challenge of iron dissolution
in the process presents the need for thorough purification and controlled method-
ology prior to recovery of copper in the subsequent stage [51].

Hence, the hydrometallurgical extraction of copper from its sulphide sources,
often involves the use of the roast-leach process option. This process option is

Table 13 The mineralogy of the tailings from froth flotation of PMC’s CSD as determined using
XRD

S. No. Minerals Chemical composition wt%

1 Titanomagnetite Fe2+(Fe3+,Ti)2O4 7.1

2 Mullite Al(Al0.69 Si1.22 O4.85) 45.5

3 Quartz SiO2.00 20.2

4 Bernardite Ti4.00 As20.00 S32.00 14.1

5 Christite Ti4.00Hg4.00As4.00S12.00 4.0

6 S8O4N4C32H36 S8.00O4.00N4.00C32.00H36.00 9.1

Fig. 4 Graph of the decreasing rate of copper in ores (Wikipedia, the free encyclopedia)
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carried out by first subjecting the copper source to either low temperatures (partial
roasting) or high temperatures (dead roasting) with the hope of producing dis-
solvable calcine for copper recovery [52].

Kinetics and Mechanism of Roasting CSD

The essence of chemical kinetics is to study the rates of chemical reactions. The
kinetics of oxidative and sulphation roasting is a function of the transport of
reactant gas to the unreacted solid and the rate of reaction between the solid and
gas. This in turn is a function of the following parameters:

(i) Temperature of the system,
(ii) The particle size,
(iii) The porosity of the condensed product phase,
(iv) The shape of the concentrate particles, and the
(v) The chemical composition and mineralogy.

The CSD of PMC is composed of the Cu–Fe–S–O system (Table 7); it can be
upgraded first by any of the appropriate mineral processing methods and/or
pre-treated (either the concentrate (e.g. from froth flotation) or the CSD) via
oxidative roasting to make it amenable to leaching for the recovery of its contained
copper value. The thermal analysis of the CSD of PMC was carried out using both
the thermogravimetric and differential thermogravimetric (DSC-TGA) to determine
the thermal behavior of this CSD (Figs. 5 and 6), they reveal vaporization of water
of crystallization (100–120 °C) and series of decomposition (500, 750 °C) marked
by weight losses and gain; probably as a result of the formation of sulphates and
oxides of copper, iron, aluminum, titanium etc.

Dissolution and Extraction of Copper from Copper
Smelter Dust

Dissolution of Copper from Copper Smelter Dust

The treatment of CSD has been studied in detail by several authors ([23, 43, 17];
Wu et al. 2014). Based on the processes put forward at the pilot and/or industrial
level, in line with the reasons specified, the processes can be classified as:

(A) Roasting of the dusts and leaching [53, 54],
(B) Smelting and leaching [55, 56],
(C) Roasting [57, 58] and Smelting [59, 60].

Hence, a good number of the studies concentrate on hydrometallurgical treat-
ments of the dusts, using acid or alkaline reagents [61–68].

218 D.O. Okanigbe et al.



Solvent Extraction of Copper from Copper Smelter Dust

For metallurgical application esters and ketones of phosphoric acid with straight or
branched chain alcohols are found particularly suitable. Also alkyl amines are used,
in all cases dissolved in a suitable solvent such as kerosene. The extraction may occur
either by neutral ionic pairs being absorbed by solvent and forming a loose chemical
bond with the organic molecule, or by a cation or an anion being bonded to the
molecule in exchange for a hydrogen cation or a chloride or nitrate anion. Solvent
extraction has found particular application in the extraction of copper from copper
smelter dust [21]; thus resulting in a 50% purity improvement of leach solution
(Tables 14 and 15).where possible (mineral processing), this option can be avoided,
but for the effect of the toxic chemicals to the environment (cliskov et al. 2013).

Fig. 5 Graph of weight loss
(%) versus temperature (°C)
at heating rates of 5, 10, 15,
20 °C/min determined by a
Thermogravimetric Analyzer
(TGA)

Fig. 6 Graph of derived
weight loss (%) versus
temperature (°C) at heating
rates of 5, 10, 15, 20 °C/min
determined by a Differential
Scanning Calorimeter (DSC)
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Electrowinning of Copper from CSD

The electrowinning of copper ions derived from dissolution, or solvent extraction is
an important contributor to the global copper product supply. The process of
electrolysis for copper was first advanced in the late 19th century and notwith-
standing much advancement in technology, the principles and rudimentary equip-
ment remain the same [69].

Kinetics of Dissolution of Copper from CSD

On the basis of thermodynamics, the final equilibrium state for a reaction may be
predicted, but thermodynamics gives no information about the rate at which this
equilibrium is approached [48]. Hence, the yield of such a reaction is a function of
firstly, the position of the equilibrium between the reacting substances and secondly,
the rate at which equilibrium is attained [70]. Bakhtiari et al. [71] studied the
bio-leaching kinetics of copper from CSD. Based on the data obtained, it was deduced
that at pH 1.8 and the pulp density less than 7%, the dissolution of copper followed
shrinking core kinetic model and the process was limited by diffusion of lixiviant.
However with a pulp density of 7%, the process was reported to be reaction limited.

Recovery of Copper as Nano-particles from Purified Leach
Solution of CSD

Chemical Reduction Method

The chemical reduction of copper salts is the easiest, simplest and the most com-
monly used production method for copper nano-particles. During the production of
metallic copper nanoparticles good control of shapes and sizes is achievable using

Table 14 Chemical composition of solution from acid leaching of CSD [21]

Element Cu Fe Ag Mg Mn Mo Pb Sb

Concentration
(mg L−1)

20,925.4 6322.3 4.67 112.5 7.47 118.5 16.74 96.07

Table 15 Chemical composition of solvent extraction leaching solution of CSD (21)

Element Cu Fe Ag Mg Mn Mo Pb Sb

Concentration (mg L−1) 12,806.9 84.3 1.9 53.9 7.47 0.38 1.55 –
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chemical reduction of copper precursors [72, 73]. Conventionally, in the chemical
reduction techniques, a copper salt is reduced by a reducing agent such as sodium
borohydride [74], hydrazine [75], ascorbate [76], glucose [77], polyol [78] as well
as isopropyl alcohol with cetyltrimethylammonium bromide [79].

The Solvothermal Method (Thermal Decomposition Method)

This method involves the selection of a proper precursor and localized heating.
There are several reports of copper nano-particles being produced using this
method. Zhang et al. [80] produced copper nano-particles with the average diameter
of 10 nm from the thermal decomposition of copper oxalate precursor. CuO
nano-particles were also synthesized from the thermal decomposition of the pre-
cursors: brochantite Cu4(SO4)(OH)6, and posnjakite Cu4(SO4)(OH)6.H2O [71, 81].

Hence, the production of metallic copper nano-particles with good control of
shapes and sizes is achievable using chemical reduction method [72, 73]. The grade
of the copper nano-particles is important, so much that a method that guarantees
simplicity, very low grain size, the presence of a single phase and production of
high purity nano-crystals, together with high crystallinity and ecofriendliness
attributes, such as the thermal decomposition method will be better suited for this
purpose [21, 82].

Thermochemistry

Computational Thermochemistry

Thermochemical data are a vital factor in the safe and successful upgrade of
chemical processes in the chemical industry. Despite collection of experimental
thermochemical data for many molecules, there are quite a number of species for
which there are no data. Furthermore, the data in the collections are sometimes
incorrect. Experimental measurements of thermochemical processes are often
expensive and difficult, so it is highly desirable to have computational methods that
can make reliable predictions (Curtiss and Pople 1999). Howbeit, the FactSage 7.0
computer package, which consists of a series of information, calculation and
manipulation modules that enable one to access and manipulate compound and
solution databases. With the various modules running under Microsoft Windows
one can perform a wide variety of thermochemical calculations and generate tables,
graphs and figures of interest to chemical and physical metallurgists [83].
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Present and Future Challenges of CSD

The known resource recovery process options involves capital and operating costs
greater than can be right by the revenue of the recovered metal. Thus, the copper
smelting industry shows increasing interest in developing processes for the recovery
of the copper value from this metallurgical waste. As a result, it would be beneficial
to have a processing method by which impurities could be removed from the CSD,
while sustaining an acceptable level of revenue metals in the resulting concentrate.
It would also be gainful if this could be achieved in an economic manner in order to
justify the treatment of stockpiled dust.

Conclusion

The deduction from discussions leading to this point, can be summarized as this;
that the waste copper smelter dust plays host to substantial amount of copper value,
majorly in the form of oxides and often in small but appreciable amount as sul-
phides as indicated by XRD results particularly with respect to that from PMC. The
bulk of this metallurgical waste occurs in the size range below 53 lm as can be
seen from the SEM and wet screening results. The recovery of the copper value
contained in this metallurgical dusts can either be by leaching directly or using the
roast-leach process options, in which case, the waste material will be pre-treated by
roasting to transform the copper sulphides to sulphates or oxides after which
leaching with either water or dilute acid to take the contained copper into solution
will be carried out. Solvent extraction treatment of the leached solution will also be
considered to purify the solution before recovery of the copper value as nanopar-
ticles; bearing in mind the desirability of copper nanoparticles as good substitutes to
noble metals; so that recovering the CSD’s contained copper value as nano-particles
is believed a better approach of converting this metallurgical waste to product.
Furthermore, all of these can be achieved in an economical manner by reducing the
time, cost and manpower required, through effective pre-experimental searching for
optimal conditions, composition etc. by thermodynamic calculations.

Recommendation

In order to ensure an efficient processing of the waste CSD, it is strongly recom-
mended that an intermediate mineral processing stage be introduced to the current
hydrometallurgical processing of CSD, where possible; so as to reduce/remove the
contained impurities and consequently enhance the chances of obtaining substantial
amount of copper as nanoparticles with desired grade.
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