
31

Chapter 3
Pre-treatment of Waste Copper Dust (I): 
Potential of Oxidative Roasting–Density 
Separation–Sulphuric Acid Leaching 
Technology for Copper Recovery

Daniel Ogochukwu Okanigbe , Abimbola Patricia Popoola, 
and Abraham Adewale Adeleke

3.1 � Introduction

Numerous researchers have thoroughly investigated and reported on the treatment 
of waste copper dust (WCD) [1–11]. These procedures, which include roasting 
WCD [12, 13], smelting WCD [14–16], roasting WCD followed by dissolution 
[17–20], and sulphuric acid leaching of WCD [21–23], have been presented or used 
at various levels (pilot and/or industrial levels).

In comparison with hydrochloric (HCl) and nitric acid (HNO3), sulphuric acid 
(H2SO4) is the most effective and popular acid for leaching oxides, according to Teir 
et al. [24], Trans et al. [25], and Habashi [26]. In order to recover the copper value 
present in waste/by-products containing copper, such as WCD, sulphuric acid has 
been employed extensively [11, 27].

In WCD, copper is primarily present as copper oxides and, to a lesser extent, as 
copper sulphides [5]. Yes, it is noticeable given that 70,000–100,000 kilograms of 
WCD is produced annually [2, 3, 28]. Chalcopyrite forms passive layers over itself 
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during sulphuric acid leaching, which slows the rate of dissolution and ultimately 
results in low copper recovery, therefore recovering its copper sulphides like chal-
copyrite with this method will defeat the purpose of conserving mineral resources 
[29, 30]. However, a pre-treatment method frequently preferred in the industry for 
copper sulphides [17–20] involves subjecting the WCD to either low temperatures 
(partial roasting) [31] or high temperatures (dead roasting)  [32] in the hope of 
producing dissolvable oxidative products (or calcines) for copper recovery.

In addition, the complex mineralogy (mineralogy that might contain gangue 
minerals such clays, jarosites, gypsum, quartz, and micas) and porosity structure of 
WCD continue to produce side reactions [33] and poor mass transfer of solution. 
Sulphuric acid consumption from side effects is a problem and thus reduces the 
effectiveness of leaching. The diffusion mechanism in the solid particles of the 
WCD can also have an impact on the leaching efficiency; this mechanism is depen-
dent on the pore distribution (also known as porosity) of the WCD and can have a 
positive or negative impact on the leaching efficiency depending on the nature of the 
pore distribution in the WCD, which in turn affects the mass transfer of solution to 
the sites of leaching reactions.

In light of the foregoing, research into the impact of pre-treatments including 
oxidative roasting and density separation of WCD on mineralogy, side reactions, and 
mass transfer of solution is required to determine whether copper recovery may be 
improved. The results of these investigations will thus be presented in this chapter.

3.2 � Experimental Method

3.2.1 � Material

Waste Metal Dust
The WCD from South Africa was used as source of metal ore for this study.

3.2.2 � Methods

3.2.2.1 � Pre-Treatment Methods

Oxidative Roasting

Read Okanigbe, Popoola and Adeleke [7], Okanigbe et al. [9], and Okanigbe [34] 
for further information on thermal behaviour, thermodynamic modelling, experi-
ment design, and the experimental process of oxidative roasting pre-treatment of 
the WCD.

D. O. Okanigbe et al.



33

Density Separation Method

The articles by Okanigbe et al. [8], Okanigbe [34], and Okanigbe et al. [35] provide 
more information on sample preparation, density determination, experiment design, 
and the experimental process of density separation pre-treatment of WCD.

3.3 � Results and Discussion

3.3.1 � Effect of Pre-Treatments on Mineralogy of WCD

3.3.1.1 � Oxidative Roasting

Figure 3.1a, b displays the differential scanning calorimetry (DSC) and thermo-
gravimetric analyser (TGA) results at various heating rates. The DSC curves have 
similar shapes, but when the heating rate rises, the peaks alter at higher tempera-
tures (Fig. 3.1a). It was discovered that heating the WCD between 40 °C and 138 °C 
causes moisture to evaporate, which on the TGA curve equates to a loss of mass as 
well (Fig. 3.1b). Between 120 °C and 150 °C, an endothermic peak was seen in the 
DSC profile; this was most likely caused by the loss of water during crystallization, 
which occurs in species of minerals like gypsum [7]. However, pyrite began to oxi-
dize at intervals of 173 °C–261 °C, which was shown by mass loss in the TGA curve 
(Fig. 3.1b) and an exothermic peak at 248 °C in the DSC profile (Fig. 3.1a).

The publication by Okanigbe, Popoola, and Adeleke [5] contains the findings of 
the XRD analysis of the heat treated WCD.

Thermodynamic modelling of the oxidative roasting of WCD (using FACTSage 
6.8 version) was done utilizing the results of the DSC (Fig. 3.1a), TGA (Fig. 3.1b), 
and XRD analyses (Table 3.1).

Based on these modelled results, a special superimposed predominant area dia-
gram (SPAD) was created for the Cu-S-O and Fe-S-O systems (also known as 
Cu-Fe-S-O) at temperatures of 100 °C, 680 °C, 740 °C, and 800 °C (Fig. 3.2a, b). 

Fig. 3.1  Thermal Behaviour of CSD as derived from (a) DSC and (b) TGA Curves at 5, 10, 15, 
and 20 °C/Min [7]
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Table 3.1  Mineralogical Composition and Specific Gravity of WCD [5, 6]

No. Minerals Chemical Formulae Content (Wt %) Specific gravity

1 Cuprospinel Cu0.98O1.02 24.34 6.50 (Landes [36])
2 Chalcopyrite Cu6.88Fe4.00S8.00 7.95 4.20 (Landes [36])
3 Mullite Al(Al0.69Si1.22O4.85) 42.97 3.16 (Tripathi et al. [37])
4 Gypsum Ca(SO4.00)(H2.00O)2.00 11.69 2.33 (Landes [36])
5 Quartz SiO2.00 11.45 2.70 (Landes [36])
6 Magnetite Fe2.96O4.00 1.60 4.95 (Landes [36])

The SPAD model displays the Cu-Fe-S-O system’s potential phases at low tempera-
ture (680 °C), intermediate temperature (740 °C), and high temperature (800 °C) 
(Fig. 3.2a, b).

Copper and iron sulphides, such as chalcopyrite and bornite (Fig.  3.2a) and 
pyrite (Fig. 3.2b), respectively, oxidize at lower temperatures to form sulphates and 
oxysulphates, such as chalcocyanite and dolerophanite. These minerals transform 
into oxides like tenorite, hematite, and magnetite at high temperatures (800 °C). 
Accordingly, it will be anticipated to detect copper ferrite/Cuprospinel-CuFe2O4, 
which was created in the WCD at temperatures of 900 °C, which is near to the oper-
ating temperature (i.e. oxidative roasting in reverberatory furnace-1400 °C) under 
which it was produced (Fig. 3.2a). This modelled premise fits in nicely with a prior 
report on the characteristics of this specific WCD [5].

According to theory, chalcopyrite native solid-phase migration into spinel form 
ferrite is what creates cuprospinel [7]. CuSO4, Fe3O4, CuO, and Fe2O3 are interme-
diary phases that allow CuFe2O4 to form inside grains. The thermodynamic model 
was also used to predict the theoretical equilibrium composition (TEC) of the WCD 
after roasting in the air (Eq. 3.1).

24 34 7 95 42 97 11 692 2 3 2 6 2 13 4 2. . . .Cu O Fe O CuFeS Al Si O CaSO H O� �� � � � � �� �
� � � � �

2

2 2 4 2 2 211 45 1 60 71 19 10. . % % %SiO MgFe O N , O , CO Air
	(3.1)

The thermodynamic model for WCD was experimentally validated by roasting 
the WCD in a muffle furnace with the furnace door slightly ajar to let in fresh air. It 
was found that even at 800 °C, the mullite, quartz, and gypsum in the WCD as it was 
received persisted in the roast product unaltered (Fig.  3.3). While gypsum was 
observed to lose its water of crystallization at temperatures between 120 °C and 
200 °C to form anhydrite (Fig. 3.3), this was not the case for iron in WCD, which 
oxidized into iron II (Fe2+) and/or iron III (Fe3+). These findings are consistent with 
those made from analyses of DSC and TGA results (Fig. 3.1a, b).

Because some sulphur did not completely oxidize during partial roasting, sulphur 
is still present in the roast products (RP) as Cu2S and FeS. In the RP, oxygen coexists 
with either copper or iron. It was found that varying temperature and time were 
related to variations in the sulphate and oxide levels in the RP. Certain circumstances 
made it more likely to produce sulphates than oxides, and vice versa (Fig. 3.4).

In terms of mineralogical composition, it was found that test 8 with treatment 
settings of 800 °C for 2 hrs produced the closest experimental result to TEC [9].

D. O. Okanigbe et al.
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Fig. 3.2  Superimposed predominance area (a) Cu-S-O and (b) Fe-S-O system diagrams at 100 °C, 
680 °C, 740 °C, and 800 °C [7]
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Fig. 3.3  XRD Result of the Oxidative Roasting Carried Out on WCD
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Fig. 3.4  Experimental Equilibrium Compositions at Different Test Conditions

3.3.1.2 � Density Separation

In Table 3.2, you can see the mineralogical composition of copper value in tailings 
obtained from TC-7 of DS. According to Table 3.1 and Fig. 3.5, the composition of 
the copper value in this group of tailings is primarily composed of copper sulfides 
with a minor quantity of metallic copper, which is consistent with the theoretical 
deductions previously established. The copper value that reported to the tailings is 
primarily made up of sulfides with a very tiny proportion of metallic copper, i.e. 
according to the mineralogical analysis of the tailings acquired after DS (Table 3.2). 
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Fig. 3.5  Concentration criterion for different minerals in the WCD

Table 3.2  Mineralogical Composition of Copper Value in Tailings from TC-7 of DS

No Minerals Chemical formulae of minerals
CC (between CuS and SiO2/
SiO2-Al2O3)

1 Copper Cu4.00 ≤2.5
2 Chalcopyrite Cu4.00 Fe4.00 S8.00 ≤ 2.5
3 Pyrite Fe4.00 S8.00 ≤2.5
4 Wassonite Cu28.00 S16.00 ≤2.5
5 Tochilinite Fe8.00 S10.00 ≤2.5
6 Isocubanite Cu1.33 Fe2.67 S4.00 ≤2.5

Despite being less in content than copper oxides (Table 3.1), these copper sulfides 
are nevertheless of significant value, especially in light of the 70,000–100,000 kilo-
grams of WCD produced annually [2, 3, 28]. Therefore, it is advised that oxidative 
roasting (400–500  °C) be combined with DS in the pre-treatment protocol to 
change these copper sulfides into copper sulphates or oxides before physical 
separation.

3.3.1.3 � Effect of Pre-Treatment on Classification of WCD

The transformation (i.e. phase change) of minerals (Fig. 3.3) was the major outcome 
of using oxidative roasting alone to pre-treat WCD. The objective of minimizing 
adverse effects (i.e. side reactions and poor porosity structures) while copper is 
being leached from the WCD persist. Since the gangue minerals (such as mullite, 
gypsum, and quartz), which cause the side reactions during leaching, are still tightly 
linked to copper value.

Copper oxide, iron oxide, calcium oxide, and magnesium oxide were much more 
prevalent in the concentrates than in the tailings, hereafter referred to as group A, 
after the physical separation of WCD with the centrifugal concentrator. However, 
the tailings had substantially more silicon oxide, aluminium oxide, and titanium 
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Fig. 3.7  Total Mass Pull for Tests Carried out with the KGC

Fig. 3.6  Total Mass Pull for Tests Performed with the KGC

oxide than concentrate did (Fig. 3.6). The optimal combination of maximal copper 
content and minimal quartz and mullite content, which acts as a baseline for cen-
trifugal performance, was found in Test 7, and it was also noted (Fig. 3.7).

The information acquired (Figs. 3.8, 3.9, 3.10, 3.11, 3.12, 3.13, 3.14, and 3.15) 
shows that the separation of copper oxide minerals from undesirable minerals 
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(aluminium oxide and silicon oxide) was made possible by applying this pre-
treatment method (i.e. DS) alone. With this outcome, side reactions during the 
leaching of copper from the WCD can be brought to the barest minimal (Okanigbe 
et al. [8]).

Fig. 3.8  Spectrums showing copper, aluminium, and silicon contents in concentrate from DS test 1

Fig. 3.9  Spectrums showing copper, aluminium, and silicon contents in concentrate from DS test 2

Fig. 3.10  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 3

3  Pre-treatment of Waste Copper Dust (I): Potential of Oxidative…
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Fig. 3.11  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 4

Fig. 3.12  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 5

Fig. 3.13  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 6

D. O. Okanigbe et al.
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Fig. 3.14  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 8

Fig. 3.15  Spectrums showing copper, aluminium, and silicon contents in concentrate from 
DS test 9

3.3.1.4 � Effect of Pre-Treatment on Micro-Porosities

The force that attempts to pull an object in a circle toward its centre is known as 
centripetal force.

Centripetal force is occasionally experienced by objects, although not as fre-
quently as gravitational force or frictional force. Only when moving in a circle can 
you experience centripetal force. It makes it possible for items to move along a 
circular path without being forced off the path by inertia. The condition in which we 
rotate, swing any object, or travel in orbits around a centre is an excellent example. 
We talk about the centripetal force in relation to the classification of the WCD in 
this section of Chap. 4. The force necessary for circular motion is the centripetal 
force, and in accordance with Herivel’s [38] interpretation of Newton’s second law 
of motion, net force equals mass times acceleration. The centripetal acceleration is 
the acceleration in a homogeneous circular motion. Thus, using Eq. 3.2, it is possi-
ble to calculate the centripetal force’s (F) magnitude. As a result, Eq. 3.2 can be 
used to estimate the size of the centripetal force acting on WCD particles during 
classification.

	 C MA= 	 (3.2)

where
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C  =  centripetal force; M  =  mass of solid used for test; A  =  acceleration due 
to gravity

Hence:

	
C � �83 0562 9 8

2
. .g

m

s 	

	 C = 813 9508 2. /gm s 	

	 C = 813 9508. N 	

However, it is possible to estimate the centripetal force that really affected the par-
ticles during WCD classification as follows:

For level 1 (i.e. 60 G)

	

C

C

� �
�
60 813 9508

48 837 048

.

, .

N

N 	
This force (48,837.048 N) is comparable to what 86 adults of average weight 

would apply to a single particle (Fig. 3.16).

For level 2 (i.e. 90 G)

	

C N

C N

� �
�
90 813 9508

73 255 572

.

, . 	
This force (73, 255.572 N) is comparable to what 129 adults of average weight 

would apply to a single particle (Fig. 3.17).

For level 3 (i.e. 120 G)

	

C N

C N

� �
�
120 813 9508

97 674 096

.

, . 	
This centripetal force, which is equal to 97,674.096 N, is comparable to what 

172 adults of average weight would apply to a single particle (Fig. 3.18).

Fig. 3.16  Illustration of the force applied to a single particle by 86 averagely weighed men

D. O. Okanigbe et al.
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Fig. 3.17  Illustration of the force applied to a particle by 129 adults of average weight

Fig. 3.18  Picture showing the force applied to a single particle by 172 adults of average weight

Fig. 3.19  SEM photo of Concentrate from DS Test 1
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Fig. 3.20  SEM photo of Concentrate from DS Test 2

Fig. 3.21  SEM photo of Concentrate from DS Test 3
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Fig. 3.22  SEM photo of Concentrate from DS Test 4

Fig. 3.23  SEM photo of Concentrate from DS Test 5
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Fig. 3.24  SEM photo of Concentrate from DS Test 6

Fig. 3.25  SEM photo of Concentrate from DS Test 7
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Fig. 3.26  SEM photo of Concentrate from DS Test 8

Fig. 3.27  SEM photo of Concentrate from DS Test 9
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Fig. 3.28  SEM photo of As-received WCD

Consequently, the concentrates after classification exhibit micro-porosities such 
as cracks and peels as illustrated by SEM images in Figs. 3.19, 3.20, 3.21, 3.22, 
3.23, 3.24, 3.25, 3.26, and 3.27 when compared to the as-received WCD (Fig. 3.28).

The concentrate from Test 7 yielded the greatest copper content, which was mea-
sured (Fig. 3.25). On the basis of the SEM photos that follow, it can be seen that the 
number of smaller particles gradually decreased until the ideal condition (test 7) 
was attained, which displayed the fewest number of smaller particles. This finding 
is consistent with the prior EDS results in this chapter (Figs. 3.8, 3.9, 3.10, 3.11, 
3.12, 3.13, 3.14, and 3.15).

3.3.1.5 � Effect of Pre-Treatment on Surface Area, Pore Volume, and Pore 
Diameter of CSD

Both the pore volume (0.0087 to 0.0027 cm3/g) and BET surface area (4.1730 to 
0.4634 m2/g) for RP significantly decreased. Shrinkage due to moisture loss caused 
particle aggregation, sintering, and formation of larger-sized pores (i.e. 82.9530 Å 
and 233.5759 Å for AS and RP, respectively) in RP (Table 3.3). Although CT had a 
much bigger pore diameter (increase from 82.9530 Å in CSD to 410.8530 Å in 
concentrate), it had a much lower specific surface area (down from 4.1730 m2/g in 
the WCD to 0.3321 m2/g in concentrate). In this case, the change was attributed to 
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Table 3.3  BET Measurement of WCD [34]

BET WCD RP Difference CT Difference

Surface area (m2/g) 4.166100
4.179900

0.458100
0.468700

–
–

0.320500
0.343700

–
–

Average 4.173000 0.463400 −900% 0.332100 −1200%
Pore volume (cm3/g) 0.008506

0.008802
0.002663
0.002749

–
–

0.003139
0.003685

–
–

Average 0.008654 0.002706 −320% 0.003412 −200%
Pore diameter (Å) 80.057900

85.848100
213.654300
253.497500

–
–

396.514200
425.191800

–
–

Average 82.953000 233.575900 +280% 410.853000 +400%

the CT having more heavier/larger particles and less lighter/smaller particles. The 
leaching rate of copper from this WCD is anticipated to benefit from the increased 
pore diameter (Table 3.3).

3.4 � Conclusions

The aim of this chapter is to present the potentials of introducing DS into OR-SAL 
technology. This was achieved by comparing OR and DS pre-treatments. Result 
showed average surface area of WCD decreased by 900% and 1200% when pre-
treated with OR and DS, respectively. The pore volume decreased by 320% and 
200% when WCD was pre-treated using OR and DS, respectively. However, pore 
diameter increased by 280% and 400% when WCD was pre-treated with OR and 
DS, respectively. Furthermore, DS pre-treated particles revealed enhanced micro-
porosities in form of peels and cracks. Significant amounts of gangue minerals (e.g. 
aluminium and silicon) reported to the tailings, presupposing reduced SR and 
enhanced PS. In conclusion, OR-DS-SAL is a technology with capacity to enhance 
copper recovery from WCD. Hence, recommended.

Acknowledgements  The author will want to appreciate Tshwane University of Technology, 
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