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Abstract

The depletion of ores from the first sources on one hand has led to using damped materials that contain
valuable metals to be recycled while environmental threats are being targeted and on the other hand high price
of reductant coupled with their depletion have caused a stir in the metallurgical industry. Many slags are
currently recycled for the recovery of valuable metals while new reductants are being tested for eventually
replace the generic reductants. In this work, copper slag from Water-jacket furnace have been used to recover
copper in presence of raw palm nutshells as possible replacement of generic reductants. Characterisation of
the copper slag, the palm nutshells and products were conducted using XRD, XRF and SEM-EDS. Results
have shown that dominants elements in the slag were Fe 33.83 wt%, Zn 6.73 wt%, Cu 1.26 wt%. Raw palm
nutshells analyses revealed 6.39 wt% moisture, 61.56 wt% volatile matters and 4.35 wt% ash content while
fixed carbon amounted to be 27.89 % and loss of ignition (LOI) 91.8 %. The reduction experiments were
conducted in a horizontal tube furnace at 1300 °C under argon to create an inert environment and efficiently
test the reducing capability of the palm nutshells. The composition of the metal produced revealed 41.84 wt%
Cu, 26.41 wt% Co and 31.75 wt% Fe. However, it was noticed that the miscibility of the metal and the slag
was prominent. As a first attempt, results showed very promising and further investigations are required to
reveal optimums conditions.
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1. INTRODUCTION

The depletion of generic reductants and the environmental constraints have opened a door to searching new
reductants that would be cost effective and environmental friendly. For years biomass have been investigated
for possible use in metallurgy. Investigation on the use of cow manure and wood in steel production were
conducted and found that there is still much to do to get to a better understanding on how raw biomass and
pretreated biomass could be effective in the production of metals [1]. The potential of use of biomass in different
areas of metallurgy was also investigated and was found that biomass presented a great future [2]. Further,
research on the influence of biomass on metallurgical coke was conducted and led the findings the addition of
biomass had led to a considerable decreased in the plastic properties of the coal blend [3]. A trial on the use
of biomass in the production of pig-iron and found that replacing 20% substitution of the fossil coal with biomass
led to saving 300 kg of CO2z-equivalent per ton of pig-iron produced or an equivalent reduction of about 15 %
of total greenhouse gas emissions [4]. A number of characterizations on biomass in order to find their suitability
for sintering in sintering process revealed that some biomass are useful in the metallurgical industry [5].
Research on the utilization of biomass in iron production found that replacing fine coke with biomass was
effective and that in sintering the quality was hampered [6]. Investigations on the use of macadamia nutshells
as a possible replacement in the ferromanganese production revealed that there was great potential, but
optimization parameters needed to be investigated to improve the immiscibility of the system metal/slag [7].
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Similar reduction tests using macadamia nutshells were conducted on tin ore [8]. It was found that the use of
macadamia nutshells in tin reduction was promising and further investigations were recommended. Palm
Kernel Shells (PKS) were tried in the production of ferromanganese [9]. They found that the use of PKS as a
reductant was better than charcoal for all stoichiometric ratios that they used. The possibility of the use of PKS
in the recovery of nickel was also investigated. Results have revealed that nickel recovery was satisfactory
[10]. In line with the above, the current work investigated the potential of using Palm Kernel Shell from Central
Africa as a reductant to recover copper from copper slag in correlation with their composition since elements
present in the KPS are very influential on the final products quality and recovery.

2, EXPERIMENTAL

2.1. Materials

A copper-slag from the water-jacket furnace, producing copper-matte, containing copper and other base
metals was used for copper recovery. This slag was provided by Gecamines from the Democratic republic of
Congo. Raw PKS samples were provided by artisanal palm oil producers from the Democratic Republic of
Congo. Lime from the metallurgy laboratory of the University of Johannesburg. It was used as a flux to increase
the basicity of the feed to one.

2.2. Equipment and methodology

Experiments were conducted using a vertical alumina tube furnace at 1400 °C with a heating rate of 7 °C/min.
A graphite crucible was used for the experiment. A layer of raw PKS was placed at the bottom and on the side
of the inside of the graphite crucible to limit the interference of graphite into the reduction reactions.

The characterization was conducted using X-Ray Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning
Electron Microscope (SEM-EDS) for the slag sample whereas proximate and ultimate analysis was conducted
on the raw PKS to determine fixed carbon and other matters present as well as the moisture.

The stoichiometric amount with 5 % excess of raw PKS for the reduction of copper was added to the slag
sample and milled together with the added lime for 15 minutes for better homogenization. Argon was blown
into the furnace for the whole duration of the experiment. The sample was kept into the furnace for 1 hour after
the furnace has reached the aimed temperature, then switched-off under argon down to room temperature,
products were collected and analyzed.

3. RESULTS AND DISCUSSION

The elemental XRF results of the raw copper slag are presented in Table 1 below.

Table 1 XRF results of the copper slag

Element Mg Al Si Ca K Fe Co Cu Zn

wt% 29 3.29 18.15 22.11 111 33.83 2.19 6.26 6.73

The XRF elemental composition of the raw copper slag revealed that Fe was the most abundant element in
the slag followed by Ca. During the matte production, silica was added to the water-jacket furnace for iron
slagging. This implied the formation of fayalite in the slag to avoid the formation of magnetite that has a high
melting temperature which could disturb matte production. The copper, cobalt and zinc content were also found
high enough. This made this slag a copper-bearing material that could serve for the recovery of copper.

Figure 1 below presents the SEM results of the slag head sample while the microscopic analysis of the SEM
is provided in Table 2.
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Figure 1 Microstructure of the copper slag (SEM)

From Table 2, it can be noted that the slag is fayalitic or a silicate slag with a low basicity since silica is
dominant as opposed to basic compounds in the sample. Results also revealed the presence of delafossite
which is a double oxide of copper and iron. Further, the presence of olivine has been depicted. This is a proof
of presence phases where calcium and magnesium dissolved. However, form different spectra, it is observed
that basic oxide are low in amounts than acidic oxides. This implies that the slag is more acidic.

Table 2 SEM results of the copper slag (wt%)

Element Mg | Al Si Ca K Fe [ Co | Cu | Zn | Pb (0] Phase

Spectrum1 | 3.9 | 3.6 | 216 |44 |03 |33.8|22 |63 | 1.1 | 3.0 39.2 | Fayalite, cuprite diopside, olivine

Spectrum2 | 1.7 | 1590 |18 | 02|88 |14 |06 |13 | 0.6 | 1.3 | Fayalite, cuprite diopside, olivine

Spectrum 3 | - - 6.2 |- - 24 |- 69.3 | - - 24.5 | Delafossite

Spectrum4 | 41 | 381|226 |43 |03 |179 |28 |- 3.8 0.7 | 40 Fayalite, cuprite diopside, olivine
Spectrum5 | 52 | 45| 253|106 |06 |70 | 04|06 |03]- 44.6 | Fayalite, cuprite diopside, olivine
Spectrum 6 | - 7.1]31.0 |- - - - 110 | - - 44.4 | Delafossite, diopside

Table 3 below presents the chemical composition of the raw KPS. It is observed that only very little amount of
zinc is present among the base metals and low amount of iron as opposed to what was found in the copper
slag. It is observed that only very little amount of zinc is present among the base metals and low amount of
iron as opposed to what was found in the copper slag. This does not have an influential effect on the activities
of the two elements. However, Si and Ca might have an influence on the amount of lime to add for the
adjustment of the basicity of the feed to one. Further, looking at the amount of PKS to be added and the ratio
Si/Ca in the PKS, the influence of Si/Ca in the PKS does not change considerably the amount of lime to be
added although is taken into account. Loss on ignition (LOI) was found to be 91.8 %.

Table 3 XRF results of the raw PKS

Element Al Ca Cl Cr Fe K Mg Na S Si Zn (0] LOI

wit% 0.3 0.8 0.7 0.1 0.5 0.7 0.2 0.4 0.2 1.2 0.2 29 91.8
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Figure 2 Images of PKS

The proximate analysis of the PKS is presented in Table 4 below.

Table 4 Proximate analysis of the raw PKS

Element

Moisture

Volatile matters

Ash

Calorific Value

Sulphur

wt%

6.30

61.56

4.25

19.57

0.13

Fixed carbon = 100 — (moisture + Volatile matters + Ash) = 27.89 %

The fixed carbon is considerably high for such natural carbonaceous materials as compared to raw macadamia
nut shells. Therefore, while the PKS from Central Africa are agricultural wastes, they present a great potential

for their use as reductant.

Tables 5 and 6 present XRF results of the secondary slag and the produced alloy respectively. From
Tables 5 and 6, it is found that no Zn is present. This is a confirmation that zinc evaporated and left in the off-
gas. Itis important to mention that Fe, Cu have tremendously decrease implying their recovery in the alloy. It
is however noticed that Si and Ca have increased. This is due to the change of basicity. Co is not present in
the secondary slag showing its high recovery to the alloy.

Table 5 XRF results of the secondary slag
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Figure 3 XRD of the alloy and secondary slag

Element Mg Al Si S K Ca Fe Cu
wt% 3.55 4.42 25.18 0.21 1.7 53.88 7.81 0.57
Table 6 XRF results of the metal alloy
Element Fe Co Cu
wt% 38.01 2.3 59.4
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Figure 4 Decomposed XRD of the alloy and secondary slag

The XRD results of the produced alloy and the secondary slag are presented in Figures 3 and 4. For better
depiction, the XRD of the alloy was decomposed using Origin 8.5 software where as the slag had too much
amorphous phases and could not be easily decomposed.

Figures 3 and 4 present the XRD results of the secondary slag and the alloy produced. It is observed that the
alloy produced contains Cu, Fe and Co. This confirmed the results obtained with XRF. It can therefore be
concluded that the reduction was effective. It is also important to mention that the alloy was easily separated
from the slag. This implies that the slag properties were good enough to promote the immiscibility of the two
phases.

4. CONCLUSION

Results obtained in the current investigation have revealed that raw PKS have considerable fixed carbon
content and can be used as a reductant from the agricultural waste since it has of fixed carbon content and
low sulphur content. This is an advantage compared to other biomass that has low carbon fixed content and
high mass of volatiles matters. The expectation for improvement in producing high quality the PKS is high.
Although Fe, Co was recovered, Cu was found to be 59.4 wt% in the alloy which is considerable since copper-
slag was used as copper bearing material. Noting that the slag is a secondary source, such level of recovery
using untreated PKS, the prospect of improvement is very much promising to treat secondary sources.

The use of raw PKS led to a slag of good fluidity and good immiscibility between the metal phase and the
secondary slag.

The physical properties such abrasion index and tumble index, porosity and probable shrinkage have to be
thoroughly investigated to ensure the handling of PKS in furnaces. Further, gas emissions of raw PKS from
Central Africa and their subsequent biochar need investigation to ensure their environmental friendliness
compared to generic reductants and other biomass such as macadamia nutshells as previously found.
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