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Abstract

High demand in metals coupled with the depletion of metal reserves, slag has become a second source. The
demand in copper remaining high while Copper mines are being lesser are lesser, any treatable copper source
are targeted. The current investigation focuses on the impact of ferro-silicon and gypsum collected from
hydrometallurgical plants both to favour the formation of matte and. Carbon monoxide was blown in at 0.04
I/min for reduction. The head samples and products were characterized using XRF, XRD and SEM. The copper
slag, ferrosilicon and gypsum were crushed and milled together for 15 min to obtain a homogeneous head
sample. An alumina tube furnace set at 1400 °C was used for the experiment. Based on previous work, the
basicity was kept at 0.7 through gypsum addition. The sample was kept for two hours in the furnace at the set
temperature and the furnace was switched-off to cool down slowly. A graphite crucible was used. The little
matte observed in the head sample entrapped from previous matte production. However, the final produced
slag showed more matted formed collecting more copper with high iron content, thus low copper grade due to
ferrosilicon addition. Although the distinction between the new matte and new slag was a challenge due to the
matte layer very thin, the recovery of copper from the slag was successful. The correlation between the amount
of ferrosilicon and the matte grade was found to be inverse proportional due to the amount of iron added
through ferrosilicon. Also, the role played by gypsum both on the formation of copper matte and as a flux was
very effective in copper coupled with good slag-matte immiscibility. The characterized raw Cu slag showed
trace of Ge in the SEM-EDS results and a fayalitic slag containing some little matte.
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1. INTRODUCTION

Copper slag is a main by-product produced from of copper ores smelting during the copper pyrometallurgy
process [1]. This material is confidently a secondary source valued metallic at economic concentrations.
Therefore, Copper slag can be processed as a secondary raw material due to its usual substantial amount of
copper and other valuable metals [2,3]. In recent years, several approaches have been extensively carried to
recover these metals and gave promising results [4]. In the basic slags containing FeO-SiO2 system, the
influence of commonly found compounds CaO-Fes04-Cu20 on the viscosity and conductivity have been
investigated. It was found that the transition of the basic slag was favoured by CaO-Fe304 -Cu20 which made
the viscosity and conductivity difficult to understand since it was alleged that there is a correlation between the
viscosity and the conductivity [5]. A number of studies on the copper slag to recover copper and additional
base metals have been conducted using hydrometallurgical route. A recovery of base metals from copper
smelter slag was conducted by leaching the slag with sulfuric acid and sodium chlorate oxidant by neutralizing
through the addition of calcium hydroxide. This was done without roasting. Results have shown a very good
recovery [6]. An investigation on the recovery of zinc, copper and iron was conducted using a brass slag.
Leaching using sulfuric acid coupled with precipitation, an efficient separation method was established [7].
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With the view of cleaning the environment, a secondary copper slag was carbothermally reduced. Results
have shown that a slag considered as a waste could be successfully processed to obtain reusable products
[8]. A proposition on processing a copper slag was put forward with steps comprising an oxidation of slag using
air followed by hydrothermal treatment using sodium hydroxide, solid-liquid separation, hydrolysis of the liquid
silicate and drying. Results revealed that the combination of the above steps led to an appropriate gel formation

9.

To support carbon monoxide reduction of germanium dioxide, ferro-silicon is added to the sample. The ferro-
silicon was expected to favour not only the formation of matte but also to free germanium from silicates matrix.
The reduced copper and germanium, sulfurized with SOz through the addition of CaSOs4 together with other
reduced metals like iron from the slag to form a matte.

2. METHODOLOGY

Materials

The copper slag sample used in the current study was obtained from a copper smelter plant Gecamines in
Lubumbashi, in Katanga province (Democratic Republic of Congo).

Experimental procedure

The raw slag was characterized using XRF, XRD and SEM-EDS then mixed with CaSQO4 (gypsum) to increase
the basicity to 0.7 and different amounts of ferro-silicon of 0.005 g, 0.006 g, 0.007 g, 0.008 g. The mixture was
put into graphite crucible then placed in the hot zone of the tube furnace. Carbon monoxide gas was blown in
the furnace at a rate of 0.4 I/min from 600 °C in to the working temperature of 1400 °C to create reducing
conditions. An alumina tube furnace, Elite had a heating rate of 7 °C/min was used for the current study. After
the furnace reached the set temperature, the samples were kept in the furnace for 2 hours, then the furnace
was switched off for slow cooling. The products were analyzed through XRD and SEM-EDS.

3. RESULTS AND DISCUSSION

The chemical composition of the slag is provided in Table 1 below.

Table 1 Chemical composition of the cobalt bearing slag

Element/Compound SiO2 CaO MgO Al203 Fe Co Basicity

(Wt%) 311 16.1 4.9 6.2 37.7 1.38 0.56

Basicity = (%Ca0 + % MgO)/(%SiO2 + %Al203)

The phases found in raw sample are presented in Figure 1 below. The XRD pattern was obtained thanks to
the OriginPro 8.5 that allowed the decomposition of picks for better identification of phases. The decomposed
XRD spectrums of the head sample provided different phases containing spinel, copper aluminate spinel, iron
silicate namely fayalite, cobalt oxide and different spinel phases.

The presence of magnetite could be justified because some hematite during matte production in the water
jacket furnace was reduced to magnetite although coke was added essentially for combustion purposes to
provide the necessary heat to decompose chalcopyrite. Magnetite is generally avoided due to its high melting
temperature that renders the viscosity of the slag high with the consequence of easily decreasing the volume
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of the furnace because. Also, magnetite is known for its corrosiveness behavior toward refractories, hence its
formation needed to be limited.

The presence of pyrite could be presumably due to matte entrained during either matte taping or slag taping
step. However, this was certainly a very small amount of matte that was present in the slag unless the
operations over the water-jacket furnace was not efficient when this slag was produced.

JJ 16 < K — Jacobsite
2 == Copper Aluminate Spinel He === F ranklinite
== Homalite 14 d s F ayalite
o | ) w—— Cobalt oxides
CuAl J
a
F154 ;Jo )
® 104 ®
E B Fr
54 . Fa
Co0
24
°-
o-
M S AN S A AR SN SR B v T v T v T v
48 49 50 51 52 53 54 5§ 525 530 535 540 54
Two theta (degree) Two theta (degree)
(a) (b)
«{M
- a P
15 = Mf Mg
;| /\
210 4 —  ayalite
— Jacobsite He
E ——— Magnesioferrte
—— Magnelte
Be — Pyrite
| Ja — Hemalite
0=
v T v T b L v ¥ v
60 61 62 63 64 65
Two theta (Degree)
(c)

Figure 1 Decomposed XRD pattern of head sample [10]
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SEM-EDS of the raw slag
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Figure 2 Raw slag SEM-EDS representation (in wt%)

Figure 2 provided the composition on chosen spots. It should however be noted that the focus was more on
the elements that would be of influence on the process. Although the results would not be very much
representative since only three spots were analyzed, the presence of copper, zinc, germanium, iron was
confirmed. The presence of sulfur was linked to possible matte that was entrained during taping of the slag.
The amount of germanium in the sample was very low. This was expected since from the ore germanium was
already in particle per millions.

Smelted samples

In Figure 3 were the samples of products after smelting and placed upside down. The mattes could easily be
seen shine on the surface of the samples. However, some matte could be also seen trapped in the slag at the
peripheral discs surrounding the matte. This showed that some matte did not settle completely and remained
trapped in the slag. Further, it was important to note that since the head sample did show much the presence
of trapped matte apart of the pyrite that was identified, the matte in the smelted samples were therefore
including the little matte that came with the head sample.

Figure 3 samples after reduction in presence of different amounts of ferro-silicon

XRD

Figure 4 above presents the phases in the mattes produced with different amounts of ferro-silicon added. It
was observed that at 0.005 g FeSi, germanium essentially attached to iron. This confirmed the germanium
siderophile character. Also the formation of FeS in the matte was confirmed. At 0.006 g FeSi, the iron germinide
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phase appeared alone and mostly associated to sulfur in form of FeGeS. This was presumably due to the
displacement of germanium from the silicate matrix in the slag to the matte since silicon replaced germanium
in the matrix. Also, germanium appeared in copper germanium sulfide phase (CuGeS). This showed a
chalcophile behavior of germanium. Both siderophile and chalcophile were observed at 0.007 g FeSi in
CuFeGeS phase. At 0.008 g FeSi, germanium sulfide was observed probably because the sulfur exchanged
with other metals.
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Figure 4 Decomposed pattern presenting germanium phases
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Slags

The new slags produced with 0.007 g and 0.008 g FeSi addition were highly amorphous and could not show
any peak during XRD processing reason why they were not presented in the Figure 5 below. The addition of
gypsum has shown a considerable effect on the phases that formed in the slag. This explained a relatively
good immiscibility between the slag and the matte produced. The abundance of phases containing calcium
oxide confirmed this.
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Figure 5 XRD patterns of new slags produced presenting the new phases
SEM-EDS

The SEM-EDS presented the cross-section of the matte inverted at the top and the corresponding chemical
composition of the analyzed zone at the bottom left of the Figure 6 a showing the distribution of elements
throughout the matte.

The results presented have been generated based on the distance from the top of the matte. Images and
tables from L1 to L8 are related to the matte whereas the points 1 to 21 are related to the slags produced at
different FeSi amounts added. It was observed three thin layers of slightly different mattes. The percentages
demonstrated that Cu and Fe were dispersed throughout all the mattes. On the other hand, sulfur was highly
concentrated in the top layers. This was presumably due to the rich sulfur interface matte-slag. These two
facts could be the reason for the formation of two phases in the mattes.

From Figure 6 b, the SEM on the new slags, it was observed that a bit of MgO dissolved into the slag as
elemental Mg proved. Silica and calcium oxide were the main oxides in the slag. This found its explanation
through the addition of gypsum that was added to modify the basicity and as a source of sulfur to favour the
formation of matte. Also, iron was one of the major elements present in the slag as oxide. This was due to the
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iron that came from the original slag that remained as oxide without being converted into sulfides. Also, some
copper remained into the slag as oxides. However, the presence of sulfur could be due to some matte that
remained in the slag unsettled therefore dissolved in the slag.
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Figure 6 a) SEM-EDS of mattes
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Figure 6 b) SEM-EDS of new slags

4, CONCLUSION

The aim of this experiment was to investigate the impact of ferro-silicon addition on the reduction of Ge-Copper
bearing slag and the possible effect of gypsum dumped from hydrometallurgical plants. Following conclusions
were drown:

1) Three layers of mattes were identified. The bottom layer was rich in iron and copper, the middle matte
contained, on top of iron and copper, cobalt. The top matte contained more iron than other two namely
copper and cobalt
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The characterized raw slag has shown Ge through SEM and a fayalitic copper slag. The smelting of
slag at different amount of FeSi coupled with the reduction and the addition of gypsum allowed the
formation of copper matte that contained germanium. The mattes presented Ge phases associated with
or always next to an iron phase evidencing the siderophile behavior.

The new slags produced at law amount of FeSi have shown the presence of a Ge-oxide (FeGeO) and
a main oxide of CaAISiO with a variation of FeO and MgO in it. The presence of many phases containing
calcium oxide confirmed that the addition of gypsum decomposed and played an important role in the
modification of the structure of the final slag therefore weakening the silica bonds to allow the transfer
of germanium to the matte as well as the transfer of copper to the matte via reduction. Also, the use of
gypsum as sulfurizing agent proved to be efficient in the conversion of copper and iron oxides into
sulfides.

The storage or dumping of gypsum that posed a threat to the environment have been attended to
efficiently since it will serve in the pyrometallurgical industry in the recycling of copper slag. This had
avoided a possible formation of sulfuric acid that could form during rainy season or at a place where
moisture is present, this with all the drastic consequences on the environment.
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