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There is approximately 60 million tonnes of historical copper smelter slag around the
Zambian Copperbelt containing estimated grades of copper ranging from 0.5% to
3.0% and cobalt between 0.3% to 2.6%. Whilst this is the case, there is currently no
large-scale processing facility in Zambia processing the abundant old copper smelter
slag. This is in spite of the dwindling copper ore reserves and the relatively high
copper and cobalt grades in these materials. Suffice to say, though, that Chambishi
Metals operated a DC arc furnace that recovered cobalt from this slag between 2001
and 2008. It was in the light of the foregoing that Chibuluma Mines Plc decided to
trial the processing of slag in their concentrator. Major reasons that processing of slag
in the concentrator is not readily desirable are its hardness and the subsequent
energy costs associated with crushing and milling and the amorphous nature of the
slag particles, which make them not amenable to surface-based separation methods
such as froth flotation. This work involved visiting plants that are processing copper
slag using froth flotation and analysing their flow sheets and operating strategies.
Samples collected from the slag dumps were subjected to mineralogical analyses,
laboratory grind tests and flotation tests. The prevalence of sulphide-type phases in
the slag made it possible to recover the copper from the slag through a froth flotation
processing route. The work culminated in establishing fundamental optimum
concentrator conditions to recover mainly the copper in the slag. Although the
Chibuluma concentrator, as it is set up, is not able to meet the slag optimum flotation
parameters, especially the flotation feed particle size, it was decided to execute a
plant trial. The plant trial was a major success and this was followed up with
campaign processing of slag on a few days per month basis. This paper details the
preparatory work done, the plant operational results obtained and the future
potential in maximizing value recovery from the slag.

INTRODUCTION

Chibuluma Mines Plc (CMP) is located on the Copperbelt province of Zambia, 15 km west of the city
of Kitwe. It was one of the first mines to be privatized in 1997 when Metorex (Pty) Limited acquired a
majority share ownership of 85%, with the Zambia Consolidated Copper Mines Investment Holdings
(ZCCM-IH) remaining with a minority shareholding of 15%. At the time of privatization, CMP was
operating the Chibuluma West Mine, which had a mine life of three years, although improved mine
operations management ensured that it lasted until 2005. In the meantime, Chibuluma South Mine
development started in 2001 and was commissioned in 2005. The development of the mine was briefly
halted in 2003 due to metal price challenges. Jinchuan Group International Resources Co. Ltd
(Jinchuan) acquired 100 % of Metorex in January 2012.
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Currently, CMP operates two underground copper mines that are located on the same tenement.
Chibuluma South Mine, which was commissioned in 2005, and the Chifupu mine, whose
development started in 2012 with ore production starting in 2016. The end of life of the two mines is
estimated to be 2021 (African Mining Consultants [AMC], 2017).

The two mines feed a concentrator, which is also located within the same mining license area. This
concentrator produces copper sulphide concentrates as the final product. In view of the approaching
end of mine life, CMP has been looking for other sources of ore to extend the life of mine, and to
safeguard jobs for its workers, and ensure continued presence of Metorex (Pty) Ltd and the Jinchuan
Group in the Zambian mining industry.

One such ore source that has been identified is the copper smelter slag from old Nkana smelter
operations in Kitwe. This slag dump was generated from copper smelter operations of the Nkana
smelter, over a period stretching from 1931 to 2009 (Mwanza et al., 2015). The old Nkana slag dump is
an approximately 20 million tons resource with an average copper content of about 1% total copper
(Vitkova et al., 2010) and cobalt content of 0.3 to 2.6% (Jones et al., 2001). This huge quantity of mineral
resource has a potential to not only bring revenue to the mine, but also to extend the mine life, thereby
ensuring the job security for over 300 permanent employees in addition to contractors. These were the
objectives the mine sought to realize when it undertook this project.

Apart from the Nkana slag damp, the Copperbelt region has two major slag damps, Luanshya and
Mufulira, with approximately the same quantities as Nkana. Therefore, the overall quantities
estimated on the Copperbelt region are no less than 60 million tonnes.

Despite having relatively high copper and cobalt content, smelter slag cannot easily be processed in
conventional copper sulphide concentrators like the one at CMP. This is because of its hardness,
which makes it difficult to grind to the required grind size, and the high density and amorphous
nature that renders the material not amenable to flotation. However, copper sulphide phase minerals
present in this copper smelter slag have been known to be recoverable through a froth flotation route
(Shamsi et al., 2015). Therefore, the strategy was to reach a common ground where an economically
viable recovery is attained at an operable coarse grind size. This then called for an understanding of
the basic properties of the slag to bring out the unique characteristics that could influence
metallurgical response of the slag during processing (Shamsi et al., 2015). Subsequent tests focused on
determining what type of chemical reagents and their combinations could yield the most economically
desirable results? How could the Chibuluma Mine froth flotation circuit be reconfigured to ensure the
successful processing of slag?

Copper is recoverable from the slag through a number of process routes, including pyrometallurgy,
hydrometallurgy, mixed hydro- and pyrometallurgical methods and by froth flotation (Nadirov et al.,
2013). Pyrometallurgical and hydrometallurgical processing yields better recoveries than froth
flotation, but require a higher capital and operating expenditure (Dimitrijevic et al., 2016). This has
necessitated the continued research of copper recovery from slag through froth flotation due to its
relatively low cost of implementation.

Recovery of copper from slag by froth flotation is easy to implement but yields a lower recovery due
to the presence of copper oxide phase minerals and having surface properties that are not amenable to
froth flotation. The other characteristics that adversely affect the froth flotation of slag are high specific
gravity (SG) and high hardness. Slag tends to settle in the flotation cells as a result of high specific
gravity, while the high hardness results in low mineral liberation, especially for plants not specifically
designed for slag processing (Shamsi et al., 2015). Where milling capacity of a plant is not a constraint,
in a plant designed for slag treatment, slag hardness will translate into high energy costs. Plants
designed to process smelter slag have extensive milling circuits that enable the plants to achieve grind
size of over 70% passing 75 pm and yielding recoveries as high as 80% (Shamsi et al., 2015).
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Much of the Nkana smelter slag originated from reverberatory furnaces with a lesser proportion
coming from the converting process, since in this flowsheet slag from the converters was recycled to
the reverberatory furnaces (ZCCM Smelterco, 2001). This slag was air cooled at atmospheric
conditions; hence, it has a black and glassy surface appearance (Sanchez et al., 2004). As a result, this
type of slag cooling produced varying slag cooling rates, which depended on weather conditions
prevailing at the time of pouring and thus had an impact on the crystalline or amorphous nature of
the ensuing cooled slag. Consequently, floatability would be affected as crystalline natured slag is
more amenable to froth flotation compared with amorphous natured slag. During the life of its
operation, the Nkana smelter saw modifications to its process aimed at improving efficiencies, which
has resulted in the slag dump having almost infinitely variable chemical, granulometric and
mineralogical (phase) composition (Vitkova et al., 2010). Older slag deposits are richer in copper and
cobalt than recent ones.

The Chibuluma concentrator was designed for softer copper sulphide ore (with bond work index of 18
kWh/t) and therefore is not suitable for processing slag (with bond work index of 28.3 kWh/t), which
is harder. The main constraint is the low milling capacity, which is the driver in the attainment of the
required liberation and subsequently higher recovery. Thus, in order to achieve an acceptable
liberation, slag feed rate to the mill may be reduced so that the effective residence time is increased in
the mills (Shamsi et al., 2015). By so doing, the slag will be ground finer, thereby achieving better
liberation. However, the reduction in feed rate is only a viable option if the sacrificed revenue through
reduced feed rate could be recouped via increased recovery. This balancing act is the fulcrum of the
research in the Chibuluma case, where the milling plant size and set-up are fixed. However, the
concentrator has an advantage of having excess flotation capacity, which will enable the research
process to trial various flotation circuit configurations in addition to the various reagent regimes.

The foregoing discussion underscores the fact that the findings drawn from this work should be seen
as being unique to the Nkana smelter slag and its metallurgical response in the Chibuluma flotation
circuit. Furthermore, the Chibuluma concentrator, which is a conventional copper sulphide minerals
concentrator, was a major project constraint and could not be significantly modified to accommodate
slag processing due to the prevailing economic situation at the time. However, findings drawn from
this work will provide a valuable reference to future work, not only on the Nkana slag, but also the
entire Copperbelt slag deposits.

The Chibuluma milling circuit is shown in Figure 1, while the flotation circuit will be given further
below when discussing flotation.

METHODOLOGY

Work to test the possibility of processing the Nkana slag at Chibuluma concentrator began in
February 2016 and was first trialed on the plant in April 2016. Preliminary work involved a rigorous
sampling campaign of the Nkana slag damp to obtain a representative sample. The nature of the slag
and the inherent variability of the composition made this task a challenge. Initial tests conducted on
the slag included head assay determination, mineralogical analyses and bond work index analyses.

As part of the literature review of this work, visits were undertaken to plants around the town of
Kitwe processing slag on a small scale. The Chambishi Copper Smelter, where all the smelter slag is
recycled through a froth flotation circuit, was also visited. Most of the plants visited, which were able
to attain recoveries of above 80%, were grinding the slag to 70% to 80% passing 75 um.
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Figure 1: Chibuluma milling circuit.

Laboratory tests on the grindability of the slag were then conducted and compared with the
Chibuluma ore. The rationale was to see to what extent the slag was to be ground to achieve the
appropriate grind for froth flotation and to determine the grind size of the slag obtainable under
normal Chibuluma grinding conditions. This was a necessary step since the grinding circuit of the
Chibuluma concentrator was not going to be modified for this project. This notwithstanding, finer slag
grind sizes were tested, since a finer grind size could still be obtained in the plant at reduced
throughput, as long as the economic benefit analysis allowed.

Froth flotation tests in the laboratory were undertaken to obtain the recoveries of the slag at varying
grind sizes, under normal Chibuluma flotation conditions. Further flotation tests were done with
different reagent regimes at varying grind sizes and reagent dosages. From these tests, the optimum
reagent regime, their dosages and grind sizes were obtained. These were the parameters subjected to a
preliminary cost benefit analysis to justify taking the laboratory tests to plant trial.

During the plant trial, slag was fed to the mills crushed to 100% —10 mm. The total milling throughput
to the two mills was set nominally at 30 tph against a capacity of 80 tph. The following operating
parameters were continually observed and recorded, while ensuring that the performance of the
milling circuit was satisfactory, especially with regards to cyclone performance and possible sanding
in the overflow boxes and flotation cells:

e Cyclone overflow density;

e Cyclone underflow density;

e Mill discharge density;

e Cyclone feed density;

e Cyclone feed pressure.
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Once it was observed that the milling circuit was stable for 30 minutes, the throughput was increased
by 5 tph. This was repeated until 45 tph, when the cyclone started roping and soon after the cyclone
overflow box sanded. The plant was switched off to clear the overflow box. On resumption, the
throughput was set at 40 tph. After 30 minutes of stable operation, the feed rate was increased to 42
tph. At this rate, the plant was only managing to operate in a stable manner for 20 minutes before
cyclone roping was observed. Thus, the throughput was optimized at 40 tph.

During this period, the flotation circuit was also under observation. Froth formation and general
stable flotation performance was evident. However, after about 4 hours of operations, the scavenger
cells sanded. The plant was switched off and the cells cleaned before resuming. When sanding
occurred on two more occasions, it was decided to operate the flotation circuit without the scavenger
cells. It was decided to use the spare cells, which were bigger in size, for scavenging duty. This proved
successful and was adopted as the mode of operation. Figures 2 and 3 below show the original
flotation circuit and the one adopted after by passing the scavenger cells.
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Figure 2: Original Chibuluma flotation circuit.
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Figure 3: Chibuluma flotation circuit for slag processing.
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In this mode, the first plant trial was run for three days. The number of days that subsequent trails ran

are shown in Table I.

Table I: Running days for slag plant trials at Chibuluma.

Trial number Month Number of running days
1 April 2016 3
2 May 2016 11
3 June 2016 8
4 July 2016 4
RESULTS AND DISCUSSION

Mineralogical Analysis

Results from the mineralogical analysis of the Nkana slag dump are presented in Tables II and III.

Table I1: Nkana slag mineralogical analysis 1.

Mineral Mass % Total Cu (%) Acid-soluble Cu (%) Total Co (%)
Chalcopyrite-type <<0.1 0.01 - -
Bornite-type 1.5 0.95 0.02 -
Chalcocite-type 0.5 0.4 0.01 -
Covellite-type <<0.1 <<0.01 - -
Pyrite-type <<0.1 - - -
Carrolite-type <<0.1 0.01 - <<0.01
Pyrrhotite-type <<0.1 - - -
Elemental copper 0.3 0.3 - -
Malachite 0.2 0.12 0.12 -
Pseudomalachite 0.8 0.44 0.44 -
Chrysocolla 1.1 0.4 0.4 -
Slag phase 95.8 - - -
Total 100 2.63 0.99 0.01

Table 11I: Nkana slag mineralogical analysis 2.

Mineral Mass% Total Cu (%) Acid-soluble Cu (%) Total Co (%)
Chalcopyrite-type 0.1 0.3 - -
Bornite-type 1.3 0.82 0.02 -
Chalcocite-type 0.6 0.48 0.01 -
Covellite-type 0.1 0.07 - -
Pyrite-type tr - - -
Carrolite-type 0.1 0.02 - 0.04
Pyrrhotite-type Tr - - -
Elemental copper 0.2 0.2 - -
Malachite 1.1 0.63 0.63 -
Pseudomalachite 0.7 0.39 0.39 -
Chrysocolla 21 0.76 0.76 -
Cuprite <<0.1 0.04 0.02 -
Slag phase 93.7 - -

Total 100 3.44 1.83 0.04

The two mineralogical analyses were quite similar in mineral composition, except for malachite
content and overall total copper grade. This was not to be expected as mining of the slag continued, as

discussed above.
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Grindability Tests

It was already expected that the slag was going to be harder to mill compared with normal Chibuluma
ore. This was confirmed from the results of the bond work index (BWI), as shown in Table IV.

Table 1V: Chibuluma ore and slag bond work indices.

Chibuluma ore Slag material

Bond work index (kWh/t) 18 28.3

Laboratory tests comparing the grindability of slag and Chibuluma ore by carrying out a grind time
determination tests are as shown in Figure 4.
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Figure 4: Milling slag material at different times with Chibuluma ore at 6 minutes.

From Figure 4, the milling time for slag, corresponding to normal Chibuluma ore milling time of 6
minutes, was 21 minutes in the laboratory. This implies that slag had to be milled three times longer in
the laboratory to attain the same grind size as Chibuluma ore. It was important to attach the recovery
to each of the grind sizes obtained from the above graph. Flotation tests were thus conducted at
varying grind sizes and the results are shown in Figure 5.
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Figure 5: Variation of copper recovery from slag with milling time.

From Figure 5, the recovery obtainable if the slag was ground for 6 minutes, the normal grind time for
Chibuluma ore was 48%, which was not economical. With slag milled for 21 minutes, to yield the
require grind size for Chibuluma ore, the recovery was an attractive 70%. However, since this grind
could not be attained in the plant, a middle ground between 48% and 70% was to be determined on
the plant by milling at a reduced throughput. The success of this compromise on the plant was to be
determined by financial modeling.
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As discussed above, this compromise was found at 40 tph (against a full capacity of 80 tph) and
yielded a recovery of 64%. This combination was able to generate revenue for the company. Table V
presents the average operating parameters of the plant trial prior to running the commercial
campaign.

Table V: Slag average process parameters.

Process parameter Value
Head grade (%TCu) 2.23
Head grade (% ASCu) 0.47
ASCu as % of TCu 21.18
Mill feed (% —10 mm) 82.54
COFMill 1 (% =75 pm) 37.51
COF Mill 2 (% —75 pm) 37.58
Cu tailings (% TCu) 0.81
Cu tailings (% ASCu) 0.35
Cu concentrate grade (%TCu) 30.81
Recovery (% TCu) 64.77

Flotation Tests

Laboratory flotation tests were conducted to determine the metallurgical response of the slag
compared with normal Chibuluma ore using standard Chibuluma float procedure. As expected, the
slag reported lower recovery than Chibuluma, as indicated in Table VI.

Table VI: Chibuluma ore and slag copper recoveries.

. Head grade (%) Recovery (%)
Material TCu ASCu TCu ASCu
Chibuluma ore 2.77 0.06 95.19 35.73
Slag material 1.74 0.83 48.49 22.60

Apart from the amorphous nature of the slag, the higher oxide content in the slag also contributed to
lower recovery of the slag. As such, additional float tests were aimed at optimizing the reagent
regime, including oxide collectors and sulphidisers. Initial float tests involved in comparing the
performance of available xanthate reagents are shown in Figure 6.
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Figure 6: Reagent optimization.
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SNPX/PAX 1:1 combination is the normal Chibuluma collector, which was compared withPAX and
SIBX collectors, recommended by the suppliers. PAX alone produced a better recovery. Optimization
tests for PAX dosage were performed and 60 gpt PAX was determined as the most optimum. Flotation
tests using PAX with sulphidiser and an oxide collector are shown in Figure 8.

Oxide collector AM810 and the use of a sulphidiser with PAX did not produce significantly higher
recovery than PAX alone. Moreover, use of alternative reagents entailed putting up a reagent mixing
and handling system, which would have been prohibitive, considering the economic outlook at the
time. Therefore, the decision was made to use PAX alone.
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Figure 7: Optimization of PAX dosage.
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Figure 8: Comparison of PAX, oxide collector and the use of sulphidiser.

Plant Trial Campaign

The optimal parameters discussed above were implemented in the plant trial campaign and the
average results are shown in Table VIL. The plant was able to recover close to 60% of the contained
copper at a saleable concentrate grade of well over 30%.

Table VI: Average slag trial process results.

April 2016 May 2016 June 2016 July 2016
Slag milled (t) 4489 7564 4512 2193
TCu (%) 3.03 2.20 1.72 1.82
Concentrate grade (%) 36.01 36.52 34.06 38.82
Plant recovery (%) 59.89 47.83 51.50 57.50
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These results were subjected to a comprehensive financial model and the outcome was favourable.
The major inputs to the financial model were slag purchasing price, variable costs such as
consumables, copper price, copper produced and overheads, which were constant, like labor and
power.

This project occurred during a period when there was a slump in metal prices that negatively affected
the mining industry, Chibuluma inclusive. The mine had just undergone restructuring where mining
operations were scaled down. It was therefore a project that helped fill up the processing capacity of
the concentrator.

CONCLUSION

This work has shown that the success of slag recovery through froth flotation lies in the ability of a
plant to grind the slag to a level finer than 40% passing 75 pm (P80 = 180 um). Chibuluma mine
achieved a grind with slag at P80 equal or less than 180 um and at a reduced throughput to produce a
recovery of 60%. It is clear that an extensive milling circuit is required to attain the grind size that
could yield recoveries in the order of 80%, as seen from some slag processing plants. Regardless of the
challenges, this work has provided a platform for further work as a reference in the processing of the
Nkana slag, as well the over 60 million tons of the Copperbelt slag, rich in both copper and cobalt.

RECOMMENDATIONS AND FUTURE WORK

CMP is currently exploring possibilities of putting up a plant dedicated to slag treatment following
the successful results obtained and the lessons learnt from this project. With such a plant, higher
copper recoveries and throughputs are expected. These works are dependent on the availability of the
slag at an economical rate. Furthermore, research on this slag will be extended to the recovery of
cobalt via froth flotation and/ or leaching. Much work done on the Copperbelt slag for the recovery of
cobalt has been pyrometallurgical, which is expensive.

With the current dwindling metal reserves in the country, the importance of works in the exploitation
of slag cannot be overemphasized. It is thus hoped that more work will be undertaken in this field
and large-scale operations will be established aimed at processing the Copperbelt slag for both copper
and cobalt.
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