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Introduction 

The Zambian Copperbelt mining district (Fig. 1) is 

famous for the world-class copper (Cu) and cobalt (Co) 

sulphide ore deposits commonly located in Central 

Africa. These ore minerals have been exploited through 

hydrometallurgical and pyro-metallurgical processes; 

however, the former treatment process is reported to 

generate volumes of sludge effluents and solid deposits 

as wastes stored at storage ponds and impoundments 

dotted around the province. World-wide, mining is an 

economically viable industry because the world is not 

ready to radically reduce the use of mineral-based 

products despite the increasing competition with other 

land uses as well as the associated environmental 

degradation it poses to the ecosystem. As a result, mining 

has increasingly become an environmentally difficult 

industry to manage all over the world. 

 Previous studies conducted on the Zambian 

Copperbelt by Pettersson and Ingri (2001); Sracek et al. 

(2012) so far reported that sludge effluents and solid 

deposits are negatively impacting the surrounding 

environment by discharging heavy metals through 

siltation of streams and rivers (Fig. 2). Therefore, to 

mitigate the effects of environmental contamination and 

pollution caused by siltation and sludge surface erosion, 

an understanding of both the physio-chemical and 

geochemical characteristics, geochemical processes 

influencing metal partitioning, adsorption mechanisms, 

specific binding surfaces and stability conditions are 

unambiguously important.  

 

Additionally, to make mining sustainable, Green Mining 

concept (GM) which allows the recovery of all useful 

minerals and minimising mining waste are necessary to 

ensure that there is availability of mineral resources for 

future generations and help to restore the mining areas to 

make them safe and preferably to allow other types of 

land use. 

Therefore, the aims of this research were to 

understand:  
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 the metal geochemical partitioning, host minerals and 

retention mechanisms of the metals in sludge, and  

 potential green mining practices (i.e., metal 

recoveries and reuse of sludges) on the Zambian 

Copperbelt  

 

Results and Discussion 

Hydrogeochemical characteristics of 

effluents 

In Chapter 4, we reported on the hydrogeochemical 

characteristics of sludge effluents in mine drainages. The 

results revealed that the highest dissolved metal 

concentrations of Cu2+ was 70 mg/l whereas Co2+ 

concentration was 6.75 mg/l and iron (Fe2+) 

concentration was 15 mg/l. After treatment with lime at 

pH 7.5, the dissolved metal concentrations were below 

the detection limit (bdl) indicating that the lime treatment 

is effective in decreasing the dissolved metal 

concentration by rising the pH to neutral conditions. The 

mechanism causing the decrease in dissolved Cu2+, Co2+ 

and Fe2+ concentrations in effluents is the adsorption 

process. Adsorption process occur at solid-liquid 

interface in the presence of component minerals 

(adsorbents) in sludge which sorb the metals onto their 

surfaces.   

Component minerals in sludge 

According to the XRD analyses shown in Fig. 3, the 

major mineral components in sludge are micas (i.e., 

biotite and muscovite), kaolinite, quartz and k-feldspar 

(Fig. 3a) with amorphous iron oxides existing as grain 

surface coating (Fig. 3b). In the studied sludge, the 

existence of amorphous iron oxide coating was indirectly 

recognized by XRD pattern (Fig. 3b) and also by SEM-

EDS (Fig. 4) showing surface coated kaolinite mineral 

with amorphous iron oxide. The significance of 

amorphous iron oxide coating in environmental studies 

is that it is a good potential sink of heavy metals thereby 

limiting their mobilities in natural environments. This 

finding is consistent with other previous studies which 

indicated that freshly precipitated amorphous iron oxide 

and kaolinite are generally adsorbents of heavy metals 

(Singh et al.,1984; Schindler et al., 1987). This 

information is significant with regards to the 

understanding of environmental remediation strategies 

such as natural attenuation and metal stability conditions.  

 

 

Metal partitioning 

Metal partitioning (Fig. 5) was conducted to assess 

the fractionation phases through the eight (8) phase 

protocol of sequential extraction (Horowitz, 1985; 

Filgueiras et al., 2002) . The experiment was performed 

onto the both bulk and clay-size particle sizes.  

The results of metal partitioning analysed in both 

particle sizes revealed that exchangeable (F1), acid 

soluble (F2) and reducible (F3) fractions are the 

dominant phases. In F1, Cu and Co concentrations in the 

bulk-sized and clay-sized particles were in the ranges of; 

50 – 350 mg/kg Cu; 20 – 30 mg/kg Co and 200 – 1000 

mg/kg Cu ;30 – 100 mg/kg Co. In F2 in the ranges of 600 

– 1500 mg/kg Cu ;100 – 200 mg/kg Co and 2200 – 5500 

mg/kg Cu; 120 – 260 mg/kg Co. In F3 in the ranges of 
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1300 – 2300 mg/kg Cu; 80 – 200 mg/kg Co and 2200 – 

5500 mg/kg Cu; 260 – 290 mg/kg Co respectively. 

Overall, the differences in the metal concentration 

between bulk and clay-sized particle is largely a function 

of particle size and high surface area. The host minerals 

in F1 are kaolinite (Stumm and Morgan 1995); In F2 are 

carbonates but in the absence of carbonates, clay mineral 

(i.e., kaolinite is the potential candidate). In F3, 

amorphous iron are the potential hosts minerals. 

However, by default, metal concentrations associated 

with F3 fraction are expected to be of a much greater 

proportion than F2 fraction due to the metal partitioning 

characteristics associated with the HFO surfaces 

(Lindsay et al., 2015). The high proportions of metals in 

F2 especially Cu is suggested to be a contribution from 

some loosely or weakly bound metals associated with the 

amorphous iron oxide coated bulk size grains and clay-

size particles. This observation is consistent with results 

of the previous study conducted by Essen and El Bassam 

(1981) which indicated that Fe oxides dissolve and 

release weakly adsorbed metals into solution at treatment 

conditions of pH < 6. Thus, at acid-soluble fraction 

treatment at pH 5, some weakly adsorbed metals 

associated with amorphous iron oxides are desorbed. 

 

The importance of the results of metal partitioning is that 

the metal stability conditions in the natural environment 

is well and easily revealed. For this studied material, the 

metal stability condition in sludge is low or poor because 

the metals are dominantly partitioned in exchangeable 

(F1) acid soluble (F2) and weakly reducible (F3) fraction 

which easily desorb the metals into the environment, thus 

potentially contaminating the pristine ecosystem. The 

above information is sufficient to assists mining owners 

or the environmental management teams to plan on 

remediation strategies.  

Batch experiment and surface 

complexation modeling 

In Chapter 5, geochemical modeling of the adsorbed 

metals (i.e., Cu2+ and Co2+) was presented to assess their 

adsorption behaviours onto surfaces of kaolinite and 

amorphous iron oxides.  

For metal adsorbed onto kaolinite surfaces alone, our 

modeling results showed that Cu2+ ion adsorption (Fig. 

6a) occur by two (2) initial stages of adsorption from pH 

3 – 5 and from pH 5.5 - 6.5 representing the ion exchange 

sites and variable charge sites (Schindler et al., 1987). 

The initial low pH adsorption at ion exchange site is 

dominated by >X2Cu independent of pH condition. 

However, with increasing pH, >KaOCuOH+ species 

become the most dominant at variable charge sites 

(Lutzenkirchen, 2006). Similarly, though Co exhibits a 

slightly different behaviour from that observed with Cu 

from pH 3 – 6.5 (Fig. 6b), Co seems to show much longer 

retention at ion-exchange sites up to pH 6.5 by >X2Co 

species with <15% Co adsorbed. At pH 6.5 – 8, 

adsorption occur at variable charge site by >(KaO)2Co 

with >90% adsorption supporting the appropriateness of 

inner sphere complexation.  

From the above results of batch experiment and 

surface complexation modeling (SCM), it becomes 

evident that; 

 kaolinite in sludge is capable of adsorbing Cu2+ 
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and Co2+ concentration in sludge at both low pH 

(i.e., initial stage) and at high pH (later stage) 

conditions as shown in Fig. 6. 

 Significant metal adsorption by kaolinite 

adsorption is high at high pH condition 

indicating that the lime treatment which 

increases the pH conditions in effluents results in 

the increasing adsorption processes by kaolinite 

surfaces. 

 

Results of Cu2+ and Co2+adsorption onto sludge with 

combined kaolinite and amorphous iron is shown in Fig. 

7. The model predicts that Cu2+ is distributed mainly on 

ion exchange sites at pH < 4.5 through >X2Cu with < 

15% Cu adsorbed (Fig. 7a) consistent with ion exchange 

process in form of outer sphere adsorption suggested by 

Lund et al. (2008). Above pH 4.5, adsorption on ion 

exchange sites decrease, and the pH-dependent bidentate 

sites of kaolinite >(KaO)2Cu dominates with < 20% Cu 

adsorbed. However, adsorption sites of amorphous iron 

oxide >(s)FeOCu+ and >(w)FeOCu+ species show 

significant adsorption with increases in pH conditions 

(Fig. 7a). This result suggests that the high metal 

adsorption in the studied sludge is dominated by 

amorphous iron oxide despite the low amount or 

concentration of amorphous iron oxide than with 

kaolinite.  

In Fig. 7b, SCM predicts that < 15% Co is adsorbed at 

ion exchange site by >X2Co. With increasing pH, the 

kaolinite bidentate site >(KaO)2Co show 20% Co 

adsorption at pH 7.5. Co2+ adsorption at HFO site is 

dominated by both the >(s)FeOCo+ and >(w)FeOCo+ 

species. From this result, the amorphous iron oxide sites 

collectively adsorb high percentages of Co 

concentrations than kaolinite and in the presence of 

kaolinite.  

Overall, we can deduce, from the batch adsorption 

experiment and surface complexation modeling result 

that both amorphous iron oxide and kaolinite are the 

dominant and good adsorbents of Cu and Co in sludge. 

Additionally, amorphous iron oxide is the dominant 

adsorbent of metals because of its high surface area and 

high affinity for adsorption consistent with previous 

studies conducted by Dzombak and Morel (1990).

 

Implication for Green mining 

Heap leaching 

Based on our results of sequential extraction given in 

Fig. 5, heap leaching method is suggested as the potential 

method of recovering the metals from sludge. The 

advantages of the application of heap leaching to the 

currently studied solid waste materials are based on the 

following factors: 

 The absence in expansive clays that might 

significantly cause pore occlusions 

 Easy agglomeration (i.e., sand (>53µm) + clay 

particles (<2µm)) to facilitate the leaching process 

 Labile fractions dominating metal partitioning that 

easily desorb metals based sequential extraction 

results 

 Availability of sulphuric acid (H2SO4) produced 

from smelter, thus low costs involved in the 

leaching process 

The above factors are necessary because they 
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determine the successes of applying this type methods. 

After the heap leaching process, the solid material which 

remains from metal extraction and recovery can be used 

as a potential aggregate (i.e., sand) for construction and 

engineering. Besides aggregates, the volumes of solid 

material can also be used for land reclamation or back 

filling of surface voids of land surfaces after open pit 

mining. 

Conclusion 

 The study revealed that Cu2+ and Co2+ in sludge are 

partitioned in the most labile or unstable fractions 

which allows them for their easy release into the 

natural environment, thus are a major source of 

environmental pollution. And the only way to keep 

the metals stable in a short-term is to treat sludge 

with lime at pH 7.5 based on batch adsorption and 

surface complexation modeling results. At this pH 

condition, the component minerals present in 

sludge (i.e., amorphous iron oxide and kaolinite) 

acts as adsorbents of metals there-by decreasing the 

dissolved concentration to below the regulation 

standards 

 Currently, the Zambian Copperbelt sludge is 

regarded as waste. But from our studied results, the 

sludge is actually a resource because it has 

sufficient metal concentration for economic value 

that can easily be recoverable at minimum costs 

going by our experimental results of sequential 

extraction. The resultant solid metal-free material 

after metal extraction and recovery can be used as 

potential aggregate (sand) for construction and 

engineering purposes.  
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