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Abstract: The mining industry has contributed tremendously to the global economy. However, waste generated by this activity poses 
many challenges. Current low-cost technologies for the removal of heavy metals from mining wastewater include biosorption, 
adsorption, CWs (Constructed Wetlands) and waste stabilization ponds. This chapter focuses on sustainable mining wastewater 
treatment technologies with emphasis on gold mining wastewater. It discusses the technical and environmental challenges associated 
with mining effluent treatment, process conditions for optimum plant performance, efficiency, limitations and the economics of 
treating mining wastewater. The overall treatment cost of metal contaminated wastewater depends on the process employed and the 
local conditions. In general, technical applicability, cost-effectiveness and plant simplicity are the key factors in selecting the most 
suitable treatment method. Proper management of the spent biosorbent and solid wastes generated is also discussed. 
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1. Introduction 

Heavy metals occur in immobilized form in sediments 

and as ores in nature. Various human activities like 

ore mining and industrial processes disrupt the natural 

biogeochemical cycles causing increased deposition of 

heavy metals in terrestrial and aquatic environments. 

Heavy metals are found in wastewater discharged 

from industries such as mining, metal processing, 

electroplating, textile, tannery and petroleum refinery 

[1-5]. Heavy metals such as As, Cu, Pd, Zn, Fe, Cr, Ni 

and Hg are toxic [6-8] and therefore the discharge of 

untreated metal-laden effluent from the mining industry 

poses serious environmental challenges [9, 10]. 

Sorption using natural and agricultural materials has 

been proposed as a cost effective and environmentally 

friendly alternative to chemical treatment [11-14]. 

The discovery and further development of 

biosorption phenomena provide a basis for a whole 
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new technology aimed at the removal of various 

pollutants or the recovery of valuable resources from 

aqueous systems. Although there are many industrial 

processes using sorbents such as activated carbon, the 

development of biosorption processes is still mainly at 

the stage of laboratory studies in spite of enormous 

progress made over the last decade [15]. Most studies 

on continuous biosorption systems have focused 

mainly on the optimisation of operating conditions 

and breakthrough curves using synthetic metal 

solutions [16-21]. Many of these studies have limited 

industrial application because industrial effluents are 

more complex, containing several metal ions and other 

contaminants [22]. Singh, A., et al. [22] indicated that 

treatment of industrial effluent in continuous flow 

through systems allows the use of biosorbents for 

multiple biosorption and desorption applications. In 

this way, process sustainability is achieved through a 

substantial reduction in the fresh sorbent requirement, 

operational cost and solid waste materials needing 

disposal or containment [4, 15].  

WSPs (Waste Stabilization Ponds) are common 

technologies for industrial wastewater treatment due 
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to their low capital and operating costs. They are 

particularly popular in locations where large tracts of 

land are available and affordable. In spite of the 

popularity of WSPs, limited studies on the use of this 

technology for the removal of heavy metals from 

mining wastewater had been conducted [23]. The few 

studies conducted on WSPs have shown a poor 

performance in the removal of metals [23-25]. Due to 

this limitation of scanty literature availability, greater 

attention is paid to the use of CWs (Constructed 

Wetlands) for mining wastewater treatment. 

CWs are artificial or engineered wetlands 

developed to utilize the natural, physical, biological 

and chemical processes that take place in these aquatic 

ecosystems involving the soil, flora and fauna, 

including its microbial communities, to treat 

wastewater [26]. The use of CWs for the removal of 

heavy metals is a very recent development. CWs are 

used for the treatment of wastewater from mining, oil 

refineries, chemical factories, pulp and paper 

production, tannery, textile, abattoir, distillery,  

winery and other industries as well as various   

runoff waters from airports and highways as various 

sources of industrial wastewater, noting limited 

studies done on wastewater from mines [26]. This is 

because the treatment of wastewater from mines had 

not been given much attention in literature [27], as 

results that monitoring programmes by mining 

companies are usually not published in peer reviewed 

journals. 

2. Technological Options for the Removal of 
Heavy Metal from Mining Wastewater 

Currently, sustainable technologies for the removal 

of heavy metals from mining wastewater include 

biosorption, adsorption, CWs and waste stabilization 

ponds, among others. 

2.1 Biosorption 

Wang, J. and Chen, C. [28] defined biosorption as 

the removal of metal and metalloid species, 

compounds and particulates from solution by 

biological material. Biosorption is made possible by 

the ability of biological materials to accumulate heavy 

metals from wastewater through metabolically 

mediated or physico-chemical uptake pathways. 

2.1.1 Understanding Metals Biosorption 

Mechanism during Mining Wastewater Treatment 

Due to the interaction of several factors on specific 

biosorbents, it is almost impossible to propose a 

general mechanism. Although several metal-binding 

mechanisms have been put forward, e.g. physical and 

chemical adsorption, ion exchange and 

microprecipitation, the actual mechanism of metal 

biosorption is still not fully understood [29].  

Ion-exchange is an important concept in biosorption, 

because it explains many observations made during 

heavy metal uptake experiments [30]. Ion-exchange is 

a reversible chemical reaction where an ion within a 

solution is replaced by a similarly charged ion 

attached onto an immobile solid particle [31]. This 

ion-exchange process is one of the well-known 

surface reactions, which represents a great degree of 

complexity, primarily due to its multi-species nature. 

In bacterial biosorption, the bacterial cell wall is the 

first component that comes into contact with the metal, 

where the solute can be deposited on the surface or 

within the cell wall structure [32]. Since the mode of 

solute uptake by dead or inactive cells is extracellular, 

the chemical functional groups of the cell wall play 

vital a role in biosorption. 

Another frequently encountered metal binding 

mechanism is chelation, which can be defined as a 

firm binding of metal ions with an organic molecule 

(ligand) to form a ring structure [29]. Various 

functional groups including carboxylic, hydroxyl, 

sulphate, phosphate, amides and amino groups can be 

considered possible for sorption. Among these groups, 

the amino group is the most effective for removing 

heavy metals, since it does not merely chelate cationic 

metal ions but also absorbs anionic species through 

the electrostatic interaction or hydrogen bonding. As 



Low-Cost Technologies for Mining Wastewater Treatment 

 

393

 
Fig. 1  Major binding groups for biosorption [33]. 
 

they are negatively charged and abundantly available, 

carboxyl groups actively participate in the binding of 

metal cations [34]. Fig. 1 shows major functional 

groups involve in metal binding. 

Agricultural and plant waste materials, such as 

coconut husk and shell, are usually composed of 

lignin and cellulose as the main constituents. Other 

components present in the metal binding process are 

hemicellulose, lipids, proteins, simple sugars, starches, 

water, hydrocarbons and many more compounds that 

contain a variety of functional groups [35]. The 

presence of these functional groups and their 

complexation with heavy metals during biosorption 

has been reported by different researchers using 

spectroscopic techniques.  

Benavente, M., et al. [10] reported the treatment of 

gold mining wastewater using chitosan and found that 

the removal of Cu, Pb and Zn was not affected by the 

presence of other metals because they were present at 

low concentrations. The speciation of metallic ions in 

gold mining tailings wastewater depends on their 

oxidation states, the metallic ion concentrations, the 

cyanide concentration, the redox potential, the 

temperature and pH of the wastewater [10]. Benavente, 

M., et al. [10] indicated that the presence of cyanide 

had a negative impact on the sorption process, but not 

to the extent of affecting the removal of copper 

significantly, as evident from the low copper 

concentration (< 0.01 mg·L-1) in their treated effluent. 

Similar to the findings of Benavente, M., et al. [10], 

Acheampong, M. A. and Lens, P. N. [36] observed 

that neither the presence of cyanide nor other heavy 

metals inhibited the removal of copper from gold 

mining effluent studied. 

According to Saad, D. M., et al. [37], metal-cyanide 

complexes and free metallic ions were mainly present 

in the gold mining wastewater at pH 7.7. They 

indicated that the speciation results for the tailings 

dam show that copper, lead and zinc were mostly 

found as free metallic ions with only a small fraction 

present as metal-cyanide complexes. This is, however, 

contradictory to well-established experimental science 

of metallocyanide species in tailings waters. The most 

commonly encountered iron cyanide complexes are 

the two formed with ferrous and ferric iron, Fe(CN)6
4- 

and Fe(CN)6
3-, respectively [38]. The Fe(III) complex 

being the predominant species is found in mining 

tailings solutions. The formation of hexacyanoferrate(III) 

is primarily the result of the oxidation of 

hexacyanoferrate(II) in surface impoundments. 

However, typically within solid tailings environment, 

the oxidation potential would result in the formation 

of ferrocyanide precipitates [39]. The hexacyanoferrates 

are classified as “inert” complexes, in that their 

chemical stability results from extremely slow rates of 

dissociation and relatively low toxicity [38]. The 

overall effect is the reduction in the free metallic ions 

present and an increase in the proportion of the 

metal-cyanide complexes in the tailings solutions. 

When present in cyanide tailings solutions, copper 

is predominantly present as a mix of three forms: 

Cu(CN)2
-, Cu(CN)3

2- and Cu(CN)4
3- [39]. The Cu(II) 

cyanide species are unstable in aqueous solution and 

disproportionate to the Cu(I) cyanides. While the 

formation of metal cyanide complexes does not 

completely eliminate the toxicity of cyanide, it does 

effect a substantial reduction in such toxicity. Metal 

cyanide complexes are also intermediates involved in 

the formation of more stable compounds that remove 

free cyanide from the tailings environment. Kunz, R. 

G., et al. [40] described a process where copper was 
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complexed with cyanide to enhance the adsorption 

and oxidation of cyanide onto activated carbon. The 

environmental significance of complexation of 

cyanide with heavy metals is that it is relatively rapid 

and it occurs wherever soluble species of these metals 

are present, such as found in gold mining tailings. It 

reduces the toxicity of free cyanide and acts as an 

intermediary to reduce cyanide mobility via 

adsorption onto organic and inorganic surfaces or 

precipitation of metal cyanide salts [39].  

In treating electroplating wastewater using sugar 

cane bagasse, Sousa, F. W., et al. [12] reported a 

considerable decrease in adsorption of zinc and nickel, 

probably due to electrostatic repulsive forces between 

the cationic sugar cane bagasse surface and the metal 

ions. In contrast, Acheampong, M. A. and Lens, P. N. 

[36] reported that coconut shell used in their study 

was negatively charged at the gold mining effluent pH 

due to the lower point of zero charge pH of 6.5. 

Ahmed, M. J. K. and Ahmaruzzaman, M. [41] 

suggested that the removal of the positively charged 

heavy metals from gold mining effluent could be 

enhanced by electrostatic attraction forces between the 

biosorbent and the sorbate. 

2.1.2 Process Conditions 

The investigation of factors affecting the efficiency 

of heavy metal sorption is of great interest for the 

industrial community. The efficiency is strongly 

influenced by the physico-chemical characteristics of 

the solutions, such as pH, temperature, initial metal 

concentration, presence of other ions and sorbent 

dosage [42]. These factors are important in evaluating 

the maximal sorption performance of any sorbent. The 

solution pH is a crucial factor in heavy metal sorption. 

The pH value significantly influences the dissociation 

of the sorbent and the solution chemistry of the heavy 

metals, i.e. metal speciation, hydrolysis, complexation 

by organic and/or inorganic ligands, redox reactions 

and precipitation are all pH dependent [29, 43, 44]. 

Competition between cations and protons for binding 

sites means that sorption of metals like Cu, Cd, Ni, Co 

and Zn is often reduced at low pH values [42]. Due to 

the importance of pH in sorption, many researches 

were conducted on its effect on the removal of various 

heavy metals. 

Depending on the structure and surface functional 

groups of a sorbent, temperature has an impact on the 

adsorption capacity within the range of 20-35 oC [45]. 

It is well known that a temperature change alters the 

adsorption equilibrium in a specific way determined 

by the exothermic or endothermic nature of a process 

[29]. Higher temperatures usually enhance sorption 

due to the increased surface activities and kinetic 

energy of the solute. However, physical damage can 

be expected at higher temperatures [32]. It is always 

desirable to evaluate the sorption performance at room 

temperature, as this condition is easy to replicate.  

Another important parameter in biosorption is the 

ionic strength, which influences the adsorption of 

solute to the biomass surface. Industrial wastewater 

often contains ions other than heavy metal ions, e.g., 

Na+, K+, Mg2+ and Ca2+, which may interfere with 

heavy metal ion uptake by biomass. As a general trend, 

the metal uptake is found to decrease with increasing 

ionic strength of the aqueous solution as a result of 

more electrostatic attraction and change of the metal 

activity [29, 43, 46, 47]. 

The amount of biomass in the solution also affects 

the specific metal uptake. For lower values of biomass 

concentrations, there is an increase in the specific 

uptake [48]. Gadd, G. M., et al. [48] suggested that an 

increase in biomass concentration leads to interference 

between the binding sites. By increasing the adsorbent 

dosage, the adsorption efficiency increases even 

though the amount adsorbed per unit mass decreases. 

In principle, with more adsorbent present, the 

available adsorption sites or functional groups also 

increase. In turn, the amount of adsorbed heavy metal 

ions increases, which results in an improved 

adsorption efficiency [29, 49-52].  

The size of the biosorbent also plays a vital role in 

biosorption. Smaller sized particles have a higher 
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surface area, which in turns favours biosorption and 

results in a shorter equilibrium time. Simultaneously, 

a particle for biosorption should be sufficiently 

resilient to withstand the application of pressure   

and extreme conditions applied during regeneration 

cycles [53]. Therefore, preliminary experiments are 

necessary to determine the suitable size of a 

biosorbent. 

2.1.3 Process Configuration 

Due to the concentration difference driving force 

for sorption (between the sorbate in the solution and 

that already sequestered), generally the most effective 

configuration of the sorption system is that based on a 

flow-through fixed bed type of a reactor/contactor 

(Fig. 2). The sorption column would generally not 

exceed approximately 1.8 m in diameter and 4-5 m in 

height. The scaling up of the process to accommodate 

larger flows is attained by simply multiplying the 

number of columns that would operate in parallel. 

Rarely, usually because of special process 

requirements, a mixed contactor could also be used. 

Different, usually multi-stage, counter-current 

configurations could then be arranged. The most 

important criterion in the design of fixed-bed sorption 

systems is the prediction of the column breakthrough 

or the shape of the adsorption wave front, which 

determines the operating life-span of the bed. Fig. 2 

shows a typical of fixed-bed sorption systems for 

treating gold mining effluent. 

2.1.4 Process Performance  

The overall performance of the processes based on 

the sorption column mode of operation is judged by 

the column operating time (until the column sorption 

capacity is exhausted), characterized by the sorbate 

break-through point as determined at the column exit 

(Fig. 3). Since the fixed-bed column does get 

eventually saturated, a process arrangement is often 

used whereby one column is in active sorption 

operation while another one is being prepared 

(regenerated and cleaned) during its stand-by period. 

That column preparation usually consists of elution of 

the sequestered sorbate with simultaneous or 

sequential sorbent regeneration, clean-up and washing. 

Sorbent regeneration capacity is an important 

characteristic that results in a better overall process 

economy. 
 

 
Fig. 2  Schematics diagram of a two-stage pilot plant set-up for treating gold mining effluent (CS: Coconut Shell; IOCS: 
Iron Oxide Coated Sand; EF: Effluent Distributor; P: Pump; SP: Sampling Point; V: Valve; GME: Gold Mining Effluent; 
FM: Flow Meter) [36]. 
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Fig. 3  Schematic representation of the development of dynamic transfer zone in the continuous-flow fixed bed sorption 
column [36]. 
 

2.1.5 Sorbent Regeneration and Metal Recovery 

One of the main attributes of biosorption is the 

potential of sorbent regeneration and metal recovery 

[52, 54]. Desorption of sorbed metals from loaded 

sorbent enables reuse of the sorbent and recovery 

and/or containment of the sorbed metals from a highly 

concentrated eluant stream [42, 52]. In some cases, 

desorption treatment may further improve the sorption 

capacities [55], although in other cases there may be a 

loss of sorption efficiency and even a complete 

disintegration of the biosorbent [56]. To improve 

process viability, better understanding of the 

sorption-desorption processes in sorbent regeneration 

is needed. The acid-based metal desorption may be 

followed by further steps to prepare the biosorbent for 

the most efficient subsequent uptake cycle. This may 

entail pre-saturating the active sites of the biomaterial 

with more pH-neutral calcium or potassium cations in 

order to avoid an uncontrollable acidic wave inside the 

column caused by the release of ion-exchanged 

protons. Some overall process optimization may be 

useful in this respect. 

Metal recovery is a down-stream consideration that 

has been added to the metal removal aspect, which is 

driven predominantly by environmental detoxification 

considerations. The sorption and desorption processes 

offered the opportunity for an economical recovery of 

metals from the concentrated solution. The feasibility 

of the recovery operation depends, to a large degree, 

on the type of recovery procedures used. The spent 

sorbents generated at the end of the process must be 

properly and safely disposed. Various disposal options 

that are in conformity with local solid waste 

management practice are employed. 

2.1.6 Process Integration  

For a successful industrial application biosorption 

technology for the sustainable treatment of mining 

wastewater, the integration of the sorbent processing 

and formulation, sorption-desorption application, 

metal recovery for reuse and the disposal of the spent 

biomass (Fig. 4) is very critical. Where the treated 

effluent does not meet the regulatory discharge 

requirement, a further polishing step using WSPs and 

CWs is applied. 

2.2 WSPs and CWs 

The extraction of metals such as gold, zinc, lead, 

copper, iron, aluminium and many others involves the 

release of many contaminants that may pose serious 

threat to public health or wildlife and therefore had to 



Low-Cost Technologies for Mining Wastewater Treatment 

 

397

 

 
Fig. 4  Generalised integrated single stage sorption systems for gold mining effluent treatment using locally available 
low-cost materials. 
 

be removed or converted to various forms that are not 

toxic. The contaminants include heavy metals such as 

zinc, copper, lead, chromium, iron and manganese, 

cyanide, phosphate, carbonates, sulphides, sulphates, 

arsenic and its complexes, nitrogen and its compounds 

[57]. A detail list of the concentrations of the 

constituents of typical mining activity wastewater is 

outlined in Table 1.  

WSPs are common technologies for wastewater 

treatment due to their low capital and operating costs. 

They are particularly popular in locations where large 

tracts of land are available and affordable. Inspite of 

the popularity of WSPs, very limited studies on the 

use of this technology for the removal of heavy metals 

as pertains in mining wastewater had been conducted 

[23]. The few studies conducted on WSPs have shown 

a poor performance in the removal of metals [23-25]. 

Due to this limitation of scanty literature availability, 

greater attention would be paid to the use of CWs. 

CWs are artificial or engineered wetlands 

developed to utilize the natural, physical, biological 

and chemical processes that take place in these aquatic 

ecosystems involving the soil, flora and fauna, 

including its microbial communities to treat 

wastewater. The use of CWs for the removal of heavy 

metals is a very recent development. In his review of 

the use of CWs in industrial wastewater treatment, 

Vymazal, J. [26] mentioned the oil refineries, 

chemical factories, pulp and paper production, tannery 

and textile industries, abattoir, distillery, winery and 

other food processing industries as well as various 

runoff waters from airports and highways as various 

sources of industrial wastewater, noting limited 

studies done on wastewater from mines. This is 

because the treatment of wastewater from mines had 

not been given much attention in literature [27], as 

results that monitoring programmes by mining 

companies are usually not published in peer reviewed  
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Table 1  Typical constituents of wastewater from different mining activity [57, 62, 63]. 

Key parameters 
Sources of wastewater 

Gold mining Zinc and lead mining Zinc-rich acid mine drainage 

pH 701-8.6 8.23 3.58 

Conductivity 94-979 mS/m  1,915 µS/cm 

TSS  2,495 ± 182 mg/L  

Mg 31-1,488 mg/L  19.0 mg/L 

Ca   136 mg/L 

Li 0.22-2.8 mg/L   

Na 14-114 mg/L  14.3 mg/L 

K 4.7-114 mg/L  12.3 mg/L 

Al   12.2 mg/L 

As 41-40 µg/L 0.077 ± 0.024 mg/L  

Sb 35-160 mg/L   

Zn  14.47 ± 8.37 mg/L 552 mg/L 

Pb  11.49 ± 7.7 mg/L  

Hg  0.0003 ± 0.0002 mg/L  

Ni 37-69 µg/L   

Cd  0.05 ± 0.04 mg/L  

Fe 67-109 µg/L   

Mn 0.42-1.3 mg/L  17 mg/L 
 

journals. Most literatures on this subject, therefore, are 

experiments conducted at the microcosm and pilot 

scales. This notwithstanding, a few studies had been 

documented. For example, Pantano, J., et al. [58] were 

successful in using a horizontal flow CW to remove 

Cd, Zn and Cu from mining impacted groundwater 

while Gerth, A., et al. [59] used a hybrid free water 

surface and horizontal flow CW to treat seepage water 

from a uranium mine in Germany. 

2.2.1 Treatment Performance and Limitations  

The removal of toxic metals from mining 

wastewater using physico-chemical approaches such 

as adsorption, oxidation and reduction and chemical 

precipitation require large quantities of chemical 

reagents and produce a considerable amount of toxic 

sludge and secondary pollutants, thus raising 

questions about the sustainability of these 

technologies [27]. Conventional wastewater treatment 

systems such as the activated sludge treatment system 

are known to perform better in the removal of heavy 

metals than WSPs.  

One limitation of WSPs in heavy metal removal is 

its inability to overcome shock loadings due to the low 

presence of microorganisms [24]. This limitation was 

overcomed by the introduction of attached growth 

medium which resulted in significant increase in 

heavy metal removal [25]. In the absence of such 

modifications, WSPs had to operate at very low 

organic loadings for metal removal. The use of CW in 

treating mining wastewater is also limited to the 

polishing stages of treatment as influent of high 

suspended solids can lead to clogging.  

Ustun, G. E. [23] reported in a study involving nine 

metals (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) that 

while the WSP removed over 50% in Al and Cr, for 

the other metals removals were less than 20% 

compared with the activated sludge system which a 

range of removals from 47% in Ni to 95% for Cr. 

Polprasert, C. and Charnpratheep, K. [25] observed 

that when a medium is provided in WSPs for the 

adsorption of metals, the performance of the WSPs 

can increase significantly. Sekomo, C. B., et al. [60] 

using synthetic wastewater, however, reported a 

removal rate of Cr of 94% and 98% for a duckweed 

and algal pond systems respectively. The researchers 

noted that the rates of removal obtained occurred 
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irrespective of the loading rate or the light regime. In 

that same study, using a light-darkness regime of 16 h 

light/8 h darkness, Sekomo, C. B., et al. [60] recorded 

a Zn removal rate of 70% at a lower loading rate, 

which dropped to a removal rate of 40% when the 

loading rate was increased. The removal efficiency 

rose back to 80% at the higher metal loading rate but 

under 24 h light regime. Pb, Cd and Cu all showed 

relatively similar patterns with removal efficiencies of 

36% and 33% for Pb, 33% and 21% for Cd and 27% 

and 29% for Cu in the duckweed and the algal ponds, 

respectively in that study. In biological wastewater 

treatment, metal removal efficiency depends on the 

metal species and concentration, the reactivity of the 

available biopolymers or biomass and the composition 

of other wastewater components [61]. Sekomo, C. B., 

et al. [60], however, observed that inspite of the 

physico-chemical differences among the duckweed 

and algal ponds, differences in metal removal efficiency 

between algal and duckweed ponds were rather small. 

As Table 2 shows, CW offers a viable alternative for 

the removal of metals from mining wastewater. 

2.2.2 Mechanisms of Metal Removal  

In waste stabilization ponds, the removals of metals 

occur through a process of adsorption unto suspended 

solids and biomass, with subsequent sedimentation of 

adsorbed metals. This takes place mainly in the 

anaerobic pond and to some extent the facultative 

ponds. The metal removal efficiency depends on the 

metal species and concentration, the reactivity of the 

available biopolymers or biomass and the composition 

of other wastewater components [61]. Thus the 

formation of metal complexes and dissolution values 

for each metal are different resulting in varying 

removal efficiency for each metal type [66]. As 

mentioned earlier, the low amount of medium for 

adsorption by metals in WSPs limits the extent of its 

removal in WSPs. 

Mechanisms involved in heavy metal removal in 

CWs, include a combination of sedimentation, 

filtration, binding to substrata, precipitation as 

insoluble salts such as sulphides or oxyhydroxides and 

accumulation by plants, algae and/or bacteria [67]. 

It has been argued that substrates act as primary 

sink for heavy metal accumulation and that the bulk of 

the influent heavy metal is removed by accumulation 

in the ground biomass and not the above ground 

biomass of plants [27, 68].  

Heavy metal uptake varies from one plant species to 

another in CWs. However, Yadav, A. K., et al. [27] 

noted that in all three plant species involving Canna 

indica, Typha angustifolia and Cyperus alternifolius 

in a VSSF (Vertical Subsurface Flow), the 

contribution of the below ground biomass (roots) was 

more than the above ground biomass (leaves and stem) 

in the removal of Cu, Cr, Co, Ni and Zn from aqueous 

solution. They also noted that the removal of Cr, Ni, 

Cu, Zn and Co was enhanced by 16.6%, 22.9%, 

20.4%, 21.5% and 21.8% respectively, when gravel 

bed depth of CWs was increased from 0.3 m to 1.5 m, 

showing that enhanced gravel bed depth may improve 

the performance of CWs in metal removal.  

In addition to taking up metal, the root network also 

filters fine particulate matter, for which sedimentation 

is slower than for larger particles. Through the biofilm 

that forms on the surface of the roots, significant 

biological activity develops and could intervene in the 

process of biodegradation of other pollutants, such as 

hydrocarbons [69].  

It has been suggested that plants used for the uptake 

of heavy metals must be mowed yearly to harvest 

biomass and recover pollutants and these plants used 

for providing fuel [69].  

2.2.3 Economics of Heavy Metal Removal  

In determining the suitability of a technology for 

treating wastewater, key considerations are given to its 

robustness while meeting effluent standards, extent of 

chemical usage and the degree of environmental 

nuisance it poses, capacity for various re-use options 

as well as environmental benefits, greenhouse gas 

emissions and its energy and capital requirements [70, 

71]. The high purification rates [72, 73], robustness 
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Table 2  Performance of various types of CWs in the removal of metals from mining wastewater. 

Metal/CW type 
Influent concentration 
(mg/L) 

Retention time 
Removal 
(%) 

Literature reference 

Al/VSSF 0.51 79 days 100.0  [64] 

As/HSSF 2.3 11 days 99.9  [65] 

Zn/VSSF 3.19 36 days 100.0  [64] 

Zn/VSSF 20.0 72 hours 99.3  [27] 

Zn/HSSF 14.5 5-7 days 97.3  [63] 

Pb/VSSF 0.0105 36 days 100.0 [64] 

Pb/HSSF 11.5 5-7 days 99.0 [63] 

Ni/VSSF 20.0 72 hours 76.4 [27] 

Cd/VSSF 0.0066 36 days 100.0 [64] 

Cd/HSSF 0.05 5-7 days 94.0 [63] 

Fe/HSSF 97.3 11 days 96.1 [65] 

Mn/VSSF 0.206 79 days 100.0 [64] 

Co/VSSF 20.0 72 hours 54.6 [27] 

Cu/VSSF 20.0 72 hours 68.3 [27] 

Cu/VSSF 0.73 30 days 100.0 [64] 

Cr/VSSF 20.0 72 hours 66.2 [27] 

Note: HSSF CW: Horizontal Subsurface Flow Constructed Wetland; VSSF CW: Vertical Subsurface Flow Constructed Wetland. 
 

and operational stability [74, 75], low skilled 

manpower and capital requirement [76, 77], ecological 

benefits [71, 75-79] as well as direct economic 

benefits such as fish farming [75, 76] of WSPs and 

CWs are well documented in literature. For the 

treatment of mining wastewater, however, particular 

importance is attached to the energy requirement as 

well as the carbon footprint of the treatment 

technology.  

3. Energy Requirement 

Adequate water supply is important for mining 

operations and as water is one of key business risks 

for the industry [80], the use of sustainable 

technologies that treat and use water efficiently is a 

must. Using the LCA (Life Cycle Analysis) approach, 

Brix, H. [81] compared the energy requirements of 

three system types namely, CWs, wastewater 

aquaculture facilities and conventional wastewater 

treatment technologies. The results revealed that the 

CWs require very low energy compared to the others. 

Austin, D. and Nivala, J. [82] investigated the energy 

requirements of three wetland technologies: aerated 

subsurface flow, tidal flow and pulse-fed wetland 

treatment as engineered wetlands, and compared them 

to that of a mechanical activated-sludge treatment 

system. Their results showed that the electrical power 

requirements for the wetland systems were 0-56% of 

that of activated-sludge treatment systems. These 

findings agreed with a study by Zhou, J. B., et al. [83], 

which used a different approach involving emergy 

synthesis. Emergy is described as the available energy 

of one kind previously required to be used up directly 

and indirectly to make a product or service [84, 85]. 

Shao, L., et al. [86] in adopting the input-output 

energy approach of system accounting estimated that 

the energy embodied in treating per m3 of wastewater 

and removing per kg BOD (Biochemical Oxygen 

Demand), COD (Chemical Oxygen Demand), SSs 

(Suspended Solids) and NH3-N by a CW is only 

6.83%, 17.48%, 13.96%, 22.47% and 9.48% 

respectively of that by a conventional system. Studies 

that compare the energy requirement of WSPs and 

CWs for treating mining wastewater is rare but Mara, 

D. D. [87] showed that on the basis of land area 

requirement, capital, operating and maintenance costs, 

WSPs are to be preferred to SSF (Surface Flow) CW. 

As CWs perform better in metal removal than WSPs, 
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it can be argued that to obtain a performance equal or 

better than that of a CW, more energy, land area may 

be required. Thus a key research question would be 

how much more energy would be required. 

4. Greenhouse Gas Emissions 

One of the factors to consider in assessing the 

economic viability of a wastewater treatment 

technology is its carbon footprint. Mander, U., et al. 

[88] noted that the emission factor of methane in FWS 

(Free Water Surface) and HSSF CWs is very high and 

yet the absolute value of methane emission is 

relatively small in the order of 1-2 magnitudes lower 

than that found in conventional wastewater treatment 

plants. In their review, they further observed that 

carbon dioxide emission in FWS CW was 

significantly lower than that of SF (Subsurface Flow) 

CWs while methane emission in VSSF CWs was also 

lower than in HSSF CWs. However, in that same 

study, no real differences were observed among the 

various types of CW in the emission of nitrousoxide. 

The median values for FWS, VSSF and HSSF CWs 

were 0.09 mg·m-2·h-1, 0.12 mg·m-2·h-1 and 0.13 

mg·m-2·h-1, respectively. 

Sims, A., et al [89] showed that a duckweed 

covered WSP emitted 504-1,900 mg methane and 

1,700-3,300 mg carbon dioxide m-2·d-1. FWS CW 

resembles WSPs in its biochemical and physical 

processes [90] and is therefore likely that emissions in 

FWS and WSPs may be similar. Studies comparing 

the emission rates of GHG (Green House Gas) in 

these treatment technologies using the same source of 

wastewater are rare.  

GHG emissions in WSPs and CWs can be affected 

by various operating conditions. Methane flux 

properties, activities of methanogens and 

methanotrophs and the relationship between methane 

flux rate and some environmental parameters are 

known to be different in different plant species of CW 

systems. The difference in emission intensity varied 

with the different vegetation cover and seasonal 

fluctuations [91]. In that same study by Wang, Y., et 

al. [91], they noted that, for the same aquatic plant 

species, the difference in emission intensity varied 

with influent pollutant concentrations, the methane 

emission data showing large spatial and temporal 

variation ranging from 0 to 16.76 g CH4 m
-2·day-1 with 

higher emissions occurring when influent loadings are 

high. Mander, U., et al. [88] also noted that 

overloading a HSSF CW led to elevated methane 

emissions. Further studies on GHG emissions for 

treating mining wastewater is necessary, taking into 

consideration variations created by hydrological 

regimes, microbial communities and plant species. 

5. Concluding Remarks 

Pollution of the environment with heavy metals is 

widespread and often involves large volumes of 

wastewater. Remediation strategies for mining 

wastewater must be designed to support high 

throughput while keeping costs to a minimum. 

Biosorption is an alternative to traditional 

physicochemical means for removing toxic metals 

from wastewater. Biosorption can quickly and 

effectively remove dissolved metals out of dilute 

complex solution with high efficiency. These 

characteristics make biosorption an ideal candidate for 

the treatment of high volumes of low concentration 

complex mining wastewater. However, preparing 

biosorption for application as a process requires a 

strong chemical engineering background, and an 

understanding of the sorption operation is a must. 

Research showed that the down-flow fixed-bed 

treatment configuration is an ideal system for the 

simultaneous removal of heavy metals from low 

concentration mining effluent. For industrial 

application of biosorption, regeneration of the 

biosorbents is important in keeping the process costs 

down and opening the possibility of recovering the 

metal ion extracted from the liquid phase. Where the 

treated effluent characteristic did not meet the 

discharge requirement, CW and WSP treatment 
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system can be used to polish the effluent from the 

biosorption system.  

Studies conducted on the use of CWs and WSPs in 

particular for treating mining wastewater are few. 

Available evidence suggests that WSPs perform 

poorly in metal removal due to the low density of 

suspended solids in the treatment system as removal is 

mainly through adorption unto suspended solids. The 

introduction of attached growth medium into the pond 

system therefore can result in significant increase in 

heavy metal removal. This growth medium can also 

increase WSPs ability to overcome shock loadings. 

CWs, however, perform better in heavy metal removal 

than WSPs. The removal efficiency of CWs however 

is known to be affected by the metal species and 

concentration, the reactivity of the available 

biopolymers or biomass, and the composition of other 

wastewater components as well as its exposure to 

sunlight. The formation of metal complexes and 

dissolution values for each metal species are different 

resulting in varying removal efficiency for each metal 

type. In terms of cost of treatment, a key consideration 

is the energy requirement and its greenhouse gas 

emissions. 
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