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Abstract: Acid mine drainage waters polluted by iron, several non-ferrous metals (mainly copper, zinc and cobalt) and sulphates as the 

main pollutants were efficiently treated by a lab-scale passive system consisting of an alkaline limestone drain and a permeable reactive 

multibarrier connected in a series. The multibarrier was filled by a mixture of solid biodegradable organic substrates (mainly of plant 

biomass) and was inhabited by different metabolically connected anaerobic microorganisms (mainly different heterotrophs including some 

iron-reducing and sulphate-reducing bacteria). The effluents from this system were rich in soluble organic compounds and were treated in a 

microbial fuel cell in which consortium of electrochemically active microorganisms used these compounds as donors of electrons for 

electricity generation. 
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1. Introduction  

It is well known that the generation of acid drainage waters (both  

under natural conditions and as a result of the human activity) is a 

very serious environmental problem. This is due to mainly to the 

fact that in most cases, apart from the sulphuric acid, such waters 

contain different toxic elements, mainly heavy metals, radionuclides 

and arsenic. The prevention of this process is usually more desirable 

than the subsequent treatment of such waters. However, the 

intensive development of mining and/or of mineral processing in 

many countries worldwide is an essential factor for their industrial 

development and increasing of their living standard. Unfortunately, 

the efficient prevention of acid generation in the huge dumps 

consisting of rich-in-sulphides low-grade waste ores or other 

mineral wastes is usually a difficult and costly process. For that 

reason, since a long time in several countries such dumps are 

subjected to leaching of the relevant useful components by means of 

acidophilic chemolithotrophic bacteria (Groudev, 2015). At present, 

apart from the extraction of some valuable components from the 

pregnant leach solutions, the treatment of the residual waste waters 

by adding some biodegradable organic substrates and different 

heterotrophic bacteria using sulphates and/or ferric ions as electron 

acceptors can be used for generation of electricity by means of 

especially constructed fuel cells (Du et al., 2007; Rabaey and 

Verstraete, 2005; Spasova et al., 2014, 2016). 

2. Materials and Methods 

Acid drainage waters generated during the bioleaching of a 

polymetallic sulphide ore were subjected to treatment by means of 

lab-scale permeable reactive multbrriers. The multibarriers were 

plastic cylindrical columns 120 cm high, with an internal diameters 

of 30 cm. The columns were filled with a mixture of limestone 

(crushed to a particle size of minus 10 mm) and a biodegradable 

organic matter consisting of a mixture of spent mushroom compost, 

fresh leaf compost, animal manure and saw dust. The columns were 

inoculated by microorganisms of different types: No 1 -  by means 

of mixed populations of sulphate-reducing bacteria; No 2 – by 

means of mixed population of iron (III)-reducing bacteria; No 3 – 

by means of mixed populations of sulphate-reducing and iron-

reducing bacteria. The pH of the solutions inside the different 

columns was maintained at different levels -  from 5.5 to 9.5.  

The solutions from the multibarriers were enriched in soluble 

organic compounds and were used separately from each other in the 

experiments for electricity generation by the microbial fuel cells. 

Each of these cells was a Plexiglas cylindrical column 80 cm high, 

with an internal diameter of 12 cm. A perforated slab graphite – 

Mn4+ anode and a graphite – Fe3+ cathode were located in the 

bottom and in the top sections of the column, respectively. The two 

sections were separated by a permeable barrier of 5 cm thickness 

consisting of a 2.5 cm  layer of glass wool and a 2.5 cm layer of 

glass beads. The feed stream, i.e. the effluents from the 

multibarriers, was supplied to the bottom anodic sections of the 

column and the effluents passed through the cathodic section and 

continuously exited at the top. Air was injected during the treatment 

to the cathodic section.  

The quality of the waters treated by means of the permeable 

reactive multibarriers and by the microbial fuel cells was monitored 

at the inlet and the outlet of these components of the system for the 

water cleaning and electricity generation. The parameters measured 

in situ included: pH, Eh, dissolved oxygen, chemical composition, 

and temperature. The isolation, identification, and enumeration of 

microorganisms were carried out by the classical physiological and 

biochemical tests (Karavaiko et al., 1988) and by the molecular 

PCR methods (Sanz and Köchling, 2007; Escobar et al., 2008). 

3. Results and Discussion 

Data about the composition of the polluted waters before and 

after the treatment by means of sulphate-reducing bacteria as well 

as by mixed populations of sulphate-reducing and iron-reducing 

bacteria are shown in Table 1. The sulphate-reducing bacteria used 

in this study were related to six different genera (Desulfovibrio, 

Desulfobacteric and Desulfococcus which were able to oxidize the 

organic substrates to CO2 as a final product, as well as the genera 

Desulfobulbus, Desulfomonas and Desulfomicrobium which were 

able to oxidize the organic substrates only partially to CO2 and 

acetate).The bacteria related to the first group as a whole degraded 

the organic substrates and reduced the sulphates at higher rates than 

the sulphate-reducing bacteria related to the second group. 

However, some mixed populations of bacteria from the two groups 

were also very active. Some iron (III)-reducing bacteria from the 

genera Geobacter and Schewanella were able to degrade the 
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organic sources of energy used in this study at rates close or even 

higher than these achieved by means of most of the sulphate-

reducing bacteria tested in this study. However, the treatment of the 

polluted waters by means of iron (III) – reducing bacteria acting 

independently was not efficient, These bacteria were able to transfer 

electrons from the dissolved organic substrates in the anoxic section 

of the microbial fuel cells via their own respiratory chains and 

extracellular matrix directly to the anode located also in this section 

of the microbial fuel cell. It is well known that some members of 

the two genera mentioned above differ considerably from each 

other with respect to their mechanisms of the extracellular electron 

transport from the relevant organic substrates to the cytochromes of 

c-type present in their respiratory chains. Furthermore, it is known 

that the reduction of the Fe (III) – acceptors and the growth of Fe 

(III)-reducing bacteria depend not only on the type, composition, 

and concentration of the organic substrates but also on the structure 

and surface of the iron (III) acceptors. 

Table 1. Treatment of polluted waters by means of different anaerobic 
microorganisms 

 

Parameters 

 

Initial content 
of the waters 

Data about the water treatment 

by means of: 

 sulphate-
reducing 

bacteria 

a mixed 
population of 

sulphate-

reducing 
bacteria and 

iron-reducing 
bacteria 

pH 1.70 – 3.25 6.75 – 7.10 6.90 – 7.21 

Eh, mV (+345) – (+530) (-190) – (-260) (-172) – (-280) 

Total dissolved 

solids, mg/l 
3250 – 5560 510 – 1320 521 – 1270 

Dissolved O2, mg/l 1.0 – 1.9 0.1 – 0.2 0.1 – 0.3 

Dissolved org. C, 

mg/l 
1.9 – 3.7 260 – 480 240 – 460 

Sulphate, mg/l 640 – 1490 170 - 305 190 – 325 

Cu, mg/l 5.0 – 23 <0.1 – 0.40 <0.1 – 0.35 

Zn, mg/l 9.5 – 35 <0.1 – 0.35 <0.1 – 0.44 

Co, mg/l 2.5 – 12 <0.1 – 0.30 <0.1 – 0.31 

Cd, mg/l 0.1 – 0.3 <0.01 <0.01 – 0.3 

Mn, mg/l 3.5 – 14 0.21 – 0.28 0.17 – 0.23 

Fe, mg/l 560 - 1270 4.4 – 8.2 2.8 – 5.1 

 

Apart from the experiments for treatment of the polluted waters 

some of the more active sulphate-reducing and iron (III)-reducing 

bacteria were used in experiments for generating electricity by 

means of the constructed microbial fuel cells. It was found that the 

different representatives of these two groups of anoxic 

microorganisms differed considerably from each other with respect 

to their ability to generate electricity from biodegradable organic 

substrates (Table 2). 

 The sulphate-reducing bacteria as a whole were considerably 

more efficient in this aspect from the iron(III)-reducing bacteria. 

However, the high electricity generation during these investigations 

was achieved by means of a mixed culture consisted of both 

sulphate-reducing and iron(III)-reducing bacteria. 

 
Table 2. Electricity generation by means of different anaerobic 

microorganism in the anodic section of the microbial fuel cell 

Microorganisms COD, 
mg O2/l.h 

Cells/ml Power,  
mW/m2 

Sulphate-reducing 

bacteria 

 

400 – 2100 

 

>5.108 

 

1700 - 3500 

Sulphate-reducing 

bacteria + Iron(III) 
reducing bacteria 

 

600 - 2300 

 

>7.108 

 

2600 - 4200 

Iron(III) reducing 

bacteria 

 

500 - 1700 

 

>3.108 

 

1200 - 2300 

Note: Experimental conditions: 37oC, pH 7.1 – 7.5, O2 dissolved, 

7.7 – 8.0 mg/l, COD/SO4
2- ratio 2.1 – 4.1 
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