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ABSTRACT. Acid mine drainage waters containing heavy metals (Cu, Zn, Cd, Fe, Mn) and sulphates as the main pollutants were efficiently treated by a lab-scale passive system consisting of an alkaline limestone drain and 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 sulphate-reducing bacteria and other metabolically connected anaerobic microorganisms. The effluents from this system were riched in soluble organic compounds and were treated in a microbial fuel cell in which consortium of electrochemically active heterotrophic microorganisms used these compounds as donors of electrons and protons for electricity generation.
ПРЕЧИСТВАНЕ НА РУДНИЧНИ ВОДИ, СВЪРЗАНО С ГЕНЕРИРАНЕ НА ЕЛЕКТРИЧЕСТВО
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Резюме. Кисели руднични дренажни води, съдържащи тежки метали (Cu, Zn, Cd, Fe, Mn) и сулфати като главни замърсители, бяха ефикасно третирани посредством лабораторна пасивна система, състояща се от последователно свързани алкален варовиков дренаж и пропусклива реактиван мултибариера. Мултибариерата беше напълнена със смес от твърди биологично разградими органични субстрати (главно от растителна биомаса) и беше обитавана от сулфат-редуциращи бактерии и други метаболитно свързани анаеробни микроорганизми. Водите, изтичащи от тази система, бяха набогатени на разтворими органични съединения и бяха третирани в микробна горивна клетка, в която консорциум от електрохимично активни хетеротрофни микроорганизми използваха тези съединения като донори на електрони и протони за генериране на електричество.
introduction
The acid mine drainage is considered to be the major environmental problem associated with mining activities. This phenomenon is connected with the oxidation of pyrite and other sulphide minerals as a result of which acidic waters containing sulphuric acid, dissolved heavy metals and solid iron precipitates are released to the environment. The main sources for acid mine drainage are open-pit and underground mining works, waste rock and low-grade ore dumps, processing tailings, temporary stockpiles of sulphide concentrates as well as rich-in-pyrite coal and uranium mines.

Different methods to prevent the generations or to clean such waters are known and some of them have been applied under real large-scale conditions. In some cases the treatment is carried out by passive systems of different types (alkalizing limestone drains, permeable reactive multibarriers, constructed wetlands, in situ reaction zones, etc) used separately or in different combinations (Costello, 2003; Johnson and Hallberg, 2005; Groudev et al; 2008) Most of these systems are based on the activity of different microorganisms, mainly heterotrophs, which use organic compounds as sources of carbon and energy. In this study acid mine drainage containing heavy metals (Cu, Zn, Cd, Fe, Mn) and sulphates as pollutants were 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 and was inhabited by a consortium of sulphate-reducing bacteria and other metabolically connected anaerobic microorganisms. The effluents from this system were free of heavy metals but were riched in soluble biodegradable organic compounds. These effluents were treated in a microbial fuel cell (MFC) in which a consortium of electrochemically active heterotrophic microorganisms used these compounds as donors of electrons and protons for electricity generation. A similar system for treatment with electricity generation of wastewater from the bioremediation of a heavily contaminated soil was recently constructed and efficiently used (Groudev et al, 2014).
Materials and Methods 

The acid drainage waters used in this study were generated as a result of the continuous bacterial leaching of a sulphide ore containing pyrite, chalcopyrite and sphalerite as the main metal-bearing minerals. The leaching was carried out in PVC percolation columns each of them containing 100 kg of ore crushed to minus 25 mm. The ore was inhabited by acidophilic chemolithotrophic bacteria and was irrigated by leach solutions of diluted sulphuric acid containing also ammonium and phosphate ions as microbial nutrients. The effluents from the columns were used as polluted waters intended for treatment by the passive system. Data about these waters are shown in Table 1.
Table 1.
Treatment of acid mine drainage by means of the passive system used in this study

	Parameters
	Before treatment
	After treatment

	pH
	1.95-2.84
	6.80-7.12

	Eh, mV
	(+312)-(+541)
	(-235)-(-280)

	TDS, mg/l
	2354-6572
	594-1481

	DO2, mg/
	1.7-4.4
	0.1-0.3

	DOC, mg/
	1.8-3.5
	190-574

	Cu, mg/
	4.4-21
	<0.05-0.35

	Zn, mg/
	10.4-48
	<0.05-0.64

	Cd, mg/
	0.05-0.23
	<0.01

	Mn, mg/
	8.2-59
	0.10-0.91

	Fe, mg/
	635-1472
	41-212

	SO42-, mg/
	1780-4254
	208-815


The anoxic limestone drain of the passive system was a PVC column 1.4 m high, with an internal diameter of 0.30 m, and with a total volume of 98.91 dm3. The down half of the column was filled by limestone crushed to minus 25 mm. The top half was filled by a mixture of solid biodegradable organic substrates (activated sludge, waste plant biomass, cow manure) located directly on the surface of the limestone. This rich-in-organics zone was inhibited by aerobic microorganisms which consumed the oxygen dissolved in the polluted waters. The anoxic effluents from the limestone drain entered into the multibarrier.
The multibarrier was a plexiglas rectangular container 0.8 m long, 0.15 m wide and 0.4 m high, with a total volume of 48 dm3. The multibarrier was filled by a mixture of solid biodegradable organic substrates, as that used in the limestone drain but inhabited by consortium of anaerobic heterotrophic microorganisms. Portions of the anoxic effluents from the multibarrier, enriched in soluble organic compounds and of varied anaerobic heterotrophs, were directed to the anodic section of the microbial fuel cell.

The microbial fuel cell was a plexiglas rectangular container 80 cm high, 10cm long and 10 cm wide, with perforated slab graphite-Mn4+ anode and graphite-Fe3+ cathode located in the bottom and in the top sections of the container, 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 multibarrier, was supplied to the bottom anodic section of the container and the effluent passed through the cathodic section and exited at the top continuously. Air was injected during the treatment of the cathodic section. There was a clear difference between the anaerobic anodic section and the aerobic cathodic section.

Biofilm consisting of a consortium of different electro​chemically active microorganisms was formed on the anode electrode in the course of time. Apart from the multibarrier effluents, several mixed microbial populations present in anaerobically digested sludge taken from different wastewater treatment plants were also involved in the formation of this biofilm.

The quality of the waters being treated was monitored at different sampling points located at the inlet and the outlet of the different components at the systems for water cleaning and electricity generation. The parameters measured in situ included: pH, Eh, dissolved oxygen, total dissolved solids and temperature. Elemental analysis was done by atomic adsorption spectrometry and inductively coupled plasma spectrometry. The isolation, identification and enumeration of microorganisms were carried out by the classical physiological and biochemical test (Karavaiko et al., 1988) and by the molecular PCR methods (Sanz and Köchling, 2007; Escobar et al., 2008).
Results and Discussion
The treatment of the acid drainage waters by the passive system was very efficient and their pH and contents of dissolved heavy metals, with exception of iron, were decreased below the relevant permissible levels (Table 1). The treatment was connected with the periodic replacements of the limestone and organic matter in the anoxic drain and in the multibarrier by fresh batches of these materials. The microbial dissimilatory sulphate reduction and the sorption of dissolved metals by the dead plant biomass in the multibarrier (Table 2) were the main mechanisms participating in the water cleaning. The sulphate-reducing bacteria and some metabolically connected microorganisms, mainly cellulose-degrading and sugar-fermenting bacteria, were the prevalent members of the microbial consortium inhabiting the multibarrier. Data about the diversity of microorganisms in thi consortium are present in Table 3.
Table 2.

Content of heavy metals in the dead palnt biomass in the permeable reactive multibarrier

	Heavy metal
	Content, mg/kg dry biomass

	
	After 60 days of treatment
	After 150 days of treatment

	Cu
	59-104
	91-198

	Zn
	68-145
	104-235

	Cd
	3.7-17
	8.0-44

	Mn
	91-194
	210-712

	Fe
	212-554
	640-2057


Table 3.

Microflora of the multibarrier effluents and of the waters treated in the anodic section of the microbial fuel cell

	Microorganisms
	In the multibarrier effluents
	In the anodic section of the MFC

	Cell/ml

	Anaerobic heterotrophs (pH 7)
	105-107
	107-109

	Fermenting bacteria
	104-107
	107-109

	Sulphate-reducing bacteria
	105-107
	107-108

	Denitrifying bacteria
	102-103
	103-104

	Fe3+- reducing bacteria
	102-104
	106-108

	Mn4+- reducing bacteria
	101-103
	104-105

	As5+- reducing bacteria
	-
	102-104

	Methanogenic bacteria
	0-102
	0-102


It was not a problem to decrease further the concentration of dissolved organic compounds and sulphates in the multibarrier effluents by increasing the residence time. However, the efficient reduction of sulphates to hydrogen sulphide followed by precipitation of the dissolved metals as the relevant insoluble sulphides was connected with the presence of relatively higher concentrations of dissolved organic compounds as donors of electrons for the sulphate –reducing bacteria. This usually resulted in high residual concentrations of dissolved organics in the multibarrier effluents at a moment when the metal concentration in these effluents were decreased below the relevant permissible levels. This made attractive the connection of the removal of these organics with the generation of electricity by the MFC. For that reason, the microbial diversity in the waters subject to treatment and in the biofilm formed on the anode in the anoxic section of the cell was considerably increased by involving several electrochemically active microorganisms.

These microorganisms were anaerobic bacteria able to transfer electrons from organic susbrates dissolved in the wastewater via the relevant respiratory chain and extracellular matrix directly to the anode in the anoxic section of the MFC. Bacteria related to the genera Geobacter, Shewanella, Rhhodoferax, and Clostridium were the prevalent members of this group. Apart from them, the biofilm contained also microorganisms able to transfer electrons from the organic substrate to the anode by means of mediators produced by some of these microorganisms, e.g. the H2S produced by the sulphate-reducing bacteria or some organics produced by some species of the genus Pseudomonas, or added from outside, such as humic acids. The formation of active and stable biofilm was a relatively slow process and several months were needed in this case for obtaining the maximum efficiency of wastewater treatment and power density generation. Data about the optimum conditions for these connected processes are shown in Table 4.
Table 4. 

Data about the optimum conditions for the combined wastewater treatment and electricity generation

	Parameters
	Value

	Characteristics of the feeding wastewaters:
	

	COD, mg O2/l.h
	480 – 1836

	SO42-, mg/l.h
	210 – 815

	COD/ SO42-, ratio
	2.25 – 3.20

	pH
	7.12 – 7.35

	Eh, mV
	(-235) – (-275)

	Temperature, oC
	32 – 35

	Heavy metal concentrations below the relevant permissible levels 
	(exception for iron – up to 50 mg/l)

	Optimum conditions in the MFC:
	

	Voltage of the open circuit, mV
	280

	Current density, mA/cm2
	0.35

	O2 dissolved in the cathodic section, mg/l
	8.0

	Watts, power, W/m2
	0.69


Under such conditions, the maximum COD removal rate was 233 mg O2/l.h, the maximum SO42- removal rate was 104 mg/l.h, and the maximum power density was 0.69 W/m2.

The treatment of the multibarrier effluents by the MFC at residence time of 48 hours resulted in decreasing the residual concentrations of dissolved organic carbon and sulphates in the effluents to levels lower than the relevant permissible levels for waters intended for use in industry, i.e. less than 20 and 400 mg/l, respectively.

It must be noted, however, that at values of COD below 180 - 200mg O2/l.h the efficiency of water cleaning and of electricity generation considerably decreased. It was clear that the relatively lower concentrations of organic donors of electrons were not sufficient to satisfy the needs of the microorganisms forming the anode biofilm. It was also observed that the species composition of the biofilm gradually changed in the course of time.

Comparative experiments for treatment of these effluents in a conventional aerated bioreactor revealed that it was possible to decrease the concentration of dissolved organic carbon below the relevant permissible level but the concentration of sulphates was even increased. Furthermore, the amount of sludge generated during the treatment by the MFC was considerably lower than that generated during the conventional treatment (usually by 65 - 75 %).
Conclusion 

The cleaning of the polluted waters by means of the passive system used in this study was very efficient. The residual concentration of the heavy metals, with exception of iron, were decreased below the relevant permissible levels for water intended for use in industry. At the same time, the effluents from the multibarrier were enriched in dissolved organic compounds. In principle, the removal of such organic pollutants is not a serious technological problem by means of the classical systems used for this objective. However, the combination of the cleanup of such effluents with the electricity generation by the microbial fuel cell was quite promising since an essential part of the chemical energy of the organic pollutants was converted to electricity reducing in this way the generation of excess amounts of sludge. Regardless of these encouraging results, it is difficult to predict at present the future role of the microbial fuel cells as systems for electricity generation connected with the wastewater treatment.
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