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ABSTRACT. Acid drainage waters generated in the uranium deposit Curilo, Bulgaria, and containing radionuclides, several heavy metals and arsenic as the main pollutants, were treated by means of a passive system consisting of an alkalizing limestone drain, a constructed wetland and a rock filter, consecutively arranged in a series. An efficient removal of pollutants was achieved by this system, even during the cold winter months, at temperatures close to the water freezing point. The removal of pollutants was due to different mechanisms such as chemical neutralization, microbial dissimilatory sulphate reduction, sorption and accumulation by means of living and dead plant and microbial biomass, sorption by the inorganic sorbents such as clays, hydroxides, carbonates, etc., as well as by the bacterial oxidation of Fe2+ and Mn2+, followed by the precipitation of the oxidation forms Fe3+ and Mn4+, mainly as Fe(OH)3 and MnO2.
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Резюме. Кисели дренажни води, генерирани в урановото находище Курило, България, и съдържащи радионуклиди, редица тежки метали и арсен като главни замърсители, бяха третирани посредством пасивна система, състояща се от последователно свързани алкализиращ варовиков дренаж, изкуствено мочурище и скален филтър. Ефикасно отстраняване на замърсителите беше постигнато чрез тази пасивна система, дори през студените зимни месеци, при температури близки до точката на замръзване на водата. Отстраняването на замърсителите се дължеше на различни механизми, като химична неутрализация, микробна дисимилативна сулфат редукция, сорбция и акумулация чрез жива и мъртва растителна и микробна биомаса, сорбция чрез някои неорганични сорбенти като глини, хидроокиси, карбонати и др., както и чрез бактериалното окислние на Fe2+ и Mn2+, последвано от утаяването на окислените форми Fe3+ и Mn4+, главно като Fe(OH)3 and MnO2.

introduction
The uranium deposit Curilo, Bulgaria, located in a short distance from Sofia, for a long period of time was a site of intensive mining activities including both open-pit and underground mining techniques as well as in situ leaching of uranium. These operations were ended more than twenty years ago but since that time the deposit is a still a permanent source of acid mine drainage waters, regardless of some recent remediation procedures. The generation of these waters is connected mainly with the oxidation of pyrite and other sulphide minerals present in the ore body and mining wastes by the indigenous acidophilic chemolithotrophic bacteria. Different methods to inhibit the bacterial activity and the subsequent generation of pollutants (Nicolova et al., 2005) or to treat portions of the polluted waters by means of different passive systems such as natural and constructed wetlands, alkalizing limestone drains, permeable reactive multibarriers, rock filters and reactive in situ zones, used separately or in different combination, were applied (Groudev et al., 2008; Spasova et al., 2014; Georgiev et al., 2014).
The present papers contains some data about the water treatment by means of a passive system consisting of an alkalizing limestone drain, a constructed wetland and a rock filter, consecutively arranged in a series.
Materials and Methods 

The polluted waters had a pH in the range of about 2.5 – 4.0 and contained radionuclides (mainly uranium and radium), heavy metals (copper, zinc, cadmium, lead, nickel, cobalt, iron and manganese), arsenic and sulphates in concentrations usually much higher than the relevant permissible levels for waters intended for use in the agriculture and/or industry. The water flow rate through the cleaning system varied in the range of approximately 0.1 – 0.5 l/s, reflecting water residence time from about 60 to 12 hours.
The alkalizing drain, the constructed wetland and the rock filter were rectangular ponds dug into the ground and their bottoms and walls were isolated by impermeable plastic sheets. The alkalizing drain contained a mixture of crushed limestone and rock pieces (in a ratio of about 1:2 as dry weight) with a particle size less than 12 mm.

The wetland was 8.0 m long, relatively narrow (2 meters wide), 1.2 m deep and was filled up to a height of 1.0 from the bottom by a permeable mixture consisting of cow manure, waste plant biomass and soil rich-in-organics and mineral nutrients. The wetland was characterized by a subsurface water flow, a very dense water and emergent vegetation and a diverse microflora containing rich populations of different sulphate-reducing bacteria and several metabolically interdependent microorganisms (Table 1). Typha latifolia and Phragmites australis were the prevalent plant species in this wetland. Typha angustifolia and representatives of the genera Juncus, Eleocharis, Potamogeton, Carex and Poa were also present.

Table 1.

Microorganisms in the acid polluted waters and in the wetland effluents
	Microorganisms
	In the acid polluted waters
	In the wetland effluents

	
	Cells/ml

	Fe2+-oxidizing chemolitho-trophs (at pH 2)
	105 – 107
	0 – 102

	Aerobic heterotrophs 

(at pH 2)
	102 – 104
	0 – 102

	Aerobic heterotrophs 

(at pH 7)
	0 – 102
	101 – 103

	Anaerobic heterotrophs (at pH 7)
	0 – 101
	104 – 108

	Sulphate-reducing bacteria
	0 – 101
	104 – 107

	Cellulose-degrading microorganisms
	0 – 101
	103 – 107

	Bacteria fermenting sugars with gas production
	ND
	103 – 107

	Ammonifying bacteria
	ND
	102 – 105

	Denitrifying bacteria
	ND
	102 – 105

	Fe3+-reducing bacteria
	ND
	102 – 104

	Methane-producing bacteria
	ND
	102 – 105


Note: ND = not detected
The rock filter was 10.0 m long, 6.0 m wide but 0.30 m only deep. Its bottom was covered by rock pieces with a size of about 15 – 20 cm each. The filter was inhabited by dense populations of algae (mainly of the genera Chlorella, Scenedesmus and Oscillatoria), oxygenic phototrophic and heterotrophic aerobic bacteria. A considerable part of algae and bacteria formed biofilms on the rock pieces.
The quality of the waters was monitored at different sampling points located in the inlet and outlet of the units included in this passive system. Sampling points were located also at different depths within the alkalizing drain and the wetland.

The parameters measured in situ included: pH, Eh, dissolved oxygen, total dissolved solids and temperature. Elemental analysis was done by atomic adsorption spectrometry and induced coupled plasma spectrometry in the laboratory. The analysis of the elements in solid samples from precipitates and plant biomass was carried out by decomposition of the samples and measurement of the concentrations of the relevant ions in solution. The radioactivity of the samples was measured, using solid residues remaining after their evaporation, by a low background gamma-spectrometer ORTEC (HpGe-detector with a high distinguishing ability). The specific activity of Ra-226 was measured using 10 l ionization chamber. Mineralogical analysis was carried out by X-ray diffraction techniques. The mobility of the pollutants was determined by the sequential extraction procedure (Tessier et al., 1979).
The fraction analysis of the solid organic components in the wetland was performed using air dried samples after their prior washing with distilled water to remove the carbonates and the water-soluble organic compounds. The determinations of the different organic fractions (cellulose, hemicellulose, lignin) were carried out by the methods described earlier (Groudev et al., 2008).

The isolation, identification and enumeration of the microorganisms were carried out by the methods described elsewhere (Karavaiko et al., 1988; Bergey’s Manual of Determinative Bacteriology, 1994; Sanz and Köchling, 2007).
Results and Discussion
An efficient removal of pollutants was achieved by the cleaning system and their residual concentrations in the effluents in most cases were decreased below the relevant permissible levels (Table 2). The efficiency of treatment depended on the temperature but was efficient even during the cold winter months, at temperatures close to the water freezing point, although at longer residence times (Table 3).

Table 2.

Data about the content of pollutants in the drainage waters before and after their treatment by the passive system

	Pollutants
	Before treatment
	After treatment
	Permissible levels

	U, mg/l
	0.35 – 4.60
	< 0.10
	0.6

	Ra, Bq/l
	0.05 – 0.50
	< 0.05
	0.15

	Cu, mg/l
	0.44 – 10.45
	< 0.30
	0.5

	Zn, mg/l
	0.62 – 17.91
	< 0.50
	10

	Cd, mg/l
	0.01 – 0.14
	< 0.01
	0.02

	Pb, mg/l
	0.09 – 0.95
	< 0.10
	0.2

	Ni, mg/l
	0.28 – 3.58
	< 0.10
	0.5

	Co, mg/l
	0.23 – 2.84
	< 0.10
	0.5

	Mn, mg/l
	0.88 – 30.5
	< 0.5 – 1.7
	0.8

	Fe, mg/l
	53 – 752
	< 1.0 – 9.5
	5

	As, mg/l
	0.01 – 0.45
	< 0.01
	0.2

	SO42-, mg/l
	325 – 1517
	260 – 882
	400


Table 3.

Effect of the water temperature on the removal of pollutants by means of the passive system

	Pollutants
	Pollutant removed, g/24 h

	
	Warmer months 

(at 6 – 25 oC)
	Cold months 

(at < 6 oC)

	U
	4.10 – 23.0
	1.45 – 6.17

	Cu
	10.85 – 88.4
	2.84 – 14.1

	Zn
	7.21 – 125.7
	2.35 – 21.5

	Cd
	0.44 – 2.64
	0.21 – 0.82

	Pb
	1.72 – 7.03
	0.73 – 2.39

	Ni
	4.40 – 19.4
	1.94 – 6.50

	Co
	2.57 – 11.8
	1.14 – 4.19

	Mn
	28.4 – 215
	9.81 – 37.8

	Fe
	774 – 7210
	212 – 914

	As
	1.45 – 5.10
	0.29 – 1.95


The removal of pollutants was due to different processes which took place in the different structural components of the cleaning system. The main role of the alkalizing drain was to increase the pH of waters being treated to about 6.5 – 7.5 and in this way to facilitate the growth and activity of the microbial and plant communities inhabiting the constructed wetland. Furthermore, most of the ferric ions precipitated as ferric hydroxide Fe(OH)3. This compound was efficient sorbent for most of the other pollutants and portions of them co-precipitated in the alkalizing drain.

The residual concentrations of pollutants in the effluents from the alkalizing drain in most cases were still higher than the relevant permissible levels for water intended for use in agriculture and/or industry. These effluents were efficiently treated in the constructed wetland. The water vegetation, together with the dead plant biomass, were efficient sources of bioassimilable organic compounds maintaining the growth and activity of the different heterotrophic microorganisms inhabiting the wetland. The water layers on the surface of the porous and permeable mixture of soil, cow manure and waste plant biomass, as well as in the top few centimeters from the surface, contained some oxygen produced by the plant photosynthesis. These top layers were inhabited by several aerobic and facultatively anaerobic microorganisms. However, the underlaying layers of this porous mixture were typical anoxic system inhabited mainly by sulphate-reducing bacteria and different metabolically interdependent microorganisms (Table 1). The hydrogen sulphide produced as a result of the process of microbial dissimilatory sulphate reduction precipitate the heavy metals and arsenic as the relevant insoluble sulphides. The dissolved hexavalent uranium was reduced to the tetravalent state and was precipitated mainly as uraninite (UO2). However, portions of these pollutants as well as most of the radium were removed by sorption by the organic matter (living and dead plant and microbial biomass) and clay minerals present in the wetland. The contents of pollutants in the main plant species present in the wetland were much higher than those in the relevant species grown in biotopes non-polluted with the relevant pollutants (Table 4). 
Table 4.

Content of pollutants in the prevalent plant species in the top aerobic zone of the constructed wetland

	Elements
	Typha latifolia
	Typha angustifolia

	
	I
	II
	I
	II

	U, mg/l
	18 – 55
	ND
	12 – 47
	ND

	Ra, Bq/l
	23 – 91
	ND
	21 – 77
	ND

	Cu, mg/l
	44 – 104
	5
	35 – 82
	4

	Zn, mg/l
	41 – 122
	4
	38 – 109
	6

	Cd, mg/l
	4 – 16
	ND
	4 – 14
	ND

	Ni, mg/l
	17 – 59
	3
	14 – 53
	3

	Co, mg/l
	14 – 46
	2
	16 – 59
	3

	Pb, mg/l
	14 – 41
	3
	10 – 37
	2

	Mn, mg/l
	77 – 280
	8
	59 – 212
	6

	Fe, mg/l
	5 – 37
	2
	9 – 41
	2


Notes: I – Data about plant specimens grown in the constructed wetland; II – Data about plant specimens grown in a wetland non-polluted by waters containing radioactive elements, heavy metals and arsenic.

ND = not detected 

All contents are expressed per kg/ dry plant biomass.

The clays present in the wetland also played an essential role in the water cleaning. The content of uranium in some clay specimens exceeded 1000 mg/kg dry clay, and that of radium exceeded 1000 Bq/kg.

The dead plant biomass was a more efficient sorbent than the living plants. Portions of pollutants were also found inside the dead plant and microbial cells. For that reason, it was possible to conclude that in this system the process of bioaccumulation played a limited role in the removal of pollutants, and that the penetration of pollutants into the plant and microbial biomass was mainly a post-mortem physico-chemical process.

The role of sorption mechanisms was particularly essential during the cold winter months when the growth and activity of the plant and microbial communities in the wetland were negligible or completely inhibited.

The effluents from the wetland were enriched in dissolved organic compounds and in most cases still contained iron and manganese in concentrations higher than the relevant permissible levels. Additional amounts of organic compounds were produced in the rock filter as a result of the photosynthesis carried out by the algae and different phototrophic bacteria inhabiting this component of the cleaning system. The photosynthesis was connected also with the production of molecular oxygen. The presence of bioassimilable organic compounds and oxygen dissolved in the water passing through the rock filter stimulates the growth and activity of different heterotrophic aerobic bacteria. Some of these bacteria were able to oxidize the dissolved in the water bivalent ions of iron and/or manganese to Fe3+ and Mn4+, respectively. The Fe3+ ions precipitated as Fe(OH)3 and the Mn4+ ions precipitated as MnO2. As a result of these bacterial oxidative processes, the residual concentrations of iron and manganese in the effluents from the rock filter in most cases were decreasing below the relevant permissible levels for waters intended for use in agriculture and/or industry.
Conclusion 

The treatment of acid waters polluted with radionuclides, heavy metals and arsenic was efficiently carried out by means of a passive system consisting of an alkalizing limestone drain, a constructed wetland and a rock filter, arranged in a series. The pollutant removal was due to different mechanisms: precipitation as a result of chemical alkalization of the polluted water to slightly alkaline pH values or as a result of a prior bacterial oxidation (of Fe3+ and Mn4+); sorption by means of living and/or dead plant and microbial biomass as well as by some inorganic sorbent such as clays, hydroxides, carbonates etc.; accumulation by living and/or dead plant and microbial biomass; microbial dissimilatory sulphate reduction; microbial reduction of soluble hexavalent uranium to the insoluble tetravalent form. The efficient and continuous operation of the systems of this type is connected with the periodic replacement of the exhausted in nutrients and/or saturated by passivation films of precipitated reagents such as the limestone drain in the alkalizing drain and in the soil enriched in bioassimilable organic compounds and inorganic nutrients in the constructed wetland, and the rock pieces covered by biofilms of bacteria oxidizing the bivalent ions and manganese ions in the rock filter.
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