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INTRODUCTION

Past and present mining activities constitute one of the major sources of arsenic (As) pollution in the environment. Low-cost remediation options for mine water treatment generally combine aerobic and anaerobic steps. Each step must be designed to optimize process efficiency and decrease the cost of the global remediation facility. Sulfate-reduction in acidic conditions was proposed as a bioprocess to precipitate selectively metals from AMD [START_REF] Ňancucheo | New (micro-)biological strategies that enable the selective recovery and recycling ofmetals from acid mine drainage and mine process waters[END_REF]. The objective of the present study is to determine the optimal process to remove metals and As from the Carnoulès acid mine water, containing about 1 g/L iron (Fe), 100 mg/L As and 20 mg/L zinc (Zn) as the most concentrated metals and metalloïds. In this case, it would be beneficial to precipitate selectively As and Zn as sulfides through the activity of endogenous sulfate-reducing bacteria (SRB), and keep Fe in solution in order to remove it in a downstream oxidation/precipitation step. Thus, the need of organic substrate for SRB would be limited, as Fe is far more concentrated than As and Zn. With this aim, laboratory experiments were performed in two continuously fed columns in series. Then, the SRB bioreactor must be up-scaled from 0.3 L to 100 L to study the bio-treatment on site. Up-scaling implies amplification of the active biomass and modifications of the bioreactor characteristics (design and filler material).

METHODS

The small bioreactors consisted of 320 mm high glass columns with an internal diameter of 35 mm. Two columns were disposed in series, with succes-sive glycerol (electron donor) supplies. The exact amount of glycerol necessary for As precipitation was directly added to the main feed entering the first column. Between the two columns, a secondary glycerol supply corresponding to the exact quantity necessary to precipitate Zn was provided as a concentrated solution. The filler material was conceived with two aims: (1) to distribute passively nutrients to the bacteria, and (2) to establish different levels of activities in the two columns. For this last reason, the yeast extract concentration in the filler material was lower in the first column than in the second one. The filler material was prepared with pozzolana pieces impregnated with nutrient agar containing 0.78 g/L H2PO4 and 0.2 (column 1) and 2 (column 2) g/L of yeast extract. The columns were first fed (residence time 40 to 80 h in each column) with a synthetic mine water until day 55, then with the real Carnoulès mine water adjusted at pH 3.6 (until day 75), and finally with the real AMD without pH adjustment. The two bioreactors were inoculated simultaneously with a microbial consortium sampled from a previous column experiment [START_REF] Battaglia-Brunet | Development of a passive bioremediation process based on sulfate-reduction to treat arsenic-containing acidic mine water[END_REF]. For upscaling, a 0.3 L column was used to inoculate a 5 L column. The filler material of this 5 L column was composed of a mixture of 10% pozzolana embedded in nutrient agar (2 g/L yeast extract) and 90% of clean pozzolana. During up-scaling, the 0.3 L and 5 L columns were fed with the real Carnoules mine water, with no pH modification and enriched with 0.5 g/L glycerol and 1 g/L yeast extract. Fe, As and Zn were quantified by Atomic Absorption Spectrophotometry (AAS), and bacterial communities were identified by cloning-sequencing of 16S genes. (AMD) can be obtained in anaerobic bioreactors thanks to sulfate-reducing bacteria (SRB) through the precipitation of arsenic sulfide. The present study aimed to develop the sulfate-reducing anaerobic step of a bioremediation scheme to treat AMD rich in As, zinc (Zn) and iron (Fe). Column bioreactors worked in series, with differential supply of organic substrates, i.e. yeast extract and glycerol. This strategy allowed to modulate pH and to efficiently precipitate As and Zn in the columns, although it was not possible to selectively recover Zn alone. Most part of the Fe remained in solution, and was treated downstream by oxidation, allowing the co-precipitation of residual As. The SRB biotreatment is currently up-scaled and will be tested on site.

RESULTS AND DISCUSSION

Small columns experiment

The sequential supply of electron donors efficiently induced a pH gradient between the feed water, the columns 1 outlet and the column 2 outlet (Fig. 1). The pH of the column 1 outlet remained stable close to pH 4.4 whereas the pH of the column 2 outlet was more variable (from 4.8 to 6.5). Only a small percentage of As and no Zn was removed in column 1 (Fig. 2 and3). As removal in column 2 was variable, but reached nearly 100% at some periods of the experiment. Zn removal in column 2 also reached 100% during some phases, in particular with the real AMD at pH 3.6 (days 60 to 75). No Fe was precipitated in column 1, however Fe removal reached 20-30% in column 2. At the end of experiment, the most abundant 16S rRNA sequences found in the liquid phase of the bioreactors were affiliated to the genera Cellulomonas, Bacillus, Clostridium, Burkholderia, and Desulfosporosinus as the only detected sulfate reducer. 

Up-scaling

In the 5 L column, pH was rapidly raised from 3.6 (pH of the real AMD with 1g/L yeast extract and 0.5 g/L glycerol added) to pH 7 in the outlet. The objective here was not to treat the water but to develop a volume of inoculum sufficient to start the SRB treatment in a 100 L bioreactor that will work on the site. The total residence time was very high (40 days), however sampling at different levels along the column showed that, in less than 250 h, the SRB removed nearly entirely As, Zn and Fe from the real mine water: the remaining concentration in the mine water sampled at 1/4 of the column total height, the closest sampling port from the feed, was less than 1 mg/L of As, less than 0.5 mg/L Zn and between 0.2 and 36 mg/L of Fe. 

CONCLUSIONS

Results showed that adjusting the availability of organic substrates (yeast extract and glycerol) allows the modulation of pH increase and consequently the type of elements that precipitate as sulfides in the bioreactor. This principle will be applied through up-scaling of SRB bioreactor on site, to remove Zn and partly As (but not Fe) in an anaerobic treatment step. Up-scaling from 0.3 to 5 L, with a 90% decrease of nutrient agar in the filling material, was successfully achieved. The next steps will be performed on site in 25 L then in 100 L bioreactors, accompanied by a decrease of nutrient supply and residence time.
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 1 Figure 1. Evolution of pH during experiment with columns in series.
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 2 Figure 2. Evolution of As concentration during experiment with 2 columns in series.
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 3 Figure 3. Evolution of Zn concentration during experiment with 2 columns in series.
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