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Abstract Feasibility of using straw as sole substrate for

in situ bioremediation of acidic mine drainage (AMD) was

studied. The result showed that straw was more suitable than

woodchips, which had been successfully used for bioreme-

diating AMD at the source, for establishing bioremediation

layer. The sulfate removal rate of rice straw treatment was

almost two times higher than that of the woodchips treat-

ment when the initial pH of the synthetic AMD was set to

3.0. Straw treatment may be more efficient at reducing sul-

fate than woodchips treatment under stressful conditions.

The sulfate removal rate of the rice straw treatment

increased from 8.67 to 21.77 mg L-1 day-1 when initial pH

increased from 1 to 7 while the removal rate of woodchips

treatment increased from 3.80 to 11.95 mg L-1 day-1. The

sulfate removal rate of the rice straw treatment decreased

from 13.93 to 9.91 mg L-1 day-1 when temperature

decreased from 25 to 5�C while the removal rate of wood-

chips treatment decreased from 7.43 to 4.98 mg L-1 day-1.

Differences in soluble organic carbon release between rice

straw and woodchips led to the differences in bioremedia-

tion efficiency. Concentrations of Cu2? maintained at low

level in the column effluent during the whole bioremediation

period. Cu2? was removed by forming sulfide precipitates.

Microbial community analysis showed that sulfate reducing

bacteria in the bioremediation layer together with microor-

ganisms capable of degrading rice straw caused the bio-

remediation of AMD. These findings have significant

environmental implications in terms of in situ bioremedia-

tion of AMD using straw as sole substrate.

Keywords Tailings impoundment � Bioremediation �
Solid material � Sulfate

Introduction

Mining and milling of sulfide ore generate large quantities

of waste rock and finely crushed mill tailings (Jurjovec

et al. 2002). Tailings, particularly metal sulfide mine tail-

ings, are likely to cause serious pollution to the surface

water, groundwater and soil. Exposure of the sulfide min-

erals to atmospheric oxygen may ultimately lead to the

formation of acidic mine drainage (AMD). Acidic waters

generated in the unsaturated zone of tailings impoundments

contain elevated concentrations of sulfate and heavy met-

als. The oxidation of sulfide minerals within tailings may

continue to release metals to the surrounding environment

for decades to millennia (Hulshof et al. 2006).

Conventional chemical treatment of AMD is expensive,

produces voluminous amounts of sludge, and produces

high-sulfate water, containing high concentrations of dis-

solved heavy metals (Benner et al. 1999). The alternative

and economically attractive process for the decontamina-

tion of AMD is metal precipitation by using anaerobicly

generated sulfide. Considerable research has been con-

ducted to investigate the remediation of AMD by using

bacteria, dominantly sulfate reducing bacteria (SRB)

(Chang et al. 2000; Jin et al. 2008). The added organic

carbon can promote SRB to convert sulfate into sulfide,
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which forms metal sulfide precipitates (Hulshof et al.

2003). An alternative approach for remediating mine

drainage is the direct addition of organic carbon to the

saturated tailings as layers (Hulshof et al. 2003). The direct

addition of an organic carbon source to the tailings has the

potential to promote sulfate reduction and the subsequent

removal of heavy metals from the tailings pore water, re-

mediating AMD at the source. This remediation approach

can be implemented while tailings deposition is underway

(Hulshof et al. 2003). While there are many desirable

aspects of in situ bioremediation for mine drainage, little

guidance is available regarding the low cost organic

carbons.

Careful selection of a suitable carbon source is of para-

mount importance to ensure performance and longevity in

biological AMD treatment (Zagury et al. 2006). Various

organic matters such as milk (Jin et al. 2008; Tsukamoto

and Miller 1999; Hulshof et al. 2006) have been used as

organic carbon for promoting bacterial sulfate reduction in

mine drainage remediation process. However, only wood-

chips and pulp waste have been successfully used in in situ

layer for treating mine drainage (Hulshof et al. 2006;

Hulshof et al. 2003). Studies have shown that poor biode-

gradability of woodchips may lead to low sulfate reduction

rate (Chang et al. 2000). Moreover, harmful contents in

woodchips have inhibition effect on sulfate bioreduction

(Chang et al. 2000). The successful usage of alfalfa for

promoting bacterial sulfate reduction in previous studies

(Bechard et al. 1994) suggested that other cellulosic mate-

rial might be an alternative solid carbon for establishing in

situ biolayer. Cereal straw is one of the cheapest and most

abundant resources in the world. The total worldwide

production of cereal straw was estimated to exceed

2.9 9 109 t a-1 (Sun et al. 2004). So far, little information

is available on the successful in situ biotreatment of acidic

drainage in tailings impoundment using straw as substrate.

A mixed aerobic–anaerobic microbial treatment process for

AMD was developed previously using straw as substrate

(Bechard et al. 1994). However, this process was effective

only if AMD was supplemented with sucrose.

In the in situ bioremediation system, SRB play a crucial

role in sulfate reduction, which is to consume protons and

produce sulfide, thus increasing pH and decreasing heavy

metal concentrations by forming metal–sulfide precipitates.

However, SRB have been observed to represent a relatively

low proportion of the microbial community in many sul-

fate-reducing mine drainage treatment systems (Jin et al.

2008; Pruden et al. 2007). The high sulfate reduction

efficiency in the bioremediation system relies on the good

cooperation between SRB and other microorganisms (Jin

et al. 2008; Pruden et al. 2007). Therefore, efforts to

improve microbiological design criteria for sulfate reduc-

tion bioremediation systems must consider the entire

microbial community and not merely SRB. Although in

situ bioremediation technique is biologically catalyzed

treatment system, the microbial community in the biolayer

has not been well characterized.

The objectives of this paper are to evaluate the feasi-

bility of adding straw in biolayer for in situ biotreatment of

mine drainage. The final goal is to obtain initial informa-

tion on the performance of in situ biotreatment of acidic

drainage in tailings impoundment using straw as substrate.

Materials and methods

Materials

Woodchips were obtained from local landscaping firm.

They were dried at 105�C and crushed to an average size of

3 cm in diameter. The rice straw (Oryza sativa L.) was

harvested from local field, and was dried at 105�C. The

straw was cut into pieces approximately 3 cm in length.

The synthetic AMD water contained 450 mg L-1 SO4
2-

and 20 mg L-1 heavy metal ion. Samples were obtained by

dissolving weighted amounts of reagent grade chemicals.

The pH was adjusted using 1 M HCl. Dissolved oxygen

was removed by purging the medium with high pure N2 for

at least 15 min. To avoid the interaction of heavy metal

toxicity between different heavy metals and gain a more

accurate result, only Cu2?, which was the most common

heavy metal ion in AMD, was added as heavy metal. The

initial pH value was 3.0 without special description.

Anaerobic sludge used as inoculum was obtained from

the anaerobic bioreactor of Wang Xiaoying sewage treat-

ment plant, Hefei, Anhui Province, China. Glass jars were

filled to capacity with slurry, sealed, and transported to the

laboratory. To avoid the disturbance of the organic con-

taminants in the anaerobic sludge, the sludge was collected

by centrifugation (1,500g) in a tightly sealed centrifuge

tube, washed twice with the oxygen-free medium and

resuspended in 50 mL oxygen-free medium. After being

vigorously mixed, this slurry was then settled for half an

hour. The sludge-free aqueous phase was finally used as

inoculum for subsequent experiments.

Batch experiments

Comparison studies between rice straw and woodchips

were performed in batch experiments. Biodegradation tests

were carried out in 150 mL serum bottles. Synthetic AMD

(90 mL) and sediment-free culture (10 mL) were added to

each bottle. Serum bottles were capped with rubber stop-

pers and crimped with aluminum seals. The head space of

the bottles was high pure N2. The incubation was per-

formed at 25�C in darkness. Woodchips (1 g) or rice straw
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(1 g) was added to all culture samples as solid carbon

source. All treatments were performed in triplicate. Strict

anaerobic microbial techniques were used throughout

experiment manipulations. At each sampling point the

cultures were rigorously shaken and sampled with sterile

syringes flushed with high pure N2. All treatments were

performed in triplicate.

Column experiments

Column experiments were performed to gain further

information on the performance of in situ biotreatment of

acidic drainage in tailings impoundment using straw as

substrate. Plexiglas cylinders used for the columns were

made according to Hulshof et al. (2003). Each column was

80 cm in length and 10 cm in diameter. Layers of clean

river sands with thickness of 30 cm were placed at the top

and bottom of the column. River sands were washed twice

by distilled water before being used for tailings. Straw

(100 g) was packed between the sand layers to form an

organic layer. This organic layer was replaced by the same

volume of clean quartz sand in control. The packed column

was flushed with high pure N2 before the experiment started

up. The residence time of AMD in column is 8 days.

Oxygen-free AMD was pumped into infusion bag to

store the synthetic AMD under anaerobic conditions (Wu

et al. 2008). The stored AMD was fed into column by a

pump. Each column was operated in upward flow mode at

an average rate of 800 mL day-1. 800 mL sediment-free

culture was fed on the first day.

Analytical methods

Compositions of woodchips and rice straw were deter-

mined by extraction methods (Harper and Lynch 1981).The

pH and ORP were measured by using Ultrameter IITM 6P

(Myron L Company, USA). Samples were subject to

inductively coupled plasma atomic emission spectroscopy

(Iris Advantage 1000, Thermo Jarrell Ash Corporation,

USA) for analysis of heavy metals (copper nickel, and

zinc). Sulfate was measured by a MIC ion chromatograph

(Metohm, Switzerland). Volatile fatty acids (VFAs) were

assayed using a GC-2010AF GC (Angilent Instruments

Co., USA) equipped with a flame ionization detector.

The surface morphology of the black precipitant was

observed by a Field Emission Scanning Electron Micro-

scope. Micrograph was taken by a FEI SIRION 200 SEM

(FEI Company, USA). An accelerating voltage of 5 kV

was used during operation, with resolution 3 nm. The

element analysis of the sample surface was determined by

energy dispersive spectrometer (EDS). An OXFORD

INCA EDS (OXFORD Instruments, UK) was employed

during analysis.

The black precipitant sample was characterized by

X-ray powder diffraction (XRD). X-ray analysis was per-

formed by D8 ADVANCE X-ray polycrystaline diffrac-

tometer (Bruker axs GmbH, Karlsruhe, Germany). X-ray

analysis employed Cu Ka radiation (k = 1.5406 Å
´

), with

the graphite filter and the position sensitive detector (PSD).

XRD was operated at 40 kV and 40 mA. The scattered

intensities were measured with a NaI dynamic scintillation

counter. Scans were run from 10� to 90� (2h), with a step of

0.02� and a step time of 0.3 s.

To be sure that SRB play a crucial role in our biore-

mediation system, Enumeration of viable SRB was per-

formed as previously described (Benner et al. 2000). 1 g

sample was added to each of five serum bottles. Inoculated

samples were sequentially diluted and incubated under

anaerobic conditions for 30 days. Positive growth of SRB

was indicated by precipitation of Fe-sulfides. Values are

reported as most probable number (MPN) determinations

(Alexander 1965).

DNA extraction

At the end of the experiment, genomic DNAs of microor-

ganisms in straw were extracted by the following method

as described by Piao et al. (2008) with slight modification.

Briefly, 2 g of mixture, collected from the batch experi-

ment, was repeatedly homogenized by vortexing it in

20 mL phosphate-buffered saline and centrifuged at 200g

for 2 min. Bacterial cells in the combined supernatant

liquid were collected by centrifugation at 12,000g for

10 min, washed three times with TENP buffer, and lysed

by bead beating. After the bead beating procedure, 110 lL

of sodium dodecyl sulfate (10%) was added and gently

mixed, and the sample was incubated on ice for 10 min.

After this, 150 lL chloroform–isopropanol (25:1, vol/vol)

was added, gently mixed, and then centrifuged at 15,000g

for 10 min. The supernatant liquid was mixed with 1/10

volume of 3 M sodium acetate and 1 volume of phenol,

followed by centrifugation at 15,000g for 10 min. The

supernatant was then extracted twice with chloroform–

isopropanol (24:1, vol/vol). Nucleic acids in the superna-

tant were precipitated with cold ethanol and resuspended in

double-distilled water and stored at -20�C.

16 S rDNA amplification and denaturing gradient

gel electrophoresis (DGGE) analysis

Each DNA fragment encoding 16S rRNA (corresponding

to the positions 50-341 to 927-30 in the Escherichia coli

sequence) was amplified using the eubacterial primer

GM5F and the universal primer 907R (Muyzer et al. 1995).

A 40-base GC clamp was attached to the end-50 of the

GM5F primer for DGGE analysis. The primer sequences
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were 50-CCTACGGGAGGCAGCAG-30 for GM5F, 50-CC

GTCAATTCCTTTRAGTTT-30 for 907R, and 50-CGC

CCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCC

CGCCTACGGGAGGCAGCAG-30 for GC-GM5F. PCR

amplifications were performed with a Mastercycler gradi-

ent PCR system (Eppendorf China Ltd.) as described by

Nakagawa et al. (2002a).

The PCR solution consisted of 76 lL of sterile water

(Sangon, Shanghai, China), 10 lL of 109 Taq buffer with

MgCl2 (Sangon, Shanghai, China), 25 pmol each of the

primers, 10 lL of deoxynucleotide triphosphates mixture,

and 1 lL of template DNA solution. To minimize non-

specific annealing of the primers to nontarget DNA, 2.5 U

of Taq polymerase (Sangon, Shanghai, China) was added

to the reaction mixture at 80�C after an initial denaturing

step of 94�C for 5 min. The temperature was subsequently

cooled to 65�C for 1 min. This temperature was decreased

by 1�C every second cycle until a touchdown of 55�C, the

temperature at which 10 cycles were carried out. Dena-

turation and primer extension were carried out at 94�C for

1 min and at 72�C for 3 min, respectively. Cycling was

completed by a final extension at 72�C for 10 min. PCR

products were verified by electrophoresis in a 0.8% agrose

gel, and then analyzed by DGGE.

DGGE analysis was performed as described by Muyzer

et al. (1995) by loading PCR-amplified DNA product onto

an 6% (wt/vol) acrylamide gel containing a denaturant

gradient of 20–60% [100% denaturant consisted of 7 M urea

and 40% (vol/vol) formamide] parallel to the electrophoresis

detection using the D-code system (Bio-Rad, Hercules, CA,

USA). Electrophoresis was performed at 60�C and a con-

stant voltage of 200 V for 4 h. After electrophoresis, the

gels were incubated for 10 min in ethidium bromide

(1.0 mg L-1), rinsed for 10 min in distilled water, and then

been analyzed with UV transillumination (302 nm).

For further identification of predominant DGGE bands

in individual samples, DGGE fragments were cut and

eluted in 50 mL of TE buffer overnight. Recovered DNA

was used as DNA template in a following PCR amplifi-

cation with the same DGGE primer set as used previously.

The PCR products were analyzed in a separate DGGE

for purity, purified using UNIQ-10 DNA purification kit

(Sangon, Shanghai, China), and then sequenced commer-

cially (Sangon, Shanghai, China) with an ABI 3730 DNA

analyzer (Applied Biosystems) using the GM5F primer.

Data calculation

The maximum bioreduction rate of sulfate was determined

from the time course of sulfate disappearance, using points

in the linear portion of graphs that released sulfate con-

centration to time following the previously described

method (Lu et al. 2008).

Results and discussion

Chemical characterization of substrates

Chemical characterization of straw and woodchips were

measured (Table 1) to know their potentials of organic

carbon supply. Concentrations of cellulose (388 g kg-1 dry

weight) and lignin (97 g kg-1 dry weight) in rice straw

were much lower than those in woodchips while concen-

trations of solvent extractable carbon (69 g kg-1 dry

weight), hot water extractable (113 g kg-1 dry weight),

and hemi-cellulose (306 g kg-1 dry weight) in straw were

much higher than those in woodchips. Chemical compo-

sition of an organic substrate controls the pattern of its

degradability (Gibert et al. 2004). Since extractable carbon

and hemi-cellulose are easily available carbon source in

solid waste materials (Chang et al. 2000), their high con-

centrations in straw suggest that straw be more readily

degraded than woodchips. Moreover, the high concentra-

tions of poor digestable substances (cellulose and lignin)

indicate that woodchips are more recalcitrant than rice

straw. Relatively high concentration of typical heavy

metals in rice straw might be caused by the high applica-

tion frequency of fertilizer and pesticide in rice production.

Microbial community

To know the main functional bacteria in the bioremediation

system, the microbial community in straw was studied. Six

predominant DGGE bands were sequenced. The majority

sequenced bands corresponded to bacteria associated with

plant residue degradation, which belonged to Clostridia-

ceae, Eubacterium and Pseudobutyrivibrio. Two sequences

showed 96–98% similarity to bacteria, which belonged to

Clostridiaceae, associated with degradation of rice plant

Table 1 Composition of the organic matters

Composition Rice straw Woodchips

Carbon composition (g kg-1 dry weight)

Cellulose 388 603

Hemi cellulose 306 127

Lignin 97 108

Solvent extractable 69 31

Hot water extractable 113 87

Ash 27 44

Heavy metal (mg kg-1 dry weight)

Cd 0.1 0.07

Cu 5.7 1.75

Ni 4.15 1.13

Pb 2.3 0.1

Zn 31.6 13.6
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residue (Akasaka et al. 2003). Two sequences showed 98–

99% similarity to the cellulose degraders Eubacterium

cellulosolvens (Taguchi et al. 2008) and Pseudobutyrivibrio

ruminis strain Ce1 (Vossenberg 2003), respectively. SRB

were also detected. One sequence showed 95% similarity to

the sulfate reducers Bacterium T-2 (Nakagawa et al. 2002b)

and uncultured bacterium (Nakagawa et al. 2002a). As

previously described, these SRB were capable of degrading

complex organic pollutants under sulfate-reducing condi-

tions. One sequence showed 98% similarity to sulfur com-

pounds reducing bacterium Clostridium sp. U42 (Takahashi

2006) indicates that this bacterium may also correspond to

SRB. To be sure that SRB play a crucial role in our biore-

mediation system, Enumeration of viable SRB was also

performed. As expected, SRB (2.75 9 108 MPN g-1) were

detected. These observations show that each kind of bac-

teria (sulfate reducing bacteria, cellulolytic bacteria, and

fermentative bacteria) may have a significant and symbiotic

role in the bioremediation process.

Batch experiment

Low pH can do harm to microorganisms which makes low

pH be a common problem for AMD biotreatment. Treat-

ment of AMD by SRB depended on the ability of SRB to

reduce sulfate (Luptakova and Kusnierova 2005). For this

reason, effect of initial pH on sulfate reduction in different

substrate treatments was conducted. There is a linear

relationship (r2 = 0.907–0.995) between initial pH and the

sulfate removal rate (Fig. 1). Increase in the initial pH

resulted in increased removal rate. Low pH had inhibition

effect on sulfate reduction in both treatments. The sulfate

removal rate of straw treatment increases much more rap-

idly than that of woodchips treatment when the initial pH

increased. The sulfate removal rate of the rice straw

treatment increased from 13.93 to 21.77 mg L-1 day-1

when initial pH increased from 3 to 7 while the removal

rate of woodchips treatment increased from 7.43 to

11.95 mg L-1 day-1. The result indicates that rice straw

treatment may be more efficient in the sulfate reduction

than woodchips treatment under acid stress conditions.

When the initial pH of the synthetic AMD was set to 3.0,

the sulfate removal rate of rice straw treatment was almost

two times higher than that of the woodchips treatment. The

result shows the feasibility of the in situ biotreatment of

AMD using straw as the sole substrate. Though straw was

often used for the biotreatment of AMD, successful reports

on using straw as the sole substrate in in situ bioremedia-

tion treatment of AMD were quite rare. The sulfate

removal rates are similar to the previous report of Gibert

(Gibert et al. 2004). In their batch experiment, they used

oak leaf or sheep manure as carbon sources.

In anaerobic treatment, the slow growth rate of micro-

organisms makes temperature more important for bio-

remediation design. To investigate the effect of low

temperature on sulfate bioreduction, incubations were

performed at 5, 10, and 15�C. Rice straw treatment had

better bioremediation efficiencies than woodchips treat-

ment at low temperatures (Fig. 2). The sulfate removal rate

of the rice straw treatment decreased from 11.75 to

9.91 mg L-1 day-1 when temperature decreased from 15

to 5�C while the removal rate of woodchips treatment

decreased from 6.08 to 4.98 mg L-1 day-1.

Based on Arrhenius equation, a simple equation (Ritt-

mann and McCarty 2001) which was widely used in

environmental engineering was developed to describe the

relationship between kinetic parameter of anaerobic sys-

tems and temperature:

q̂2 ¼ q̂1eU T2�T1ð Þ ð1Þ

where U is the temperature coefficient, q̂1 and q̂2 are the

maximum rate of substrate utilization at temperature T1 and

Fig. 1 Sulfate removal rate as a function of the initial pH

(r2 = 0.907–0.995) Fig. 2 Effect of temperature on sulfate removal rate
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T2, respectively. The maximum removal rates of sulfate at

different temperatures (5, 10, 15 and 25�C) were used to

calculate the temperature coefficient (U) according to

Eq. 1. Straw treatment has lower temperature coefficient

(0.017�C-1) than woodchips treatment (0.02�C-1) which

indicates that rice straw treatment may be more efficient in

the sulfate reduction than woodchips treatment at low

temperatures. Relatively low temperature coefficient sug-

gests that temperature changes have little effect on bio-

remediation efficiencies. Similar phenomenon had been

observed by Tsukamoto et al. (2004).

Soluble organic carbon release in different substrate

The nature of organic matter is a determinant factor on the

biotreatment efficiency. Solid material with low dissolved

organic carbon (DOC) content is not a good solid carbon

source for bacterial sulfate reduction (Zagury et al. 2006).

For this reason, DOC and VFAs were measured as indi-

cators of soluble organic contents in different substrate

treatments to know if rice straw is more suitable for being

used in in situ bioremediation treatment system than

woodchips. Both DOC and VFAs reached their top within

the first week (Fig. 3) owing to the intense prevailing

activity of anaerobic celullolytic and fermentative bacteria

over SRB. Therefore, DOC and VFAs accumulated in this

period. Concentration of DOC in straw amendment treat-

ment was much higher than that of woodchips amendment

treatment during the whole operation period. The recalci-

tration of woodchips may lead to the low release rate of

DOC. Changes in the concentrations of VFAs showed that

acetate was the main content of the DOC. Moreover,

concentration of acetate in straw amendment treatment was

much higher than that in woodchips amendment treatment

during the whole operation period. Relatively high con-

centration of DOC in the straw treatment resulted in much

higher sulfate reduction rate. Differences in soluble organic

carbon release between rice straw and woodchips led to the

differences in sulfate reduction.

Although SRB catalyze the sulfate reducing process,

which is the final reaction of the in situ bioremediation,

they rely on the activity of anaerobic cellulolytic bacteria

and fermentative bacteria to break down complex organic

materials from rice straw or woodchips into easily avail-

able carbons such as acetate, to provide them with carbon

and energy sources. For this reason, the recalcitrant

woodchips, which have high concentrations of poorly

digestable substances (cellulose and lignin), could not

supply enough easily available carbons to maintain rela-

tively high sulfate reduction rate.

Fig. 3 Changes in the

concentration of DOC (a),

acetic acid (b), propionic acid

(c), and iso butyric acid (d)

during the experiment period
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Column experiment

To ensure that sulfate was reduced during the bioremedi-

ation period, changes in the concentration of sulfate were

also monitored. Changes in the sulfate concentration

(Fig. 4) show that heavy metal removal in straw treatment

is mainly caused by sulfate reduction after day 5. The

sulfate removal rate of straw treatment is almost

45.6 mg L-1 day-1 from day 5 to day 10, which are sim-

ilar to the previous report of Gibert et al. (2004), con-

firming the feasibility of using straw as the sole substrate.

The initial pH of rice straw treatment or control was

about 6.2, which was much higher than that of synthetic

AMD (Fig. 5), as a result of the acidity neutralization by

river sands. The decrease in acidity neutralization capacity

of sands led to decrease in effluent pH in control during the

operation period. After 120 days of operation, effluent pH

in control slightly dropped to 4.4 while that in cover

treatment slightly increased to 7.8. Increase in effluent pH

was due to proton consumption by sulfate reduction during

the bioremediation period. The biological reduction of

sulfate can generate alkalinity, which contributes to

neutralizing the acidity of the AMD (Luptakova and

Kusnierova 2005), by consuming protons.

Treatment of AMD by SRB was dependent on the

ability of SRB to reduce sulfate to hydrogen sulfide, which

could form precipitates with heavy metals (Luptakova and

Kusnierova 2005). Black precipitant, which was identified

as metal sulfide by SEM with EDS (Fig. 6), and XRD (data

not shown) was flushed out the column. Cu2? was pre-

cipitated with S2-, forming the copper sulfide (CuS).

Typical crystalloid of CuS was found in SEM micrograph.

Concentration of Cu2? in the effluent maintained at low

level during the whole bioremediation period in straw

treatment, ranging between 0.1 and 0.4 mg L-1 after a

bioreactor startup period (Fig. 7). Low heavy metal con-

centration was also observed in control. However, this only

Fig. 4 Changes in the concentration of sulfate in effluent

Fig. 5 Changes in the pH value of the effluent

Fig. 6 Typical SEM micrograph and EDS results of the black

precipitant
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occurred within the initial 5 days followed with a sharp

increase within another 5 days. Concentration of Cu2? had

maintained at high level since day 10. As can be seen in

Fig. 5, pH of effluent was around 6 at the initial days in

control column. At this pH value it is reasonable to think

that Cu2? concentration decrease is due to adsorption

processes. Typical break through curve for Cu2? observed

in control indicate that heavy metals removal during the

preliminary period in all treatments is mainly caused by

adsorption.

Conclusions

In the present study, we reported the in situ bioremediation

of AMD using straw as the sole substrate. The result

demonstrated that straw was more suitable than woodchips

for in situ bioremediation of AMD. High bioremediation

efficiency could be achieved when straw replaced wood-

chips as the sole substrate. Straw was more efficient in

promoting sulfate reduction than woodchips under stressful

conditions such as low pH and low temperature. Since

straw is more easily available than woodchips, these find-

ings have significant environmental implications in terms

of AMD treatment for mine industry.
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