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Abstract The development of compact and cost-effective
passive treatment systems is of critical importance for acid
mine drainage (AMD) remediation in Japan. The purpose
of this study was to construct an AMD treatment system
comprising a sulfate-reducing bioreactor using rice bran as
a carbon source for sulfate-reducing bacteria (SRB) and to
demonstrate its stable operation for at least a year in terms
of continuous sulfate reduction and metal removal. Our
35 L bioreactor comprised a packed inoculum layer of a
mixture of rice husks, limestone, and field soil, which was
covered with rice bran. During operation, the AMD input
flow rate was adjusted to 11.7 mL/min (hydraulic retention
time, HRT; 50 h). Throughout the year, physicochemical
analyses of system input and output AMD samples revealed
that both pH and oxidation—reduction potential values were
consistent with the process of sulfate reduction by SRB,
although this reduction was observed to be stronger in sum-
mer than in winter. Efficient metal removal was observed,
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with concentrations at the outlet port of <0.33 mg/L Zn,
<0.08 mg/L Cu, and <0.005 mg/L Cd, more than meeting
Japan’s national effluent standards. Illumina sequencing of
16S rRNA genes revealed that Desulfatirhabdium butyra-
tivorans-related species, which belong to a lineage within
Deltaproteobacteria, were dominant (39-48% of the total
SRB population) within the bioreactor.

Keywords Passive treatment - Sulfate-reducing bacteria -
Metal removal - Reutilization of agricultural waste -
On-site demonstration

Introduction

Acid mine drainage (AMD) from metal and coal mines
is a significant environmental concern if it is discharged
untreated into rivers (Colmer and Hinkle 1947; Price and
Errington 1998). Therefore, many treatment methods have
been used to neutralize and remove harmful metals from
AMD (Rakotonimaro et al. 2016).

In Japan, there are many abandoned mine sites where
metal-containing AMD occurs. Municipalities, governments,
and companies that hold mining rights are responsible for
treating these effluents. The business of AMD treatment is
non-profit; therefore, cost savings are required where possible.
Most AMD treatment methods at mine sites in Japan have
used active treatment processes with chemical reagents, e.g.
neutralization and sedimentation, because such approaches can
shorten the processing time and are easily controllable. How-
ever, active treatment processes bear significant costs to cover
the continuous maintenance of facilities, the addition of alka-
linity, and the input of manpower. Indeed, in Japan, the treat-
ment of AMD effluents costs ~#$37.8 million per year (Mine
Safety and Explosives Control Division, METI, Japan 2013).
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By contrast, passive and semi-passive treatment processes
are less expensive and have less maintenance demands. One
sustainable approach for removing metals from AMD is the
use of biochemical reactors (bioreactors). Bioreactors with
sulfate-reducing bacteria (SRB) offer particular advantages,
such as the production of a compact sludge, low operation
costs, and minimal maintenance costs (Gusek et al. 1998).
In certain countries other than Japan, full-scale passive
treatment facilities using SRB have been introduced. These
typically have very large surface areas, allowing a long
hydraulic retention time (HRT; Nairn et al. 2010; The ITRC
Biochemical Reactors for Mining-Influenced Waste Team
2013). However, it is difficult to build large facilities for pas-
sive AMD treatment in Japan because many mine sites are
located in steep mountainous areas. Therefore, to be used in
Japan, compaction and optimization of the processes with
reduced HRT is necessary.

Japan Oil, Gas and Metals National Corporation (JOG-
MEC) has been developing a compact passive treatment
process with a vertical flow bioreactor that contains SRB
(Hamai et al. 2016). Since the concentration of dissolved
organic carbon in AMD is very low (chemical oxygen
demand is usually less than 10 mg/L of O,; Kolmert and
Johnson 2001), a carbon source must be added to the bio-
reactor to promote SRB activity. To reduce operation costs,
organic wastes such as animal manure, saw dust, wood chips,
rice straw, and corn husks have been used as carbon sources
for SRB (Chang et al. 2000; Gibert et al. 2004; Hiibel et al.
2011; McCullough and Lund 2011; Neculita et al. 2007,
2011; Zagury et al. 2006; Zhang and Wang 2014). Among
such organic wastes, rice bran, which contains starches,
lipids, proteins, and other polysaccharides, is thought to be
easily degraded to simple carbon substrates with low molec-
ular weights that are suitable for SRB utilization. Therefore,
JOGMEC is assessing the novel application of rice bran as
a source of microbial carbon and nitrogen in bioreactors.

In the present study, a passive sulfate-reducing bioreactor
using rice bran and rice husks JOGMEC process) was oper-
ated for a year. Water quality within the bioreactor (tempera-
ture, pH, oxidation—reduction potential (ORP), and sulfate,
sulfide, and metal concentrations) were continually moni-
tored. Additionally, the SRB community present at around
5 °C, the lowest AMD temperature observed in this study,
was analyzed by Illumina sequencing.

Materials and Methods
Acid Mine Drainage (AMD) and Iron Removal
The raw AMD (pH 3.5) used in this study contained

approximately 40 mg/L Fe (as ferrous iron), 15 mg/L Zn,
5 mg/L Cu, and 0.06 mg/L Cd, as well as 300 mg/L of

sulfate. The AMD was initially passed through an iron-
oxidation removal reactor, which reduced the iron con-
centration to <5 mg/L (pH 3.0). The reactor discharge was
then fed into a sulfate-reducing bioreactor using an electric
pump (Fig. 1).

Passive Sulfate-Reducing Bioreactor

The reactor was constructed using a polyvinyl chloride col-
umn (1100 mm height X 250 mm diameter; Fig. 1) in a pre-
fabricated laboratory at an abandoned mine site. The raw
AMD flowed into the reactor through an inlet port at the
top of the column, and the treated AMD flowed through an
outlet at the base. The reactor had four ports that allowed
for sampling of the AMD at different column heights (every
250 mm from the bottom; Fig. 1). The column was first
packed with an inoculum mixture of 4.5 kg of rice husks,
18 kg of limestone (3—20 mm in particle diameter), and
17.5 g of field soil in a layer of approximately 1000 mm.
Then, 1.5 kg of rice bran was placed on top of this layer
before the column was sealed and subsequently saturated
with approximately 35 L of AMD, which flowed through the
reactor at a prescribed HRT. This passive AMD treatment
system, using a sulfate-reducing bioreactor consisting of rice
bran and rice husks, was termed the “JOGMEC process.”
The input flow rate was adjusted to 11.7 mL/min (HRT:
50 h) using an EHN-B11VHMR electric pump (IWAKI).

Sampling and Chemical Analyses of Treated AMD
from the Bioreactor

The experiment was initiated in September 2013 and
sampling continued until the end of January 2015. Water

AMD
’ 6
Treated
| | water
I
Iron-oxidation
removal reactor
I
~

Sulfate-reducing bioreactor

Fig.1 Treatment flow of the JOGMEC process. The raw AMD fer-
rous ion concentration of 40 mg/L. was reduced to <5 mg/L by a pre-
treatment process in an iron-oxidation removal reactor; the pH value
was also decreased to around 3.0 from 3.5. Pre-treated AMD was
then fed into the sulfate-reducing bioreactor using an electric pump
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from the reactor was sampled from one to several times
per week at the inlet port, outlet port, and four sampling
ports (ports 1-4 in Fig. 2). The sulfate ion concentration
in the sample water was analyzed using a Dionex ICS-
2100 ion chromatography system with a Dionex IonPac
AS22 column (Thermo Scientific). The pH, ORP, and tem-
perature were measured using a LAQUA act D-73 pH/
Ion meter (HORIBA Scientific). For metal ion concen-
tration analysis, 25 mL of sample was desiccated on a
heated sand bath after the addition of 1 mL of nitric acid
and 50 pL of 60 wt% of perchloric acid to break down any
organic matter. The dried sample was then dissolved in
185 pL of nitric acid and diluted to 25 mL. The Zn, Cu,
and Cd concentrations were determined using an SPS3100
plasma spectrometer (SII Nano Technology) according to
the “General Rules for Atomic Emission Spectrometry”
(JISK 0116:2014). Monitoring of the Zn and Cu concen-
trations in the bioreactor water samples was initiated in
September 2013 (at start-up), whereas for Cd it was started
in March 2014.

SRB Community Analysis by Illumina Sequencing

Samples for microbial community analyses were obtained
from the bottom (sampling Port 4) of the sulfate-reducing
bioreactor in January 2015 (day 492). DNA extraction,
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Fig. 2 Conceptual diagram (a) and appearance (b) of a vertical flow
sulfate-reducing bioreactor that uses rice bran and rice husks to treat
acid mine drainage [Japan Oil, Gas and Metals National Corporation
(JOGMEC) process]. The bioreactor was set up in a prefabricated lab-
oratory and covered in insulation material. The laboratory tempera-
ture was not artificially controlled
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16S rRNA gene amplification, Illumina sequencing, and
sequence data analyses were carried out by Nippon Steel
& Sumikin Eco-Tech. Briefly, DNA was extracted from
the samples using the ISOIL for beads beating kit (Nip-
pon Gene), quantified using the PicoGreen dsDNA assay
kit (Invitrogen), and used as a template for polymerase
chain reaction (PCR) amplification. The V4-V5 region of
16S rRNA genes was amplified using the primers U515F
(sequence: GTGYCAGCMGCCGCGGTA) and 926R
(sequence: CCGYCAATTCMTTTRAGTT). Appropriate
amounts of the 16S rRNA gene segments were subjected to
paired-end sequencing with a MiSeq sequencer (Illumina).
Removal of low-quality and chimeric sequences, as well as
operational taxonomic unit (OTU) grouping (97% sequence
identity cut-off), were performed using the QIIME software
package (Caporaso et al. 2010). Representative sequences
for each OTU were assigned using the Greengene (DeSan-
tis et al. 2006) and SILVA software packages (http://www.
arb-silva.de/projects/living-tree/). A phylogenetic tree dia-
gram of the SRB identified in this study was drawn based
on the neighbor-joining method (Saitou and Nei 1987) using
MEGAY7 software (ver. 7.0.18; Kumar et al. 2016). Evolu-
tionary distances were computed using the maximum com-
posite likelihood method (Tamura et al. 2004).

Results and Discussion
Seasonal Changes in Temperature, pH, and ORP

The location of the experimental site was in northern Japan.
The average temperature in the prefabricated laboratory dur-
ing the summer season (May—October) was 18.8 °C, whereas
in the winter (November—April), it was 5.6 °C. The tempera-
ture of the raw AMD was relatively stable between 10 and
16 °C (12.9 °C average) throughout the year (Fig. 3a). How-
ever, as the laboratory room temperature was not controlled,
the temperature of the AMD within the column at times
fell below 10 °C in winter (for example, in mid-November
2013). The lowest temperature recorded was approximately
5 °C from January to February 2014 (Fig. 3a).

Regarding the pH of the AMD in the bioreactor (origi-
nally pH 3.5), an increasing tendency was observed over
time (Fig. 3b). Initial neutralization of the AMD occurred
in the bioreactor due to the limestone. As a result, the pH
increased to the optimum range (5.0-9.0) for SRB activity
(Postgate 1984). The pH of the sampled water subsequently
remained unchanged at around 7.0 throughout the remainder
of the year (except at Port 1, which was located nearest to the
bioreactor inlet [Fig. 2] and so was subject to only a short
interaction period with the limestone). Until mid-November
2013, the pH of water from Port 1 continued to decrease
until it was =5.0; this pH was maintained from January
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«Fig. 3 Seasonal changes in temperature (a), pH (b), and oxidation—
reduction potential (ORP) (¢) in the sulfate-reducing bioreactor from
September 2013 to January 2015. Symbols: open circle Port 1, open
triangle Port 2, open diamond Port 3, open square Port 4, cross out-
let, closed circle acid mine drainage (AMD)

to May 2014. Subsequently, the pH of the sampled water
increased to around pH 6.5 at Port 1, before decreasing again
in October 2014 (Fig. 3b). Bacterial dissimilatory reduc-
tion of the sulfate ion to the sulfide ion generates alkalinity
(as the hydrogen carbonate ion), as indicated in Formula
[1]. In other words, it is believed that the SRB provided
pH buffering. As SRB in the bioreactor actively catalyzed
sulfate ion reduction, especially during the summer, system
pH increased (Fig. 3b).

ORP values favorable for SRB (less than —100 mV; Post-
gate 1984) were achieved in the bioreactor throughout the

year (Fig. 3c). Even more suitable ORP values of —300 mV
(Prasad et al. 1999) were achieved during the summer, and
in most cases, bioreactor ORP values did not rise above
—200 mV, except at Port 1, where it ranged from —240 to
—39 mV from mid-November 2013 to April 2014, and from
—274 to +77 mV from October 2014 to January 2015. The
decrease in ORP during the summer season was probably
due to oxygen consumption associated with the microbial
degradation of the rice bran. Overall, both pH and ORP were
favorable for bioreactor SRB.

Variations in Sulfate Reduction and Sulfide Generation
Over Time

Initial sulfate ion concentrations at the inlet port ranged from
245 to 380 mg/L (average 300 mg/L). As shown in Fig. 4a,
sulfate reduction was observed even in the uppermost
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Fig. 4 Sulfate ion (a) and sulfide ion (b) concentrations in the sulfate-reducing bioreactor from September 2013 to January 2015. Symbols:
open circle Port 1, open triangle Port 2, open diamond Port 3, open square Port 4, closed circle AMD
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Fig. 5 Variations in metal removal during AMD-impacted water
treatment using the sulfate-reducing bioreactor from September 2013
to January, 2015. Shown are the concentrations of Zn (a), Cu (b), and
Cd (c). Concentration values show the total concentration of the sol-

portion of the reactor, i.e. the sulfate concentrations of water
sampled from Port 1 were about 25-50% of those at the inlet
port. The sulfate ion concentrations at Port 1 were initially
around 230 mg/L (September to mid-November 2013), but
rose above 250 mg/L between mid-November 2013 and
April 2014. After May 2014, the sulfate ion concentrations
decreased to around 150 mg/L, but they increased again to
above 250 mg/L at the beginning of October 2014 (Fig. 4a).

Time (day)

uble ion in water and the precipitated ion in suspended precipitates.
Symbols: open circle Port 1, open triangle Port 2, open diamond Port
3, open square Port 4, cross outlet, closed circle AMD

Based on this trend, it appears that the SRB reduced the
AMD sulfate ions to sulfide ions using low molecular carbon
sources, such as lactate, ethanol, and other organic materials,
as electron donors. According to the reaction [1] (Neculita
et al. 2007), these low molecular carbon sources (shown as
“CH,0”) would be generated from the digested rice bran in
the reactor during the JOGMEC process.

2CH,0 + SO,* — 2HCO;™ + H,S (1)
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The variations in sulfate ion concentrations were consist-
ent with the observed trend in ORP values at Port 1, where
ORP values rose above —150 mV [ranging from —240 to
—39 mV from mid-November 2013 to April 2014, and
from —274 to +77 mV from October 2014 to January 2015
(Fig. 3¢)].

The effluent sulfate concentrations at the outlet port
ranged from 80 to 276 mg/L (Fig. 4a). Sulfate was stable at
~200 mg/L until April 2014. After that, a drastic decrease
in sulfate concentration (to below 100 mg/L) was observed
during the summer, before the concentration gradually
increased (to around 250 mg/L) until mid-October 2014.
This is consistent with the fact that the highest ORP values
at the outlet port were measured from October 2014 to Janu-
ary 2015 (=291 to —84 mV; Fig. 3c). The highest sulfate ion
reduction rate (77.8%) was observed in September 2014,
whereas the lowest (0%) was observed in January 2015.

Figure 4b shows the sulfide ion concentrations of sampled
waters at Ports 1-4 of the bioreactor. Sulfide ion concen-
trations increased at the lower port locations. From May
2014 to September 2014, when sulfate-reducing activity was
relatively high, the sulfide ion concentrations of the water
sampled at Port 4 ranged from 19 to 57 mg/L (Fig. 4b). By
contrast, when the sulfate-reducing activity was relatively
low, the sulfide concentrations were 0—14 mg/L. In Fig. 4,
the relationship between changes in (a) and (b) is consist-
ent with sulfate reduction causing sulfide ion generation.
According to the reaction given in Formula [2] (Neculita
et al. 2007), the sulfide ion in solution is available to pre-
cipitate metals (shown as “M” in Formula [2]).

H,S + M*" - MS | + 2H* ®)

As such, metal sulfides are immobilized within the reac-
tor; thus, metal removal from the AMD is expected.

Metal Removal

Before treatment in the bioreactor, the iron concentration
in the AMD was reduced to <5 mg/L by an iron-oxidation
reactor (initial average: 40 mg/L). This pretreated water was
fed into the sulfate-reducing bioreactor. Metal (Zn, Cu, and
Cd) removal efficiencies by the bioreactor were generally
high (Fig. 5).

From September 2013 to September 2014, most of
the Zn was removed in the upper portion of the bioreac-
tor. Removal rates of Zn at Ports 1 and 2 were 83.6-100%
(except on sampling day 141; Fig. 5a). However, Zn con-
centrations became unstable and increased after Novem-
ber 2014. A potential reason for this phenomenon is the
decrease in sulfate-reducing activity at the lower tempera-
tures observed during winter. However, considering that the
Zn removal rate was relatively stable during the first winter
(2013-2014), the depletion of rice bran during continuous
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operation throughout the year [leading to a lack of organic
substrates for SRB in the second winter (2014-2015)] might
have caused the decreased sulfate-reducing activity. This
hypothesis is supported by the higher ORP values observed
in the second winter than in the first winter (Fig. 3¢c). By
contrast, at Port 4, Zn concentrations of <0.33 mg/L were
observed throughout the year. These values were below
Japan’s national effluent standard for Zn (2 mg/L).

The bioreactor was also effective at Cu removal. The Cu
concentrations at the inlet port ranged from 3.2 to 10.0 mg/L
(Fig. 5b), whereas effluent concentrations were <0.08 mg/L.
Therefore, Cu removal rates were 99.1-100%. In addition,
although Cd measurements were only started in March 2014,
the trend in Cd removal by the bioreactor was observed
to be similar to that of Cu (Fig. 5c). The results showed
93.3-100% removal rates and the effluent concentrations
were <0.005 mg/L. The trends in metal removal in the biore-
actor corresponded with sulfate ion removal and sulfide ion
generation, strongly suggesting metal sulfide precipitation.

Analysis of SRB Populations within the Bioreactor
in January

To provide low molecular organic substrates, e.g. lactic
acid, acetic acid, formic acid, and ethanol, to SRB, efficient
digestion and fermentation of polysaccharides in the rice
bran by environmental microorganisms is necessary. SRB
and fermentative bacteria are believed to construct ecosys-
tems in the bioreactor, but little is known about the SRB
communities that treat AMD. The recent development of
high-throughput DNA sequencing technologies, especially
the Illumina platform for 16S rRNA amplicon sequencing,
enables analysis of the complicated microbial community
structures in the environment (Hori et al. 2015; Sato et al.
2016); thus, SRB communities in the bioreactor could be
monitored at a fine scale.

The seasonal changes in all measured physicochemical
parameters suggested that microbial activity in the bioreac-
tor was generally higher in summer than in winter. There-
fore, in the summer, the higher efficiency of metal removal
and sulfate ion reduction was likely achieved due to both
higher microbial degradation of the rice bran and greater
proliferation of the SRB population, even in the upper por-
tion of the reactor (around Port 1).

On the other hand, with the onset of winter, a gradual
decrease in sulfate-reducing activity within the bioreac-
tor, followed by an increase in ORP values, was observed
(Fig. 4a). The lowest sulfate ion reduction rates were
observed in January, when the laboratory temperature was
low (Fig. 3a). To better understand SRB populations dur-
ing the cold season, the most dominant SRB genus within
the bioreactor (in samples from Ports 1 and 4) was investi-
gated in January 2015 (506 days) by Illumina sequencing
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of 16S rRNA genes. The total numbers of 16S rRNA gene
sequences obtained from Ports 1 and 4 were 128,527 and
123,927, respectively; SRB were found to dominate, com-
prising 40.5 and 10.4% of all sequences, respectively. This
result indicated that the SRB population was greater at Port
1 than it was at Port 4. Of the SRB population at both sam-
pling ports, Desulfatirhabdium butyrativorans-related spe-
cies belonging to a novel lineage within Deltaproteobacteria
(Balk et al. 2008) dominated, accounting for 47.7 and 39.4%
of the total SRB communities in Ports 1 and 4, respectively
(19.3 and 4.1% of the total number of 16S rRNA gene
sequences, respectively). The phylogenetic affiliations of
Deltaproteobacteria-related SRB found at Ports 1 and 4 are
presented in Supplemental Fig. 1. The presence of nutrition-
ally versatile SRB affiliated with Deltaproteobacteria, as
well as another type of SRB affiliated with Firmicutes (data
not shown), was observed within the bioreactor, suggesting
that the digestion and fermentation of rice bran resulted in a
diverse range of organic products.

Conclusion

A laboratory-scale sulfate-reducing bioreactor containing
rice bran and husk (both agricultural wastes) was success-
fully operated to treat AMD for over a year. Efficient metal
removal was observed, with concentrations at the outlet
port of <0.33 mg/L Zn, <0.08 mg/L Cu, and <0.005 mg/L
Cd during operation. These values more than meet Japan’s
national effluent standards. Metabolically diverse SRB popu-
lations within the bioreactor in January were identified by
[lumina sequencing. In particular, it was revealed that Des-
ulfatirhabdium butyrativorans-related species belonging to
a lineage within Deltaproteobacteria dominated (39-48% of
the total SRB population) within the bioreactor. Consider-
ing that a sulfidogenic condition was maintained throughout
the operation of the bioreactor, SRB could likely use sim-
ple carbon substrates derived from the microbial digestion
and fermentation of the rice bran. Therefore, the JOGMEC
treatment process is potentially an effective metal removal
process for AMD.
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