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In a study of the 29 operating passive systems for acid mine drainage (AMD) treatment, 19 systems showed
various performance problems. Some systems showed very low efficiency even without visible leakage
or overflow. Though systems show fairly good efficiency in metal removal (mainly iron) and pH control,
sulfate removal rates were very low which indicates the possibility of very poor sulfate reductions by
Sulfate Reducing Bacteria (SRB).

As an alternative method, In-Adit-Sulfate-Reducing System (IASRS), the method of placing the SAPS
inside the adit, to have temperature constant at about 15 °C, was suggested. Lab-scale model experiments
of IASRS were carried out. The models 1 and 2 were run at 15°C and 25°C, respectively. The model 1
contained about a half of COD in the beginning of the operation than that of model 2. Metal removal
ratios were higher than 90% in both systems. Both systems showed the sulfate removal ratios of 23%
and 27%, respectively, which were still considerably low, even though higher than those of presently
operating systems. However, since the synthetic AMD used was very low in pH (2.8) and very high in
sulfate concentration, if some suggested modifications were applied to the standard design, it is presumed
that the sulfate removal ratio would have increased.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

From 1989, over 98% of coal mines in Korea has been closed
under the coal industry promotion program and, only 10 coal mines
are currently operating [1]. About 900 metal mines were closed
or suspended from activity, with only 19 mines presently operat-
ing. Since 1996 till 2002, 35 passive treatment systems in 29 mines
were constructed to treat acid mine drainage (AMD). Processes like
successive alkalinity producing systems (SAPS), anoxic limestone
drains (ALDs), anaerobic wetland, aerobic wetland, and oxidation
pond were combined and applied in the construction of passive
treatment systems [2].

In an investigation study for the 29 operating passive systems
for AMD treatment, 19 systems showed various problems. Some
systems showed very low efficiency even without visible leakage
or overflow [3]. Research and investigation on passive treatment
systems in Korea was mostly focused on the removal efficiency of
iron and aluminium, and pH control [4,5]. However, many systems
reveal very low removal ratio or even increased concentrations of
sulfate with time [2]. Though systems show fairly good efficiency in
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metal removal (mainly iron) ratios and pH control, sulfate removal
rates were very low which indicates the possibility of very poor
sulfate reductions by SRB.

The experiments on model SAPS at various temperatures,
showed that maximum sulfate removal ratio of 70% at 20°C and
87% at 36°C, but no sulfate removal at 1°C [6]. Lee [6] also found
SRB activity also was almost negligible at 1 °C but quite vigorous at
20°C and 36 °C, indicating low or non-existent SRB activity during
harsh winter.

Problems in SAPS include low temperature in winter, seasonal
variation of AMD flux, inappropriate HRT (hydraulic retention
time), sludge cake or coating on organic substrate layer, lack of
space, topographical situations of mountainous area, and seasonal
flooding.

The In-Adit-Sulfate-Reducing System (IASRS) was suggested as
an alternative method to improve the treatment systems where
SAPS are put inside the mine adit (Fig. 1). Since whole system
is placed inside the mine adit, temperature would remain con-
stant and the anoxic condition would be generally maintained
even if flow rate changes; thus appropriate condition for sulfate
reduction would be maintained. And the construction of treat-
ment system inside the mine adit would minimize the site area
needed, with little or no leakage or plugging that usually occurs in
general SAPS. Similar treatment system was suggested and pilot


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nnsjkim@hanyang.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.03.059

442 S.W. Ji, S.J. Kim / Journal of Hazardous Materials 160 (2008) 441-447
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Fig. 1. Schematic diagram of the In-Adit-Sulfate-Reducing System.

study was carried out elsewhere [7]. But there, the researchers
focused on metals removal and sulfate removal efficiency was not
mentioned.

This study was carried out to examine the possibility of appli-
cation of IASRS in the field. Experiments with two laboratory scale
IASRS models were performed for 80 days.

2. Structure of IASRS and experiment
2.1. Structure

Two IASRS models were operated, each consisting of four reac-
tive sections. Each section was 12cm (H) x 12cm (W) x 30cm (L).
Total volume of each model system was 17.281. The first three
sections were filled with gravel and spent mushroom compost
(SMC) and the last section was filled with limestone (Fig. 2). Lee
[6] suggested the suitable hydraulic retention time (HRT) for sul-
fate reduction in the SAPS 8-12 days so in this study HRT was set
to 10 days. Two observation holes were made to measure pH and
Oxidation Reduction Potential (ORP).

From the observation study in adit temperature at several mines
were from 12°C to 18°C. So in this study 15 °C was selected as an
in adit temperature. The model 1 was run at about 15°C and the
model 2 was run at 25°C. Water bath was used to maintain the
temperature (Fig. 3).

Water Bath

Low Temp. Circulator

Fig. 3. Photograph of laboratory scale IASRS model.

2.2. Materials used

SMC used in this study was from a mushroom farm in Buyeo-
gun, Chungcheong-namdo. And limestone was from Danyang
limestone mine in Danyang-gun Chungcheong-bukdo.

SMC and limestone were analyzed by XRF (X-ray fluorescence
spectrometer—Philips PW2400) at the Pusan branch of Korea Basic
Science Institute (KBSI) and EA (elemental analyzer—Flash EA 1112
series/CE Instruments) at the Seoul branch of KBSI. Table 1 shows
the chemical composition of the SMC and limestone used in this
study. Calculated purity with result of EA and XRF analysis of
limestone and SMC were 98.3wt.% for CaCO3 and 56.7 wt.% for
CH,0.

Synthetic AMD was made by mixing distilled water with waste
rock from the Samcheok coal mine. The properties of the syn-
thetic AMD were a found to be pH 2.78, total dissolved solid (TDS)
1500 mg/1, Fer 363.92 mg/1, AI3* 262.50 mg/l, SO42~ 2362.01 mg/l at
equilibrium. These properties were nearly same as Samcheok coal
mine leachate.

2.3. Analytical methods

The pH and ORP of effluent were measured once in every 2
days using a portable pH/ORP meter (HI 98150; Hanna, Italy),
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Fig. 2. Schematic sketch of laboratory scale IASRS model.
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Table 1
Chemical compositions of the spent mushroom compost and limestone used in the
experiment

Spent mushroom compost (Wt.%) Limestone (wt.%)

C 28.37+£0.05 10.43 +0.01
H 3.85+0.00 0.00+0.00
[0} 30.27 £0.03 27.88+0.00
N 2.33+0.00 0.01+0.00
S 0.08 +0.02 0.00+0.00
Si0; 16.75 1.46

A1203 1.26 n.d.

Fe;05 0.35 0.20

MnO 0.26 n.d.

Cao 4.21 55.81

MgO 0.76 n.d.

K;0 1.62 n.d.

Na,0 0.44 n.d.

P205 0.77 n.d.

TiO, n.d. n.d.

LOI 58.10 42.02

C,H, O,N, S: analyzed by elemental analyzer. Others: analyzed by X-ray fluorescence
spectrometer.

and the conductivity and TDS were measured using a conductiv-
ity/TDS meter (HI 9835; Hanna, Italy). Water samples collected
for cations determination were filtered through a 0.45mm cel-
lulose nitrate membrane filter using a hand pump, and were
immediately acidified to pH<2.0 by adding HNO3. Samples col-
lected for anion determinations were filtered but not acidified.
All water samples were stored in a refrigerator at 4°C. Analysis
for dissolved cations was performed using the ICP-AES (induc-
tively coupled plasma atomic emission spectrophotometer; Jobin
Yvon Co. 138 Ultrace) at the Seoul branch of KBSI. Anions were
determined using the ion chromatography (Dionex series 500DX)
at the Pusan branch of Korea Basic Science Institute. Chemical
oxygen demand (COD) was analyzed using the spectrophotome-
ter (HACH-DR 2010; Hach, Japan) after having the sampling
reacted with the COD analyzing reagent HS-COD-M (Humas,
Korea).

Environmental standard pH = 5.8
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Fig. 4. The variation of pH in the effluent of each IASRS model with time.

3. Results and discussions

Black precipitates in Sections 2 and 3, and strong odor of
H,S indicated that likely sulfate reducing reaction after 5 days
of observation in the model 2, and after 10 days in the model 1.
After 80 days of run, pH of both models converged to about 6.3
(Fig. 4). The maximum COD values of model 1 in the beginning
of the operation was 2940 mg/l at model 2. But COD values of
model 2 were about double of those of model 1 (Fig. 5). It indi-
cated that shallow underground temperature of about 15 °C might
also be appropriate for the reduction of dissolved organic carbon
(DOC).

Iron and aluminium removal ratios were over 90% in both mod-
els (Fig. 6(a) and (b)). Effluent manganese concentration increased
from 3.69 mg/l to 39.05 mg/l after 30-40 days but was decreased
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Fig. 5. The variation of (a) TDS and (b) COD in the effluent of each IASRS model with
time.
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Fig. 6. The variations of (a) iron, (b) aluminium, (c) manganese, (d) calcium and (e) magnesium concentrations in each IASRS model with time.

gradually about 13 mg/l (Fig. 6(c)), similar trends were reported
in studies concerning AMD with SAPS [8,9]. Dissolution of man-
ganese might have caused from SMC as proposed by Hedin et al.
[8] and Drury [10]. Calcium concentration derived from both of
limestone and SMC was increased at the beginning of operation
about 1600 mg/1 (Fig. 6(d)) but decrease later to about 350 mg/l.
Since Magnesium was not detected in the limestone used in this
study (Table 1) magnesium must have been derived from SMC
(Fig. 6(e)).

Sulfate concentration increased in the beginning of the opera-
tion in model 1 while that of in model 2 did not increase. Sulfate
addition by leaching from SMC might be similar in both models.
But more favorable temperature condition for SRB in model 2 may
lead to much higher activity of SRB than in model 1. Therefore
active sulfate reduction in model 2 might have decreased the sul-
fate concentration from the beginning of the experiment. Earlier
occurrence of black precipitates in model 2 was observed. So sul-
fate concentration was not decreased in model 1 at the start of the
experiment as compared to model 2. After about 60 days, sulfate
removal rate converged to about 23% in model 1, about 4% lower
than that of model 2 (Fig. 7).

The sulfate removal ratios of about 23% were higher than those
of currently implemented systems (under 10%). The sulfate removal
ratio might had been higher than 23% if pH of synthetic AMD used
in the study was higher than 2.8.

The absence of black precipitates at Section 1 and pH of about
4 at the first observation hole (Fig. 8), perhaps indicates that SRB
in Section 1 could not survive due to the very low pH of synthetic
AMD.

Postgate [11] suggested that for vigorous SRB activity presence
of sulfate, sufficient amount of low molecular weight carbonate
compounds, pH of higher than 4, and the absence of the oxidizer
such as O, Fe3*, Mn** are to be maintained. Elliott et al. [23], Kol-
mat and Johnson [24] reported the stoppage of SRB activity under
pH 3 are essential. Even though in some studies it was reported that
at pH around 3, SRB controlled the microenvironment very near to
bacterial cells and induce sulfate reduction [12-15], that may be
due to favorable factors such as high temperature (20-30°C) and
enough supply of easily decomposable carbon source like sodium
lactate, etc. Such a condition however, is very different from that of
the uncontrolled bulk aqueous environment. Also it is noticeable
that even though they mentioned the possible condition of pH
lower than 3, all of their experiments were carried out above pH
4. For example, Lyew et al. [13] showed that a down flow column
reactor inoculated with SRB and operated under continuous flow
condition could remove 90% of dissolved metals and 11% of sulfate
from AMD and could increase pH of the solution from 4.8 to above
5. However, when AMD of pH 3.5 was introduced into the reactor,
SRB activity ceased.

Also it was reported that for active growth of SRB an anaerobic
environment with a ORP lower than —100 mV was needed [11,16],
whereas the ORP in the first observation hole was +100 mV (Fig. 9).

HRT is an important factor for the bacterial sulfate reduction. In
the experiment if Section 1 were to function at low pH and high ORP,
the actual HRT would have been reduced to about 7 days, which
again could be insufficient for the sulfate reduction.

Another likely reason is believed to be the extremely high
sulfate concentration of synthetic AMD used in this study. Sulfate



S.\W.Ji, S.J. Kim / Journal of Hazardous Materials 160 (2008) 441-447 445

(a) 3600 213)
/@ b\q
P \ - -e-— Model1
3000 - P ) -~ E-- Model2
= v 4 o]
=) 4 ®
E i
8 24004 _ _ _ __ ___ q Q
o o)
= 3 e
S © G0
® L
S 1g00 g BogE330ag. 0009
& i 3gBy ass SENE
)
£
S 1200
Q
<
o
[&]
600 |
0 T T T
0 20 40 60 80
Time (Day)
(b)100
-~~~ Model1
804 ~— —2- - Model2
60 |
=
Q
40 -
£
S
7] ED:, a3 2= HBD_BEB’JEZ]
5 20 - PEES s B P 000009°
0 a eoooo@ ¥
-
© A o2
€ 08 ----- -—--d o
® &Y e
2 \ o9
~
£ -20+ N o
D ~
& & d
b3 !
-40 - N 5 o
a ©
od
-60 T T T
0 20 40 60 80
Time(Day)

Fig. 7. The variations of sulfate (a) concentrations and (b) removal ratios in each
IASRS model with time.

concentration was more than 2300mg/l which was equal to
2.46 mol/(m3 day). Even though removal efficiency of model 1 was
23%, it meant the system treated more than 560 mmol/(m3 day).
Eger and Wagner [17] reported that typical sulfate reduction in the
sulfate reducing reactor ranged from 200 to 600 mmol/(m3 day).
And Acid Drainage Technology Initiative (ADTI, WV, USA) also sug-
gested that the standard efficiency of passive treatment systems
is achieved between 100 and 300 mmol/(m3 day) [18]. Consid-
ering the above, sulfate removal efficiency of the model system
was high.

For the actual field application, activated SRB source could be
added for proper operation of the first reactive section. Mixing
of limestone chips and available organic matter decompose more
quickly than SMC, helping the activity of SRB in the beginning
of the operation. Other activating materials substitute for SMC
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Fig. 8. pH variations with time at each observation hole of the (a) model 1 and (b)
model 2.

for encourage the activity of SRB in the beginning of the opera-
tion are sewage sludge [4,19], paper mill sludge [19], and whey
from cheese factory [10], etc. Also, for the long-term operation
of the system, charging to organic matters less degradable than
SMC used in the reactive sections, which did not be installed the
observation hall, may be helpful. The possible organic matters as
substitute for SMC are compost of rice straw and cow manure
[20], sawdust [4], oak compost [21,22], oak chip [22], etc. The
proper mixing ratio of organic matters for the activity of SRB in
the beginning of the operation and for the long-term operation,
would have to be obtained. The optimum size of the treatment
system adjusted to meet the sulfate concentration of each AMD
is also needed. To control of HRT, suitable buffering sections could
be considered.
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4. Conclusions

This study was carried out to examine the possibility of applica-
tion of IASRS as an alternative method for the improvement of the
operating systems.

Experiments with two laboratory scale IASRS models were
performed for 80 days. The models 1 and 2 were run at 15°C
and 25°C, respectively. The model 1 contained about a half
of COD in the beginning of the operation than that of model
2. Metal removal ratios were higher than 90% in both sys-
tems. Both systems showed the sulfate removal ratios of 23%
and 27%, respectively, which were still considerably low, even
though higher than those of presently operating systems. How-
ever, since the synthetic AMD used was very low in pH (2.8) and

very high in sulfate concentration, if some suggested modifica-
tions were applied to the standard design, it is presumed that
the sulfate removal ratio would have increased. And the con-
struction of treatment system inside the mine adit has other
benefits such as reduction of the site area needed, little leakage
or plugging, and makes the system safe from undesirable climatic
change.
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