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ptimization of a new microbial
enhancement plug-flow ditch system for the
pretreatment of acid mine drainage: semi-pilot test

Yongwei Song, *a Heru Wang,a Jun Yang,a Lixiang Zhou,b Jingcheng Zhoua

and Yanxiao Caoa

Acid mine drainage (AMD) is typically characterized by low pH, a high concentration of sulfate and dissolved

heavy metals. Therefore, it is of practical significance to promote the transformation of soluble Fe and

SO4
2� into iron hydroxysulfate minerals by biomineralization of Acidithiobacillus ferrooxidans. This

enhances the lime neutralization efficiency of AMD by reducing the production of ferric hydroxide and

waste gypsum. In this study, a new microbial enhanced plug-flow ditch reaction system was developed

for the pretreatment of AMD on a semi-pilot scale. System stability under different hydraulic retention

times (HRTs) was examined and the effects of microbe enhancement-lime neutralization technology and

direct lime neutralization technology were compared. The bio-oxidation efficiency of Fe2+ (5 g L�1)

reached 100% in some parts of the system when HRT was 3 and 2 days, and the time taken to reach

steady state was 6 and 4 days, respectively. When the HRT was 1 day, the reaction system had operated

for 4 days before the equilibrium was lost. At the optimum HRT (2 days) and after the system was stable,

the average precipitation rate of total Fe was 53.62% and the average removal rate of As(III) was 17.27%.

Following microbial enhanced pretreatment, the amount of lime required and waste residues generated

for AMD neutralization decreased by 75.00% and 85.25%, respectively. This result supports the

application of microbial enhancement-lime neutralization passive treatment technology for AMD.
1. Introduction

Sulde minerals in spent ore and mine tailings will oxidize
when exposed to air and moisture during or aer the processes
of mining and beneciation. Therefore, acid mine drainage
(AMD) is typically characterized by high acidity (pH < 5.0).1

Because of the sulde minerals that contain heavy metals (Cr,
Cu, Cd, Ni, etc.) or metalloids (As, Hg, etc.) dissolved in acidic
solution, AMD typically contains elevated concentrations of Fe
(Fe2+ and Fe3+), SO4

2�, and toxic metals, posing a threat to the
environment and human health.2,3 AMD is typically treated
using active and passive methods.4 Active treatment methods
include lime neutralization, sulde precipitation, and
reduction-oxidation (redox), resulting in the precipitation of
toxic metals. Passive treatment methods use natural geochem-
ical and biochemical techniques to remove pollutants from
wastewater with minimum investment and maintenance costs.
Examples of active methods include aerobic/anaerobic
wetlands, anoxic limestone drains, and permeable reactive
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treatment zones (PRTZs).5 At present, lime neutralization is
widely adopted owing to its convenience and speed and it can
raise the pH level and remove Fe and SO4

2� from the AMD
system through the formation of Fe(OH)3, Fe(OH)2, and CaSO4.6

However, higher operating costs and the difficulty of dewatering
the waste residue are serious disadvantages of their applica-
tion.7–9 Therefore, developing an effective and feasible AMD
pretreatment method prior to lime neutralization has become
an increasingly urgent issue.

Solubility products show that Fe2+ can only be precipitated as
Fe(OH)2 under highly basic conditions, while Fe3+ can form
Fe(OH)3 at pH 3–4. Therefore, rapid conversion of Fe2+ into Fe3+

is essential for AMD pretreatment via the lime neutralization
method. However, abiotic oxidation of Fe2+ by aeration is very
slow at pH below 4.0.10 The abiotic oxidation efficiency of Fe2+

reaches 3% aer 72 h in modied 9 K liquid medium with an
initial pH of 2.5.11 Therefore, improving Fe2+ oxidation under
low pH is a signicant problem in AMD treatment. Acid-
ithiobacillus ferrooxidans (A. ferrooxidans), one of the most
common acidophilic Fe-oxidizing microorganisms, can effi-
ciently catalyze the conversion of Fe2+ into Fe3+ without the
excessive use of an AMD neutralizer and the generation of
a highly alkaline effluent.12 Song et al. found that 8.96 g L�1 of
Fe2+ could be completely bio-oxidized within 24 h when the
density of A. ferrooxidans exceeded 5 � 107 UFC mL�1 in 9 K
RSC Adv., 2018, 8, 1039–1046 | 1039
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liquid medium with an initial pH of 2.5–3.0.13 Further, the
process of Fe2+ oxidation by A. ferrooxidans in the acidic sulfate
environment is oen accompanied by the hydrolysis of Fe3+ that
generates iron oxyhydroxysulfate minerals, such as schwert-
mannite and jarosite.14 Eqn (1)–(3) present the schwertmannite
and jarosite formation:

4Fe2+ + O2 + 4H+ / 4Fe3+ + 2H2O (1)

8Fe3+ + 14H2O + SO4
2� /

Fe8O8(OH)6SO4 (schwertmannite) + 22H+ (2)

M+ + 3Fe3+ + 2SO4
2� + 6H2O /

MFe3(SO4)2(OH)6 (jarosite) + 6H+ (3)

M+ represents K+, NH4
+, and Na+.12

Schwertmannite and jarosite are commonly found in acidic,
Fe and SO4

2�-rich environments.15 Previous studies conrmed
that these minerals are ideal adsorbents with relatively strong
adsorption or co-precipitation effects on heavy metals.16–18 Liao
et al. observed that As(III) adsorption by schwertmannite was
enhanced with the increase in the solution pH from 3.0 to 9.0
and the maximum adsorption capacity was 113.9 mg g�1 at pH
7.5.19 Jarosite is also an efficient mineralogical control on
aqueous concentrations of As in As-contaminated water.20 In
addition, iron oxyhydroxysulfate minerals possess signicant
settling characteristics compared to Fe(OH)3.21 Therefore, AMD
pre-processing using A. ferrooxidans, followed by the treatment
of the effluent via the lime neutralization method has a signi-
cant potential in the treatment of AMD.

In recent years, many types of reactors operating under both
batch and continuous regimes have been studied to improve the
bio-oxidation rate of Fe2+.22,23 However, a continuously oper-
ating system will dilute and washout the Fe-oxidizing microor-
ganisms, restricting its commercial application. Therefore,
using immobilized cells would be a superior approach to
improve the rate of oxidation and achieve high cell concentra-
tions inside the reactor.24 Long et al. investigated the kinetics
of continuous Fe2+ oxidation by PVA-cryogel-immobilized
A. ferrooxidans in a 365 mL packed-bed bioreactor. A
maximum Fe2+ oxidation rate of 1.89 g L�1 h�1 was achieved
when the dilution rate was greater than 0.38 h�1.25 The feasi-
bility of jarosite as a support for A. ferrooxidans immobilization
was also investigated in the present work.26 Wang et al. reported
that jarosite as a microbial carrier can maintain a high
concentration of A. ferrooxidans cells to improve Fe2+ oxidation
and promote the precipitation of Fe3+ by simultaneously acting
as a jarosite seed.27 The presence of seed materials can provide
a solid surface, favors the jarosite surface creation, and
promotes the rate of jarosite precipitation.28,29 Thus, the newly-
formed jarosite can be retained or recycled to the reactor system
as a new biomass carrier and a seed crystal to strengthen the
process, forming a self-reinforcing positive feedback loop,
whereas the excess can easily be removed, owing to its favorable
settling properties. The rapid oxidation of Fe2+ and precipita-
tion (iron oxyhydroxysulfate mineral formation) of Fe3+ by
A. ferrooxidans can play multiple roles in improving the AMD
1040 | RSC Adv., 2018, 8, 1039–1046
treatment. The optimum amount of lime for Fe2+ oxidation and
total Fe precipitation for iron oxyhydroxysulfate mineral
formation during Fe2+ oxidation in AMD systems in the pres-
ence of A. ferrooxidans have been investigated under laboratory
conditions.11 However, a semi-pilot study of AMD bio-
augmentation pretreatment prior to lime neutralization in
a continuously operating system has not been reported to date.

Mining activities typically take place in mountainous or hilly
areas. The use of conventional sewage treatment techniques in
these areas will inevitably incur high construction, operation, and
management costs, as well as disrupt the original topography and
ecological balance. AMD usually ows from the upper reaches of
a mine to the downstream along a longer ditch. The plug-ow
characteristics of in situ mining wastewater ditches could be
integrated with microbial enhancement. Given that A. ferroox-
idans is an aerobic bacterium, the continuous supply of O2 is
essential for the biosynthesis of iron oxyhydroxysulfate
minerals.30 In a plug-ow system, O2 required by A. ferrooxidans
can be obtained through the drop aeration of AMD in the ditch.
Such conditions are conducive to Fe2+ bio-oxidation and Fe3+

hydrolysis in AMD systems in the presence of A. ferrooxidans.
Hydraulic residence time (HRT, determined by ow velocity) plays
an important role in the overall activity of microorganisms. A very
short HRT may not allow adequate time for bacterial activity in
Fe2+ bio-oxidation and Fe3+ hydrolysis or may result in biomass
being washed out of the system.31 On the contrary, a very long
HRT may reduce the processing capacity and result in high costs.

In the present work, a microbial (A. ferrooxidans) enhanced
plug-ow ditch system was designed. The main purpose of this
study was to evaluate the operational stability of the system
under different HRTs and investigate the Fe2+ bio-oxidation
efficiency, total Fe precipitation rate, dissolved O2 concentra-
tion, and removal efficiencies of As(III) in AMD. Furthermore, we
compared the microbial enhancement-lime neutralization
method with the original lime neutralization method to provide
evidence to support the application of the new microbial
enhancement-lime neutralization passive technique for AMD
treatment. The outcomes of this study will provide the critical
parameters for the engineering treatment of AMD.
2. Materials and methods
2.1. Preparation of synthetic AMD

Synthetic AMD, containing different concentrations of
elements, was prepared as follows: As2O3 was used to prepare
100 mg L�1 stock solutions of As(III). Then, the stock solutions
of FeSO4$7H2O and As(III) were added into a 1/5� modied 9 K
broth medium to obtain 5 g L�1 Fe2+ and 1 mg L�1 As(III),
respectively. Finally, the pH of these nal solutions was
adjusted to 2.50 using 1 mol L�1 H2SO4.
2.2. Preparation of A. ferrooxidans cell suspensions

A. ferrooxidans LX5 (CGMCC no. 0727), obtained from the China
General Microbiological Culture Collection Center (CGMCC),
was grown in a 9 K medium containing the following analytical
grade salts: 3.00 g (NH4)2SO4, 0.10 g KCl, 0.50 g K2HPO4, 0.50 g
This journal is © The Royal Society of Chemistry 2018
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MgSO4$7H2O, 0.01 g Ca(NO3)2, and 44.48 g FeSO4$7H2O in 1 L
deionized water. The pH value was adjusted to 2.50 using
H2SO4. The FeSO4 solution was ltered, sterilized, and subse-
quently added to the remaining autoclaved (121 �C for 15 min)
medium components. Cultures of A. ferrooxidans were incu-
bated in 500 mL Erlenmeyer asks, each containing 225 mL of
9 K medium and 10% (v/v) inoculum at 28 �C, placed on a rotary
shaker at 180 rpm. The cells were harvested during the late
logarithmic growth phase (72 h aer inoculation). The cultures
were initially ltered (Whatman no. 4 lter paper) to remove the
precipitate. Subsequently, the ltrates were centrifuged at
10 000� g for 10 min at 4 �C to precipitate the bacterial cells and
the supernatant was discarded. Aer twofold washing with
a dilute H2SO4 solution (pH 1.50), the cells were resuspended in
a dilute H2SO4 solution (pH 2.50). The A. ferrooxidans cell
numbers were determined as �2 � 109 UFC mL�1 by the
double-layer plate method.32

2.3. Construction of the microbial enhanced plug-ow ditch
system

The new plug-ow ditch system was composed of an 800 mm �
570 mm � 505 mm (length � width � height) transit box,
consisting of six vertical ditches (zones 1–6) separated by PVC
baffles. Three bubble aeration heads were installed at the
bottom of each ditch to simulate the oxygenation process of
drop aeration in a natural ditch environment. One 10 mm �
10mm diversion hole was xed at the bottom of each PVC baffle
between two ditches, while a 400 mm high effluent outlet was
xed at the end of zone 6. Hence, the effective volume of the
ditch system was approximately 180 L. The plug-ow direction
of the AMD is shown in Fig. 1.

2.4. Microbial enhanced plug-ow assay of AMD

The concentrated dormant cells of A. ferrooxidans were diluted
and evenly mixed by stirring them with deionized water to
Fig. 1 Configuration sketch map of AMD flow in the plug-flow ditch
system.

This journal is © The Royal Society of Chemistry 2018
achieve a cell density of �5 � 107 UFC mL�1. The resulting
180 L solution containing diluted bacteria was evenly distrib-
uted between the zones of the ditch system. The concentration
of dissolved O2 in each zone of the system was adjusted to
8 mg L�1 using an oxygenation and aeration device.

The synthetic AMDwas pumped continually at a ow velocity
of 2.5 L h�1 into zone 1, aer which it was transferred to zones 2,
3, 4, 5, and 6, prior to being discharged via the outlet. At that
time, the HRT of the AMD was 3 days. The system was operated
continually in this pattern for 10 days. Samples were collected
daily from each zone to measure pH, Fe2+, and O2 concentra-
tions to assess the continuous stability of the plug-ow system.
Moreover, residual concentrations of total Fe and As3+ in the
effluent from zone 6 were measured to calculate their respective
removal rates. The abovementioned steps were repeated with
HRTs of 2 days and 1 day to observe the operational stability of
the plug-ow ditch system with varying HRTs and to examine
the actual effectiveness of the microbial enhancement-lime
neutralization passive technique for AMD treatment. Given
that the abiotic oxidation of Fe2+ is hardly initiated below pH
4.0, a control group without the inoculation of A. ferrooxidans
was not designed in this study. All experiments were performed
in triplicate.
2.5. Analytical procedures

The solution pH was measured using a digital pH meter with
a resolution of 0.01 pH unit (pHS-3C, Shanghai INESA Scientic
Instrument Co., Ltd). The dissolved O2 concentrations were
measured using a Thermo DO analyzer with a resolution of
0.01 mg L�1 (ECDO270042). Fe2+ and total Fe concentrations
were determined using the 1,10-phenanthroline method.33 The
mineral phase and the morphology of the precipitate were
determined by X-ray diffraction (XRD, Bruker D8A25) using
CuKa radiation (40 kV, 40 mA) and eld emission scanning
electron microscopy (SU8010, Hitachi High-Technologies
Corporation, Tokyo, Japan).34 The chemical analysis of As
species was performed using X-ray photoelectron spectroscopy
(XPS, VG-Multilab 2000). The XPS spectra were obtained with
a monochromated Al-Ka X-ray source, with an analyzer pass
energy of 25 eV and a step size of 0.05 eV.35 Total As concen-
trations in the solution was analyzed through atomic uores-
cence spectroscopy (AFS-9730, Beijing Haiguang Instrument
Co., Ltd) with a detection limit of 0.01 mg L�1.36 Experimental
data were analyzed using SAS 9.2 soware. The data shown in
the gures are presented as the mean values with standard
deviations to show their reproducibility and reliability.
3. Results and discussion
3.1. Variations in pH with HRT in the plug-ow ditch system

Fig. 2 shows the changes in pH with time in each zone of the
microbial enhanced plug-ow ditch system under different
HRTs. With an adequate supply of nutrients (e.g., N, P, K),
A. ferrooxidans utilizes Fe2+ in AMD as an energy source for its
metabolism. This reaction is accompanied by the hydrolysis of
Fe3+ into iron oxyhydroxysulfate minerals.12–14
RSC Adv., 2018, 8, 1039–1046 | 1041
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Fig. 2 Variations in pH with HRT during the treatment of AMD in the
plug-flow ditch system (initial pH was 2.50).

Fig. 3 Variations in Fe2+ concentrations with HRT during the treat-
ment of AMD in the plug-flow ditch system (initial Fe2+ concentration
was 5 g L�1).
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Eqn (1)–(3) clearly show that the oxidation of Fe2+, mediated
by A. ferrooxidans to form minerals, involves a two-step acid
effect process. The rst step is the acid-depleting bio-oxidation
of Fe2+, while the second step is the acid-producing hydrolysis
of Fe3+ to form minerals. Hence, the status and stability of the
system under different HRTs can be determined via pH changes
in each zone. When the HRT was 3 days, the pH of zone 1
increased from 2.50 to 2.88 and remained relatively stable aer
the system had been in operation for 2 days; the pH of zones 2
and 3 increased at the beginning and then decreased gradually
over time; the pH of zones 4–6 decreased gradually with the
prolongation of microbial enhancement and stabilized on the
sixth day at values 2.10, 2.00, and 1.95, respectively. eqn (1) and
(2) show that bio-oxidation of Fe2+ is the dominant (acid-
depleting) process in zone 1, while in zones 2–6, Fe3+ was
continually hydrolyzed to form minerals (acid-producing) with
continuous hydraulic action. There were differences in the
degree of pH changes in zone 2 between HRTs of 2 and 3 days.
When the system HRT was shortened from 3 to 2 days, the main
region where A. ferrooxidans oxidation of Fe2+ took place also
changed, meaning that the pH in zone 2 was higher than that in
zone 1. On the other hand, the plug-ow ditch system was only
operated for four days and the pH of each zone began to grad-
ually return to the initial value at the HRT of 1 day. Previous
research showed that A. ferrooxidans can be covered with or
absorbed by iron oxyhydroxysulfate minerals during the bio-
synthesis of iron oxyhydroxysulfate minerals by A. ferroox-
idans, which can prevent the washout of A. ferrooxidans cells in
a continuously operating system.26,27 However, Song et al. re-
ported that the total Fe precipitation efficiency (iron oxy-
hydroxysulfate mineral formation) was only �9% at 24 h when
the density of A. ferrooxidans exceeded 5 � 107 UFC mL�1 in the
9 K liquid medium with the initial pH of 2.50.13 The results
(HRT ¼ 1 d) indirectly reect the gradual decline in the cell
density of A. ferrooxidans suspended in the system as a result of
the continuous discharge of the effluent that eventually led to
the collapse of the system. To conrm this discovery, the density
of A. ferrooxidans in the liquid phase of zone 6 was determined
aer the plug-ow ditch system was in operation for ten days
when HRT was one day. The cell number of A. ferrooxidans
signicantly (P < 0.05) decreased from the initial value of 5 �
107 UFC mL�1 to 3 � 103 UFC mL�1 in the liquid phase.
1042 | RSC Adv., 2018, 8, 1039–1046
3.2. Variations in Fe2+ and O2 concentrations with HRT in
the plug-ow ditch system

The oxidation of Fe2+ to Fe3+ is required prior to lime neutrali-
zation because Fe3+ could precipitate at a much lower pH than
Fe2+.27 Therefore, improving the efficiency of Fe2+ oxidation is
a key regulatory step in AMD treatment. When HRT was 3 days,
Fe2+ concentrations in zones 1–3 gradually increased under
continuous AMD inux and stabilized on the sixth day at 4.61,
3.45, and 1.01 g L�1 (equivalent to Fe2+ oxidation rates of 7.80%,
31.0% and 79.8%), respectively (Fig. 3). The results showed that
A. ferrooxidans began to exploit the energy source in zone 1
with increasing utilization levels as the inuent owed in
continually and 5 g L�1 of Fe2+ in AMD was completely oxidized
by A. ferrooxidans when the inuent reached zone 4. When HRT
was 2 days, the utilization rate of Fe2+ by A. ferrooxidans in the
same zone was lower than that under an HRT of 3 days.
However, the Fe2+ concentration in each zone showed an
increasing trend as HRT was shortened to 1 day, which was
consistent with the change in pH, indicating that A. ferrooxidans
had an extremely low Fe2+ utilization rate. Thus, the entire
system rapidly became imbalanced.

The trends in pH and Fe2+ concentrations show that the
system can be easily stabilized under a longer HRT. In practical
applications, a shorter HRT is generally expected to achieve
a higher treatment capacity. However, the metabolism, growth,
and reproductive activity of A. ferrooxidans are the key factors
that affect the operational stability of the system and accelerate
the oxidation of Fe2+ to formminerals, limiting the possibility of
continually shortening the HRT. The system will be irreversibly
disrupted and become imbalanced because of the greater
hydraulic load if HRT drops below its lowest critical value.37

Given that Fe2+ in the effluent of the system could be completely
oxidized when the HRT was 2 days, the recommended optimum
HRT for the plug-ow ditch system was 2 days.

A. ferrooxidans is an obligate aerobe that requires an
adequate supply of O2 for growth. O2 serves as the only electron
acceptor for oxidizing Fe2+.38,39 When the HRT was 3 and 2 days,
O2 concentrations in zones 1–6 initially decreased and then
increased (Fig. 4). Moreover, zones 3 and 4 had the lowest O2

concentrations (2.95 mg L�1 and 3.34 mg L�1, respectively). The
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Variations in O2 concentrations with HRT when the plug-flow
ditch system is stable (initial O2 concentration was 8 mg L�1).
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bio-oxidation rate of Fe2+ affected the changes in O2 concen-
trations in the plug-ow ditch system (Fig. 3). When the system
was stable, the oxidation rates of Fe2+ in zones 1–6 were 7.80,
31.0, 79.8, 100, 100, and 100% (the net oxidation rates of Fe2+

were 7.80, 23.2, 48.8, 20.2, 0, and 0%) and the corresponding O2

concentrations were 5.58, 4.86, 2.95, 4.76, 7.08, and
7.46 mg L�1, respectively, at the HRT of 3 days. Aer Fe2+ was
completely oxidized, the O2 concentration in the solution
increased rapidly and almost returned to the initial value.
Statistical analysis of the results revealed that all the treatment
groups signicantly (P < 0.05). Therefore, the status of Fe2+ bio-
oxidation by A. ferrooxidans can be evaluated using the O2

concentration in each zone of the system. However, because of
the decrease in the A. ferrooxidans density at the HRT of 1 day
due to the imbalanced system, A. ferrooxidans had a relatively
weak capacity for Fe2+ oxidation. Hence, the O2 concentration in
each zone was basically maintained at the initial aeration level.
Many investigations indicated that O2 supply was only essential
in the period of Fe2+ oxidation but was not required during the
Fe3+ precipitation reaction.40,41 This study suggests that O2

supply has an important function in the bio-oxidation of Fe2+;
however, its function in the formation of iron oxyhydroxysulfate
minerals can be neglected because the energy released from the
oxidation of Fe2+ can be used for the subsequent hydrolysis
reaction of Fe3+.42,43 This advantage would considerably reduce
the cost of the biosynthesis of iron oxyhydroxysulfate minerals
because the aeration operation can be eliminated in the Fe3+

hydrolysis process.
Fig. 5 Variations in total Fe precipitation rate with HRTwhen the plug-
flow ditch system is stable (initial total Fe concentration was 5 g L�1).
3.3. Variations in the removal rate of total Fe and heavy
metals with HRT when the plug-ow ditch system is stable

During Fe2+ oxidation process by A. ferrooxidans, iron oxy-
hydroxysulfate minerals are generated because of the facilita-
tion of subsequent Fe3+ hydrolysis.12–14 Fe removed from AMD
by the formation of iron oxyhydroxysulfate minerals have
certain advantages over Fe(OH)3 because these minerals have
This journal is © The Royal Society of Chemistry 2018
signicant settling characteristics that aid the dewaterability of
neutralized precipitates aer AMD treatment by lime neutrali-
zation.21 Fig. 5 shows that total Fe precipitation rates in the
simulated AMD exceeded 60% in zones 1–6 of the system when
HRT was 3 days. The total Fe precipitation rate in the effluent
from zone 6 decreased aer the HRT was shortened to 2 days,
even though Fe2+ had been completely oxidized by A. ferroox-
idans in zone 5 (Fig. 3). However, more than 50% of Fe in the
liquid phase still entered the solid phase, indicating that the
capacity of Fe3+ hydrolysis to form minerals was basically
unaffected. Conversely, the system was disrupted by hydraulic
load and became imbalanced aer shortening the HRT to 1 day,
impeding Fe2+ oxidation by A. ferrooxidans and Fe3+ hydrolysis
to form minerals. The results were consistent with those in
previous reports that suggested that the Fe2+ oxidation rate, to
a great extent, had a dominant function in the formation of iron
oxyhydroxysulfate minerals.44–46

Previous studies conrmed that iron oxyhydroxysulfate
minerals are ideal adsorbents with relatively strong adsorption
or co-precipitation effects on heavy metals.16–18 The mechanism
of As(III) adsorption on iron oxyhydroxysulfate minerals involves
either ligand exchange between As(III) species and a hydroxyl
group and sulfate or the formation of As(III)–Fe(III)–SO4

2�

precipitates on the mineral surface.19 Owing to the inuence of
HRT on the total Fe precipitation rate in the synthetic AMD,
a longer system HRT was more conducive to improving the
removal rates of As(III) from AMD (Fig. 6). For HRTs of 3 and 2
days, the average removal rates of As(III) from the effluent in
zone 6 were 21.58% and 17.27%, respectively. The system
showed a signicantly lower removal rate of As(III), mainly
because of the relatively higher effluent acidity (pH < 2.0).
Duquesne et al. noted that at such acidity, As(III) mainly exists in
the form of electronically neutral H3AsO3 that rarely replaces
HSO4

� and SO4
2� groups in iron oxyhydroxysulfate minerals.47

XPS analysis revealed that As(III) in a solution adsorbed by
minerals was in the form of As2O3 (Fig. 7) because the drying of
iron oxyhydroxysulfate minerals caused the loss of crystalline
water in H3AsO3 and resulted in the formation of As2O3.
RSC Adv., 2018, 8, 1039–1046 | 1043
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Fig. 6 Variations in the removal rate of As(III) with HRT when the plug-
flow ditch system is stable (initial As(III) concentration was 1 mg L�1).
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3.4. The structural characteristics of iron oxyhydroxysulfate
minerals collected from the plug-ow ditch system under an
HRT of 2 days

The X-ray diffractogram (XRD) pattern and scanning electron
microscopy (SEM) image of iron oxyhydroxysulfate minerals
harvested from zone 6 aer the system ceased operation when
Fig. 7 XPS spectra of iron oxyhydroxysulfate minerals collected from zo

Fig. 8 XRD pattern and SEM image of iron oxyhydroxysulfate minerals c

1044 | RSC Adv., 2018, 8, 1039–1046
the HRT was 2 days are shown in Fig. 8. Based on the
comparisons with the Joint Committee on Power Diffraction
Standards data les cards no. 22-0827 and no. 47-1775, the
minerals are composed of schwertmannite and K-jarosite.48

Although the synthetic AMD contained NH4
+ and Na+, there was

no detectable diffraction peak of NH4-jarosite or Na-jarosite.
Studies by Gramp et al. and Bai et al. suggested that this is
mainly caused by the differences in the ability of monovalent
cations to form jarosite-like minerals in the following order: K+

> NH4
+ > Na+.49,50 The SEM micrograph shows that the resulting

minerals mainly consist of 0.5–2.0 mm spherical particles with
sparse aggregation structures in the interparticle space. Addi-
tionally, there was a minute amount of irregular ne particulate
minerals attached to the surface of the spherical particles and
the gaps between them.

3.5. Neutralization effect of the system on the effluent under
an HRT of 2 days

Previous studies reported that Fe(OH)3, Fe(OH)2, and CaSO4 are
the main precipitates formed when lime is added into the Fe
and SO4

2�-rich acidic environment.6 Fig. 9 shows that 2 g L�1

lime is sufficient to completely remove the remaining 2.2 g L�1

Fe3+ from the effluent and the pH of the effluent signicantly (P
< 0.01) increases from 1.87 to 4.82. An increase in the amount of
lime added (from 2 to 3 g L�1) could nearly neutralize the
effluent (pH ¼ 6.35), producing 5.23 g L�1 precipitate due to
ne 6 of the plug-flow ditch system (HRT ¼ 2 d).

ollected from zone 6 of the plug-flow ditch system (HRT ¼ 2 d).

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Comparison of the neutralization efficiency between influent and effluent after simulated AMD treatment (HRT ¼ 2 d).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 2
/1

3/
20

26
 4

:0
8:

26
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
neutralization. The direct neutralization of the inuent
required up to 12 g L�1 of lime to precipitate 5 g L�1 of Fe2+,
generating an effluent with a pH value of up to 10.54 and
a precipitate of up to 35.45 g L�1. The pre-processing of
synthetic AMD with the microbial enhanced plug-ow ditch
system reduced the consumption of lime for neutralization and
the amount of waste residues formed by 75.00% and 85.25%
compared to that of the inuent, respectively. In summary, the
microbial enhancement-lime neutralization passive treatment
technique can greatly reduce the Fe level in AMD, reduce the
consumption of lime, and improve the neutralization efficiency.
Further, the iron oxyhydroxysulfate minerals can be used to
partially remove the toxic elements, thereby reducing pollution
and harmful effects of AMD on the environment.
4. Conclusions

The oxidation of Fe2+ facilitated by A. ferrooxidans prior to lime
neutralization has a signicant potential for the treatment of
AMD. A simulated AMD was subjected to the microbial
enhanced pretreatment in a plug-ow ditch system with an
effective volume of 180 L.

(1) HRT had a strong inuence on microbial activity during
the treatment of AMD. For HRTs of 3 and 2 days, the system
required 6 and 4 days, respectively, to stabilize. When HRT was
1 day, the system began to become imbalanced aer 4 days of
operation.

(2) For HRTs of 3 and 2 days, the average total Fe precipita-
tion rates of the stabilized system were 63.18% and 53.62%,
respectively. The average removal rates of As(III) were 21.58%
and 17.27%, respectively. The precipitate was a mixture of
schwertmannite and K-jarosite, and As(III) in solution adsorbed
by minerals was in the form of As2O3. Considering the treat-
ment capacity and the effects together, the selected optimum
HRT for the plug-ow ditch system of the AMD is 2 days.

(3) At HRT of 2 days, aer the pre-processing of synthetic
AMD with the microbial enhanced plug-ow ditch system, the
consumption of lime for neutralization and the amount of
waste residues reduced by 75.00% and 85.25%, respectively,
This journal is © The Royal Society of Chemistry 2018
compared to those of the inuent. The outcomes of this study
support the promotion and engineering applications of micro-
bial enhancement-lime neutralization passive treatment tech-
nology for AMD. Future studies will focus on the selection of
microbial immobilization carriers, the sedimentation and
dewatering performance of neutralizing products, and the
economic cost analysis of this technology.
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