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Abstract

Mine drainage containing manganese (Mn) and zinc (Zn) poses a major environmental
challenge. In Japan, Mn-rich mine drainage frequently exceeds the discharge standards of
10 mg/L for Mn and 2 mg/L for Zn. This study evaluated laboratory-scale continuous-flow
constructed wetlands (CWs) for the treatment of both synthetic and actual mine drainage
without addition of external organic carbon. The actual mine drainage was collected from
an anonymous former Cu-Pb-Zn mine in Japan. Two limestone-filled CWs (2 L), one
planted with Phragmites australis and the other unplanted, were operated at hydraulic
retention times of 1-2 d. The influent mine drainage contained approximately 66 mg/L
Mn and 10-15 mg/L Zn together with Fe, Cu, Cd, and Pb. During 170 days of continuous
operation, the planted CW consistently achieved lower effluent Mn and Zn concentrations
than the unplanted CW under both synthetic and actual mine drainage conditions. Efflu-
ent Mn concentrations in the planted CW ranged from 5.5 to 20.0 mg/L, compared with
46.1-54.2 mg/L in the unplanted CW. Likewise, effluent Zn concentrations ranged from
0.21 to 3.0 mg/L in the planted CW and from 2.4 to 10.1 mg/L in the unplanted CW.
The superior performance of the planted CW was associated with enhanced limestone
dissolution, elevated pH, and favorable rhizosphere conditions that likely promoted bio-
logically mediated Mn(II) oxidation and the formation of Mn oxides, while Mn carbonate
precipitation may also have contributed to Mn removal. These findings demonstrate that
limestone-based planted CWs can effectively treat Mn-rich mine drainage without addition
of external organic carbon and highlight their potential as sustainable, low-energy passive
treatment systems for the long-term management of abandoned mine drainage.

Keywords: constructed wetland; mine drainage; manganese oxidation; limestone; rhizosphere;
passive treatment

1. Introduction

The mining industry generates large volumes of wastewater containing elevated
concentrations of dissolved metals. In Japan, mine drainage can be broadly classified into
several categories based on its chemical composition, one of which is characterized by
elevated manganese (Mn) concentrations [1,2]. Typical Mn-rich mine drainage in Japan is
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acidic (pH 3.5-6.5) and contains elevated levels of not only Mn but also zinc (Zn), often
exceeding the Japanese discharge standards (10 mg/L for Mn and 2 mg/L for Zn) by
3-7 and 1.5-6 times, respectively [2]. Elevated Mn and coexisting Zn concentrations pose
potential risks to aquatic ecosystems and water quality; therefore, the development of
effective and low-cost treatment technologies remains a critical challenge.

Physicochemical methods such as neutralization, coagulation, and filtration have been
widely applied for mine drainage treatment; however, these approaches require high capital
and operational costs [3]. Mn removal typically involves the oxidation of Mn(Il), followed
by precipitation as Mn oxides such as MnO, or MnOOH. However, direct oxidation by
dissolved oxygen (DO) is extremely slow under circumneutral pH conditions and becomes
appreciable only above pH 8.5. In contrast, Mn-oxidizing bacteria (MnOB) can rapidly
oxidize Mn(II) within a pH range of 6.5-8.5 [4-6]. During biological oxidation, Mn(II) is
converted to Mn(IIl, IV) and subsequently forms biogenic Mn oxides, which can adsorb
Mn(II) and coexisting metals [7]. Compared with physicochemical methods, biological
processes offer advantages such as reduced chemical input and lower operational costs.
However, MnOB are typically heterotrophic, and their activity in mine drainage is often
limited by low organic carbon availability.

Constructed wetlands (CWs) have attracted increasing attention as a low-cost and
environmentally sustainable approach for acid mine drainage treatment [8]. CWs remove
metals through the combined actions of substrates, microorganisms, and vegetation. Al-
kaline substrates increase the pH and promote metal removal through adsorption and
precipitation of metal hydroxides and oxides, including Zn(OH),, Fe(OH)3z, and Mn oxides.
In addition, plants enhance microbial activity by supplying oxygen and releasing organic
compounds into the rhizosphere, which can serve as carbon sources for MnOB. These
processes also modify environmental conditions such as the pH and oxidation-reduction
potential (ORP), thereby facilitating Mn oxidation and metal removal. Conventional CWs
rely mainly on biological processes, including microbial activity and plant-associated pro-
cesses, together with physical filtration and adsorption. When alkaline substrates such as
limestone are incorporated, however, chemical processes such as neutralization, precipi-
tation, and surface sorption also become important. Therefore, limestone-based CWs can
be regarded as biochemical treatment systems in which biological and chemical processes
act concurrently.

Several studies have demonstrated the applicability of CWs for treating Mn-containing
wastewater (Table 1). For example, a pilot-scale surface-flow CW in the USA using soil and
compost substrates reduced Mn concentrations in coal combustion leachate containing up
to 3.3 mg/L Mn to 0.0005-0.44 mg/L [9]. A pilot-scale CW and prototype bioreactors in the
UK treated mine drainage containing 10-40 mg/L Mn, achieving Mn concentrations below
1 mg/L only when circumneutral pH conditions were successfully maintained [10]. A
full-scale CW in the UK achieved 76.8% Mn removal from mine drainage containing
2 mg/L Mn and 45 mg/L Fe [11]. In China, a pilot-scale CW using gravel and Mn
ore as substrates was applied to steel wastewater containing 0.11-2.23 mg/L Mn and
0.16-2.24 mg/L Fe, reducing both metals to <0.05 mg/L at a hydraulic retention time (HRT)
of 2-5 days [12]. A bench-scale hydroponic CW treating synthetic wastewater containing
1.0 mg/L Mn reduced Mn concentrations to <0.1 mg/L, although Mn re-release was ob-
served after 7 days [13]. A lab-scale Mn polishing CW treating synthetic mine drainage
and domestic sewage reduced Mn concentrations from 4.8 mg/L to 0.12 £ 0.11 mg/L
at an HRT of 4 d under neutral to alkaline conditions using limestone-based substrates
and aquatic plants [14]. More recently, a full-scale CW in France treating mine drainage
containing 3.6 = 0.5 mg/L Mn achieved Mn removal efficiencies of 43-92% [15]. However,
most previous studies have focused on relatively low Mn concentrations, and the treat-
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ment of high-strength Mn-rich mine drainage without external carbon addition remains
insufficiently investigated.

Table 1. Constructed wetlands (CWs) for removing Mn from wastewater.

Wastewater CW Configuration Effluent References
Coal combustion leachate in A pilot-scale surface flow CW; Mn 0.0005-0.44 mg/L,
USA Mn <3.3mg/L, compost + soil; Typha, Scirpus, Fe 0.002-0.49 mg/L, [9]
Fe <47mg/L, pH 6.2-7.7) Carex; HRT 20 h; 0-30 °C pH6.2-7.7
Pretreated mine drainage in ~ Pilot-scale rock f11ter§ following Mn <1 mg/L (pH 7.0),
UK (Mn 10-40 mg/L, pretreatment; granite; algae; unchanged (pH < 5.0) [10]
pH 5.0-7.0) HRT 21 h; 5-13 °C sed Pt <>
Alkaline mine waters in UK Full-scale lagoon + surface-flow
(Mn2mg/L, Fe 45 mg/L, CWs; natural sediments; Mn <19e.4<rr11grr/1 L’/EH 78, [11]
sulfate 3000 mg/L, pH ~ 7) Typha, Phragmites &
Steel wastewater in China Lab-scale vertical flow CWs; Mn < 0.05 me /L
(Mn 0.11-2.23 mg/L, Mn ore or gravel; Phragmites; Fe < 0.05 m ./L %—I 7,5—8 5
Fe 0.16-2.24 mg/L, pH 6.5-7.2) HRT 2-5d O mME/ L, P70 1]
A pilot-scale subsurface
(Mn <223 mg/L) horizontal flow CW; gravel Mn rerrltgssl 8410 /mgl/_ILé §i7 5
ore; Phragmites; HRT 1.5-3 d o P 6077
Synthetic wastewater in Sri Bench-scale hydroponic CWs; Mn <0.1 mg/L (re-release
. after 7 d); 0.2-0.4 mg/L
Lanka (Mn 1.0 mg/L, water hyacinth; 3-week cycle . . [13]
H 6.2-7.1) batch: 222 °C (nutrient deficient),
P o-E7 ' pH7.3-7.8
Synthetl(? mine dra%nage.and Lab-scale pohshlng CW after Mn 0.12 + 0.11 mg/L,
domestic sewage in China anaerobic pretreatment; Fe < 0.1 me/L [14]
(Mn 4.8 mg/L, Fe <1mg/L, limestone, cobblestone; Salvinia, Zn<01m ./L gH 7’ 8-8.6
pH 7.4-8.0) Alternanthera; HRT 4 d Mg/ L, p /670,
Mine wastewater in France Full-scale surface-flow CWs;
Mn 3.6 mg/L, Fe28.4mg/L,  natural sediments; Phragmites Mn removal 43-92% [15]
pH 6.5) 11-28 °C
Synthetic and actual mine Lab-scale horizontal
yn . subsurface-flow CWs; limestone; Mn 5.5-20.0 mg/L,
drainage in Japan (Mn 66 o . .
Phragmites; HRT 1-2 d; Zn 0.2-3.0 mg/L, This study
mg/L, Zn 10-15 mg/L, reenhouse temperature H7.0-79
pH 5.0-6.5) & P P78

15-30 °C

In this study, a continuous-flow CW system using limestone as a substrate was de-
veloped to treat mine drainage containing approximately 66 mg/L Mn and 12 mg/L Zn,
representing high-strength Mn-rich mine drainage in Japan. Two parallel systems were
operated: a planted system with reeds and an unplanted system, to evaluate the effect of
vegetation. Both synthetic mine drainage and actual mine drainage collected from a mine
in Japan were treated under HRTs of 1 and 2 d and seasonal conditions. The objectives of
this study were (i) to assess the applicability and robustness of limestone-based CWs for
treating Mn- and Zn-rich mine drainage using both actual and synthetic mine drainage,
(ii) to evaluate the effect of plant presence on Mn and Zn removal in CWs, and (iii) to
investigate the influence of temperature and HRT on treatment performance.
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2. Materials and Methods
2.1. Actual and Synthetic Mine Drainage

Actual mine drainage was collected from an anonymous former Cu-Pb-Zn mine
located in the Tohoku region of Japan in 2023. The actual mine drainage exhibited a near-
neutral pH of approximately 6.5. Its metal concentrations were Mn, 63.5 & 2.8 mg/L; Zn,
9.3 £22mg/L; Fe, 2.0 = 1.6 mg/L; Pb, 0.18 & 0.07 mg/L; Cu, 0.02-0.03 mg/L; and Cd,
0.014 £ 0.005 mg/L.

Because the amount of actual mine drainage available for the long-term experiment
was limited, synthetic mine drainage was used to provide a controlled and reproducible
influent composition, enabling systematic evaluation of the effects of HRT, seasonal con-
ditions, and plant presence on metal removal. In contrast, actual mine drainage varies
depending on site conditions, making it difficult to isolate the effects of individual opera-
tional factors. The composition was designed to represent Mn-rich mine drainage typically
found in Japan [2] as follows: MnSO4-5H,0, 290.71 mg/L; ZnCl,, 24.46 mg/L; FeSO4-7H,0,
44.81 mg/L; PbCly, 0.15 mg/L; CuSO4-5H,0, 0.08 mg/L; and CdCl,, 0.03 mg/L. These
corresponded to dissolved metal concentrations of Mn (66.4 mg/L), Zn (11.7 mg/L),
Fe (6.5 mg/L), Pb (0.05 mg/L), Cu (0.03 mg/L), and Cd (0.02 mg/L). The concentrations
of Mn and Zn exceeded the Japanese discharge standards (10 and 2 mg/L, respectively),
whereas those of Fe, Pb, Cu, and Cd were below the corresponding standards (10, 0.1, 3, and
0.03 mg/L, respectively). To evaluate the robustness of the CWs under acidic conditions,
the pH of the synthetic mine drainage was adjusted to 5.0 using diluted hydrochloric acid
(1:30, v/v), which was lower than the Japanese discharge standard range (pH 5.8-8.6). No
external organic carbon source was added throughout the experiment.

2.2. CW Setup

To evaluate the effect of vegetation on Mn removal, two CWs were established: a
planted CW using common reed (Phragmites australis) and an unplanted CW. A schematic
diagram of the experimental CW setup is provided in Figure S1. Plants were obtained from
a commercial nursery (Tojaku Engei Co., Ltd., Joyo, Japan). All CWs were constructed
using plastic containers (W 655 x L 230 x D 180 mm) and filled with 5 kg of limestone
(particle size: 10 mm, Tokai Jari Co., Ltd., Hamamatsu, Japan). The working volume of
each CW was approximately 2 L. In the planted CW, four reed seedlings (shoot height,
45 cm; root length, 13 cm) were introduced on 26 May 2023.

Mine drainage was continuously pumped into the bottom of each CW using a cassette
tube pump (SMP-23, EYELA, Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The influent flowed
upward through the limestone bed and was discharged from the outlet, approximating
plug—flow conditions. A single pump equipped with a flow splitter was used to supply
both CWs at identical flow rates. To minimize the effects of rainfall and other environmental
factors, all CWs were installed in a greenhouse at the Biwako Kusatsu Campus, Ritsumeikan
University, Japan.

2.3. Operating Conditions of the CWs

To allow plant acclimation, all CWs were operated with tap water for one week before
the mine drainage treatment. The experiment was conducted over 170 d, from 4 June
to 21 November 2023. As summarized in Table 2, the operation was divided into five
phases according to the wastewater type and hydraulic loading conditions. Synthetic mine
drainage was treated during Phases I, III, and IV, whereas actual mine drainage was treated
during Phases II and V. The influent flow rate was maintained at 1 L/d during Phases
I-IIT and V, corresponding to a hydraulic loading rate of 6.6 mm/d and an HRT of 2 d,
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assuming no evapotranspiration. In Phase IV, the influent flow rate was increased to 2 L/d,
corresponding to a hydraulic loading rate of 13.2 mm/d and an HRT of 1 d.

Table 2. Operating period and operational conditions of CWs.

. Mean Daily
. Mean Air
Phase Date Influent Flow Mine Temperature Integrated
Rate (L/d) Drainage {JO 0) Illuminance
(klux-h d—1)
4 June-26 August 2023 .
I (Day 0-85) Synthetic 30.7 £ 8.7 306 £ 126
27 August-15 September
I 2023 (Day 86-101) 1.0 (HRT =2 d) Actual 279+74 241 +98
16 September—3 October .
I 2023 (Day 102-121) Synthetic 249 £5.0 186 + 74
4-22 October 2023 .
v (Day 122-142) 20(HRT=14d) Synthetic 20.8 £4.2 121 £+ 59
A\ 23 October-21 November - 5 g Actual 151+76 196 + 82

2023 (Day 143-170)

An HRT of 2 d was selected as the baseline operating condition to provide sufficient
contact time between the mine drainage, limestone substrate, plant roots, and associated
microorganisms. The HRT was shortened to 1 d in Phase IV to evaluate the response of the
CWs to increased hydraulic loading and reduced contact time. The HRT was subsequently
restored to 2 d in Phase V to examine treatment performance under a longer contact time
during the lower-temperature period.

2.4. Sampling and Analysis

Greenhouse air temperature and illuminance were recorded at 10 min intervals using a
data logger (TR-74Ui, T&D Corporation, Matsumoto, Japan). Daily integrated illuminance
was calculated from the 10 min interval illuminance measurements.

Water samples (50 mL) were collected from the influent and effluent of each CW. The
pH, DO, ORP, and total dissolved solids (TDS) were measured using a pH meter (LAQUA,
Horiba Ltd., Kyoto, Japan), a portable DO meter (HQ30d equipped with an LDO101
luminescent DO probe, Hach, Loveland, CO, USA), an ORP meter (ORP57, Milwaukee
Electronics, Rocky Mount, NC, USA), and a TDS meter (ASTDS1, AS ONE Corporation,
Osaka, Japan), respectively.

For metal analysis, a 10 mL aliquot of each sample was filtered through a 1.0 um
pore-size filter and analyzed for Mn, Fe, Zn, Cu, Pb, and Cd using inductively cou-
pled plasma-optical emission spectrometry (ICP-OES; 700 Series, Agilent Technologies,
Santa Clara, CA, USA).

Statistical analyses were performed using one-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) test for multiple comparisons.
Differences were considered statistically significant at p < 0.05.

Because water loss through evapotranspiration and evaporation could vary with sea-
sonal temperature, the treatment performance was evaluated not only from concentration
changes but also on a mass basis. The effluent flow volume was measured, and the mass-
based removal efficiencies of Mn and Zn were calculated from the influent and effluent
metal loads as follows:

Mass-based removal (%) = QinCin = QoutCout 100, (1)

Qin Cin
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where Qj, and Qout are the influent and effluent flow rates, respectively, and Cj, and
Cout are the corresponding metal concentrations. This calculation accounts for water loss
through evapotranspiration and evaporation.

3. Results
3.1. Performance of CWs During Phased Operation

The CWs were operated under five experimental phases using either synthetic or
actual mine drainage. Table 2 summarizes the operational conditions, including the mean
air temperature and daily integrated illuminance. During summer daytime, the greenhouse
air temperature occasionally exceeded 50 °C because of solar heat accumulation within the
enclosed greenhouse. The observed flow rate during each operational phase is shown in
Figure S2, whereas pH, ORP, DO, and TDS are summarized in Figure S3. Temporal changes
in pH, Mn, and Zn concentrations are presented in Figure 1, and those of Fe, Cu, Pb, and
Cd are shown in Figure S4. The appearance of the CWs during the experimental period is
shown in Figure 2.
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Figure 1. Changes in (A) pH, (B) Mn concentration, and (C) Zn concentration during the operation
of the CWs. Vertical dashed lines indicate transitions between operational phases (Phases I-V).
Horizontal dashed lines indicate the Japanese discharge standards for pH (5.8-8.6), Min (10 mg/L),
and Zn (2 mg/L).
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(E) (F)

Figure 2. Photographs of the CWs used for the treatment of Mn-containing mine drainage and
the harvested belowground plant biomass. The planted CW (left) and unplanted CW (right) on
(A) day 0, (B) day 85, (C) day 101, (D) day 121, and (E) day 170, and (F) roots and rhizomes recovered
from the planted CW at the end of the experiment.

3.1.1. Phase I

During Phase I (Day 0-85), the CWs treated synthetic mine drainage under hot con-
ditions (30.7 & 8.7 °C). The influent flow rate was generally maintained at the target
level (Figure S2), averaging 933 & 99 mL/d. The effluent flow rates were 499 + 125 and
407 £ 144 mL/d for the planted and unplanted CWs, respectively, corresponding to water
losses through evapotranspiration and evaporation of 56.9 £ 11.2% and 46.7 + 12.0%.
Correspondingly, the TDS increased from 214 & 28 mg/L in the influent to 267 &+ 27 mg/L
in the unplanted CW and 343 + 37 mg/L in the planted CW (Figure S3C), indicating
concentration of dissolved constituents in the effluent. The influent pH averaged 5.1 & 0.4
and increased to 7.9 &+ 0.3 in the planted CW and 7.0 £ 0.2 in the unplanted CW (Figure 1A).
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The ORP and DO showed no clear differences between the planted and unplanted CWs,
whereas the TDS was generally higher in the planted CW (Figure S3). The ORP decreased
from 236 + 31 mV in the influent to 129 &+ 40 mV in the planted CW and 160 £ 33 mV
in the unplanted CW. The DO concentrations remained at approximately 8 mg/L in both
CW effluents.

The influent Mn concentration averaged 67.5 £ 3.0 mg/L, which was consistent
with the target concentration (Figure 1B). The effluent Mn concentration averaged
48.6 & 6.4 mg/L in the unplanted CW and 7.9 & 3.2 mg/L in the planted CW. The influent
Zn concentration averaged 15.7 & 2.6 mg/L, slightly exceeding the target concentration
(Figure 1C). The effluent Zn concentration gradually decreased to 5.2 &+ 2.0 mg/L in the un-
planted CW and to 0.7 £ 0.5 mg/L in the planted CW. The limestone substrate was initially
white (Figure 2A), but brown precipitates gradually accumulated on its surface during
Phase I (Figure 2B). These precipitates likely included Fe (oxyhydr)oxides and possibly
Mn-containing phases, although their mineralogical composition was not determined.

The effluent Fe, Pb, and Cu concentrations remained consistently low, averaging less
than 0.1, 0.06, and 0.025 mg/L, respectively, in both CWs (Figure S4). The effluent Cd con-
centration averaged 0.0085 £ 0.0047 mg/L in the unplanted CW and 0.0015 + 0.0012 mg/L
in the planted CW.

3.1.2. Phase II

During Phase II (Day 86-101), actual mine drainage was treated under warm con-
ditions (27.9 & 7.4 °C). The reeds continued to grow and exhibited vigorous growth by
day 101 (Figure 2C). The influent flow rate averaged 938 £ 62 mL/d, whereas the water
losses through evapotranspiration and evaporation were 46.7 & 7.5% and 42.1 &+ 9.2%
in the planted and unplanted CWs, respectively (Figure S2). Compared with the syn-
thetic mine drainage, the actual mine drainage exhibited higher TDS values, averaging
408 £+ 70 mg/L in the influent, 409 & 95 mg/L in the unplanted CW, and 464 + 64 mg/L
in the planted CW (Figure S3C). The influent pH averaged 6.4 £ 0.7 and increased to
7.9 £ 0.2 in the planted CW and 7.0 £ 0.1 in the unplanted CW (Figure 1A). The ORP de-
creased from 164 & 9 mV in the influent to 126 & 9 mV in the planted CW and 146 &+ 13 mV
in the unplanted CW (Figure S3A).

The influent Mn concentration averaged 63.5 + 2.8 mg/L. The effluent Mn concentra-
tion averaged 48.1 + 2.3 mg/L in the unplanted CW and 5.5 &+ 2.8 mg/L in the planted
CW (Figure 1B). The influent Zn concentration averaged 9.3 + 2.2 mg/L. The effluent Zn
concentration averaged 2.4 + 1.4 mg/L in the unplanted CW and 0.21 £ 0.17 mg/L in the
planted CW (Figure 1C).

The influent Fe concentration averaged 2.0 + 1.6 mg/L, which was lower than
expected, whereas the effluent Fe concentration averaged 0.04 mg/L in both CWs
(Figure S4A). The effluent Cu concentration remained below 0.004 mg/L in both CWs
(Figure S54B). The influent Pb concentration averaged 0.18 £ 0.07 mg/L, which was higher
than expected, whereas the effluent Pb concentration remained below 0.04 mg/L in both
CWs (Figure S4C). The influent Cd concentration averaged 0.014 £ 0.005 mg/L, whereas
the effluent Cd concentrations averaged 0.013 & 0.008 mg/L in the unplanted CW and
0.0089 +£ 0.0084 mg/L in the planted CW (Figure S4D).

3.1.3. Phase III

During Phase III (Day 102-121), synthetic mine drainage was treated under moderate
temperatures (24.9 & 5.0 °C). The influent flow rate averaged 966 £ 53 mL/d (Figure S2),
whereas the water losses through evapotranspiration and evaporation were 44.6 £ 4.0%
and 38.0 £ 5.0% in the planted and unplanted CWs, respectively. The influent pH averaged
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5.0 £ 0.5 and increased to 7.4 & 0.2 in the planted CW and 6.7 &+ 0.2 in the unplanted CW
(Figure 1A). The ORP decreased from 255 + 10 mV in the influent to 187 £ 16 mV in the
planted CW and 223 + 30 mV in the unplanted CW (Figure S3A). The reeds continued to
grow, while brown precipitates accumulated on the surface of the limestone substrate in
both CWs (Figure 2D).

The influent Mn concentration averaged 67.1 + 3.0 mg/L. The effluent Mn concentra-
tion averaged 54.2 + 2.8 mg/L in the unplanted CW and 14.5 £ 1.8 mg/L in the planted
CW (Figure 1B). The influent Zn concentration averaged 15.3 + 1.2 mg/L. The effluent
Zn concentration averaged 8.9 + 1.7 mg/L in the unplanted CW and 1.3 £ 0.4 mg/L in
the planted CW (Figure 1C). The effluent Fe, Pb, Cu, and Cd concentrations remained
consistently low, averaging less than 0.03, 0.008, 0.02 and 0.007 mg/L, respectively, in both
CWs (Figure S4).

3.1.4. Phase IV

During Phase IV (Day 122-142), the influent flow rate of synthetic mine drainage
was increased from 1 to 2 L/d, reducing the HRT from 2 d to 1 d. The influent flow rate
averaged 1940 &+ 26 mL/d (Figure S2), whereas the water losses through evapotranspiration
and evaporation were 37.5 + 6.4% and 30.7 & 6.1% in the planted and unplanted CWs,
respectively. The mean air temperature decreased to 20.8 + 4.2 °C. The influent pH
averaged 5.0 & 0.7 and increased to 7.0 & 0.3 in the planted CW and 6.5 £ 0.3 in the
unplanted CW (Figure 1A). The ORP decreased from 236 £ 53 mV in the influent to
217 £ 47 mV in the planted CW and 218 &+ 41 mV in the unplanted CW (Figure S3A). The
DO concentrations ranged from 8.4 to 8.8 mg/L in both CW effluents (Figure S3B).

The influent Mn concentration averaged 66.3 £ 3.7 mg/L (Figure 1B). The effluent
Mn concentration averaged 52.7 £ 3.2 mg/L in the unplanted CW and 20.0 £+ 4.3 mg/L in
the planted CW. The influent Zn concentration averaged 13.1 £ 2.0 mg/L. The effluent Zn
concentration averaged 10.1 & 0.5 mg/L in the unplanted CW and 3.0 £ 0.6 mg/L in the
planted CW (Figure 1C). The effluent Fe, Cu, and Pb concentrations remained consistently
low throughout Phase IV in both CWs (Figure S4). The effluent Cd concentrations averaged
0.016 & 0.005 mg/L in the unplanted CW and below 0.006 mg/L in the planted CW.

3.1.5. Phase V

During Phase V (Day 143-170), the HRT was increased from 1 d to 2 d, and actual
mine drainage was treated under relatively low-temperature conditions (15.1 £ 7.6 °C). The
influent flow rate averaged 964 & 32 mL/d (Figure S2), whereas the water losses through
evapotranspiration and evaporation were 31.5 &+ 5.1% and 28.6 £ 4.8% in the planted
and unplanted CWs, respectively. The aboveground parts of the reeds had substantially
senesced by day 170, likely because of the decrease in temperature (Figure 2E). The influent
pH averaged 6.3 & 0.4 and increased to 7.6 & 0.3 in the planted CW and 7.1 £ 0.5 in the
unplanted CW (Figure 1A). The ORP increased slightly from 209 £ 18 mV in the influent to
226 £ 28 mV in the planted CW and 225 &+ 20 mV in the unplanted CW (Figure S3A).The
DO concentrations increased to 9.7-9.8 mg/L in both CW effluents (Figure S3B).

The influent Mn concentration averaged 66.6 £ 3.6 mg/L (Figure 1B). The effluent
Mn concentration averaged 46.1 + 1.8 mg/L in the unplanted CW and 11.2 &+ 4.0 mg/L in
the planted CW. The influent Zn concentration averaged 10.7 & 0.8 mg/L (Figure 1C).
The effluent Zn concentration averaged 6.1 £+ 1.1 mg/L in the unplanted CW and
1.9 £ 1.2 mg/L in the planted CW. The effluent Fe, Cu, Pb, and Cd concentrations re-
mained consistently low throughout Phase V, with Cd concentrations below 0.01 mg/L in
the unplanted CW and below 0.004 mg/L in the planted CW (Figure 54).
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At the end of the experiment, abundant black precipitates were observed on the reed
roots in the planted CW (Figure 2F).

3.2. Comparison of Treatment Performance Among Phases

Based on the phase-averaged effluent concentrations, the treatment performance
was compared under different operational conditions. Mass-based removal efficiencies
accounting for water loss through evapotranspiration and evaporation are also shown
in Figure 3.
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Figure 3. Box plots of (A) Mn and (B) Zn concentrations in the influent and effluents from the
unplanted CW (UP-CW) and planted CW (P-CW) during each operational phase. Boxes represent the
interquartile range, the horizontal line within each box indicates the median, and whiskers indicate the
minimum and maximum values. Horizontal dashed lines indicate the Japanese discharge standards
for Mn (10 mg/L) and Zn (2 mg/L). Different lowercase letters indicate significant differences among
groups (p < 0.05, Tukey’s HSD test). Mass-based removal efficiencies of Mn (C) and Zn (D) in the
UP-CW and P-CW during each operational phase. Bars and error bars represent the mean and
standard deviation, respectively. Removal efficiencies were calculated from influent and effluent
metal loads using the measured influent and effluent flow rates.

The planted CW consistently produced significantly lower effluent Mn concentrations
than the unplanted CW throughout the study (p < 0.05). The lowest Mn concentrations
were observed during Phases I and II, when the HRT was 2 d, and the air temperatures
were relatively high. In contrast, effluent Mn concentrations increased during Phase III
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and reached the highest values during Phase IV, in which the HRT was reduced to 1 d.
During Phase V, when the HRT was restored to 2 d under lower-temperature conditions,
the effluent Mn concentration decreased compared with Phase IV but remained higher
than those observed during Phases I and II. The mass-based Mn removal efficiency was
consistently higher in the planted CW than in the unplanted CW, ranging from 82.0% to
95.8% in the planted CW and from 45.6% to 60.6% in the unplanted CW (Figure 3C). The
removal efficiency in the planted CW was highest during Phases I and II (94.8-95.8%),
decreased to 82.0% in Phase IV, and recovered to 88.3% in Phase V.

A similar trend was observed for Zn. The planted CW maintained significantly lower
effluent Zn concentrations than the unplanted CW throughout the experiment (p < 0.05). Zn
concentrations were lower during Phases I-IIl and V than during Phase IV, which exhibited
the highest effluent Zn concentrations in both CWs. The mass-based Zn removal efficiency
was also consistently higher in the planted CW, ranging from 86.7% to 99.1%, compared
with 45.8% to 88.0% in the unplanted CW (Figure 3D). The lowest Zn removal efficiency in
the planted CW was observed during Phase IV.

Overall, the unplanted CW did not meet the Japanese discharge standards for Mn
(10mg/L) or Zn (2 mg/L) during any operational phase. In the planted CW, the Mn concen-
trations were below the discharge standard during most of Phase I and throughout Phase
II, but they exceeded the standard during Phases III-V. In contrast, the Zn concentrations
in the planted CW met the discharge standard during Phases I-IIl and V but exceeded it
during Phase IV.

The effluent Fe, Cu, Pb, and Cd concentrations remained consistently low throughout
the study (Figure 54).

4. Discussion
4.1. Applicability of CWs to Actual Mine Drainage

This study demonstrated that planted CW was capable of treating high-strength Mn-
rich mine drainage using both synthetic and actual conditions. Compared with synthetic
mine drainage, actual mine drainage generally exhibits more complex and site-specific
water chemistry, which may influence the treatment processes. During Phases Il and V, in
which actual mine drainage was treated, the planted CW maintained Mn and Zn removal
despite higher TDS and variations in coexisting trace-metal concentrations (Figure S3).

Most previous studies have evaluated CWs using relatively low Mn concentrations,
typically below 10 mg/L [9,11-15], as shown in Table 1. In contrast, the present study
treated mine drainage containing over 65 mg/L Mn together with elevated Zn concen-
trations. Throughout the study, the planted CW consistently reduced the Mn and Zn
concentrations to levels substantially lower than those achieved by the unplanted CW, and
the effluent concentrations met the Japanese discharge standards during most operational
phases. Notably, evapotranspiration and evaporation losses were not reported in the previ-
ous studies summarized in Table 1, making direct comparison of mass-based Mn and Zn
removal efficiencies among studies difficult.

The treatment performance observed during the phases using actual mine drainage
suggests that planted limestone-based CWs can retain treatment capacity under chemically
more complex influent conditions. This is particularly relevant in Japan, where high-Mn
mine drainage has been reported at numerous abandoned mine sites [2], and supports
further evaluation of this system as a low-cost passive treatment option for high-strength
mine drainage.

The actual mine drainage used in Phases II and V had higher TDS and more variable
concentrations of coexisting trace metals than the synthetic influent. Such differences may
affect ion activities, limestone dissolution, metal adsorption, and the saturation conditions
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of carbonate- and hydroxide-containing mineral phases. However, these effects could not
be quantitatively evaluated, because aqueous speciation and mineralogical analyses were
not conducted. Moreover, because the influent type varied concurrently with HRT and
environmental conditions among the operational phases, the independent effect of actual
versus synthetic mine drainage could not be statistically separated in the present study.
Therefore, the present results should be regarded as evidence of treatment applicability un-
der actual mine drainage conditions rather than as a quantitative assessment of robustness
against individual water-quality fluctuations.

4.2. Removal Mechanisms for Mn and Zn in CWs

Figure 4 shows the relationships between pH and Mn and Zn concentrations. The
planted CW generally exhibited both higher pH and lower Mn and Zn concentrations than
the unplanted CW. However, this relationship does not necessarily indicate that hydroxide
precipitation was the dominant removal mechanism. The increase in pH and enhanced
metal removal may instead have occurred concurrently as a consequence of limestone
dissolution and the associated changes in carbonate chemistry.
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Figure 4. Relationship between pH and (A) Mn concentration and (B) Zn concentration. Horizontal
dashed lines indicate the discharge standards for Mn (10 mg/L) and Zn (2 mg/L). The black dashed
curve in (B) represents the theoretical solubility of Zn based on the solubility product of Zn(OH)j.

For Mn, precipitation as Mn(OH); is governed by the following equilibrium:
Mn?* + 20H™ = Mn(OH),(s). )

The solubility product of Mn(OH), (Ksp ~ 1.6 ¥ 10~13 at 25 °C) indicates that a pH
of approximately 9.5 would be required to reduce the Mn concentration to the Japanese
discharge standard of 10 mg/L by hydroxide precipitation alone. In contrast, substan-
tial Mn removal was observed at pH values of approximately 7-8, particularly in the
planted CW (Figure 4A). Thus, Mn(OH); precipitation alone cannot explain the observed
Mn removal.

Similarly, precipitation of Zn as Zn(OH), is governed by

Zn** + 20H~ = Zn(OH),(s). (3)

Based on the solubility product of Zn(OH), (Ksp =~ 3 X 10717 at 25 °C), a pH of
approximately 7.8-8.0 would be required to reduce Zn to the Japanese discharge standard.
Hydroxide precipitation may therefore have contributed to Zn removal at the higher pH
values observed in the planted CW. However, the observed relationship between pH and Zn
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concentration alone does not demonstrate that hydroxide precipitation was the dominant
removal pathway.

Limestone dissolution may have played an important role in both pH elevation and
metal immobilization. Dissolution of limestone (CaCO3) consumes acidity and increases
alkalinity and dissolved carbonate species, particularly bicarbonate, thereby creating condi-
tions favorable for carbonate precipitation [14,16]. In the planted CW, CO; generated by
root respiration may have further enhanced limestone dissolution and buffering capacity.
The resulting conditions could favor the precipitation of Mn and Zn as carbonate minerals,
such as MnCOs3 and ZnCOs [15]. Carbonate precipitation is particularly plausible for Mn
in the present study because substantial Mn removal occurred at pH values considerably
lower than those required for effective Mn(OH), precipitation. However, mineralogical
analyses were not conducted in the present study.

Another important pathway is the biological oxidation of Mn(Il) to insoluble Mn
oxides by MnOB. Biological Mn oxidation can occur under circumneutral conditions [4-6].
Mn oxides are effective sorbents for trace metals and may also contribute to Zn removal
through adsorption, co-precipitation, and structural incorporation [17,18]. The relationship
between Mn and Zn concentrations observed in the planted CW supports the possibility that
Mn oxide formation contributed to Zn removal. In addition, abundant black precipitates
were observed on the reed roots at the end of the experiment, which is consistent with,
although not direct evidence of, Mn oxide formation. Because the precipitates were not
mineralogically characterized, and microbial analyses were not conducted, the contribution
of biologically mediated Mn oxidation could not be directly confirmed.

The relationships between pH and the concentrations of Fe, Cu, Pb, and Cd are
shown in Figure S5. These metals generally decreased with increasing pH, although
differences between the planted and unplanted CWs were relatively small for Fe and Cu.
Throughout the study, the effluent concentrations of Fe, Cu, Pb, and Cd remained low
in both CWs. Based on the solubility products of Cu(OH), (Ksp ~ 2.2 X 10~29), Pb(OH),
(Ksp = 1.2 x 10~15), and Cd(OH), (Ksp = 2.5 x 1014y at 25 °C, the pH values required to
achieve the Japanese discharge standards by hydroxide precipitation alone were estimated
to be approximately 6.3, 9.7, and 10.5, respectively. Although Fe was introduced as Fe(Il) in
the synthetic mine drainage, oxidation to Fe(III) followed by precipitation, as poorly soluble
Fe(III) (oxyhydr)oxides may have contributed to its removal. Fe(OH)3 can theoretically
precipitate at relatively low pH values of approximately 3—4 because of its extremely low
solubility. These calculations indicate that hydroxide precipitation may have contributed to
the removal of some metals; however, they do not establish hydroxide precipitation as the
dominant removal mechanism in the CWs.

Such Fe precipitates may also have influenced the immobilization of other metals.
Fe(III) (oxyhydr)oxides can provide sorption and co-precipitation sites for Zn and other
trace metals and may therefore have contributed to their removal. The brown precipitates
observed on the limestone surface (Figure 2) may have included Fe (oxyhydr)oxides as
well as Mn-containing phases. Conversely, progressive accumulation of these mineral
precipitates may have coated the limestone surface and partially reduced its dissolution
through armoring or passivation. Such passivation could decrease alkalinity generation and
thereby affect metal removal during prolonged operation. However, because mineralogical
and surface analyses were not conducted, the composition of these coatings and the extent
of limestone passivation could not be determined.

Overall, Mn and Zn removal in the limestone-based CWs was likely governed by multi-
ple interacting processes, including limestone dissolution, carbonate precipitation, possible
hydroxide precipitation, biologically mediated Mn oxidation and subsequent Mn oxide
formation, and sorption or co-precipitation associated with Fe and Mn oxides. Previous
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studies have associated Mn removal in CWs with both abiotic precipitation and biologically
mediated Mn oxidation under circumneutral to alkaline and oxidizing conditions [10,15,19].
In the present study, the increase in pH favored conditions for Mn and Zn immobiliza-
tion; however, the ORP and DO measurements did not show a clear vegetation-specific
enhancement of oxidizing conditions. Therefore, the present water-quality data support
the occurrence of favorable physicochemical conditions for Mn removal but do not allow
biological Mn oxidation to be distinguished from abiotic precipitation processes. Because
Ca concentrations, alkalinity, mineralogical composition, and microbial communities were
not analyzed, the relative contributions of these mechanisms and the extent of limestone
passivation could not be quantitatively distinguished.

4.3. Effects of Vegetation on Metal Removal

Species of the genus Phragmites are the most widely used emergent macrophytes in
CWs for Mn-rich mine drainage treatment because of their high tolerance to metal-rich
environments and their ability to modify rhizosphere conditions [11,12,15]. The planted
CW consistently produced lower effluent Mn and Zn concentrations than the unplanted
CW. This improvement was accompanied by consistently higher pH values, indicating that
vegetation created physicochemical conditions favorable for metal removal. The higher
pH observed in the planted CW was likely associated with rhizosphere processes. Carbon
dioxide released through root respiration can enhance dissolution of the limestone substrate,
thereby increasing the alkalinity and buffering capacity. Root-mediated ion exchange may
also contribute to local increases in pH. These rhizosphere processes are consistent with the
systematically higher pH and TDS observed in the planted CW and likely promoted Mn
and Zn immobilization.

Although MnOB are generally heterotrophic and their activity is often limited by
the low organic carbon availability in mine drainage, root exudates and decaying plant
biomass may provide localized carbon sources that support MnOB activity. These endoge-
nous organic compounds may include low-molecular-weight organic acids (e.g., acetate
and lactate), sugars, and amino acids released from plant roots [20], all of which can serve
as carbon sources for MnOB. Root surfaces also provide favorable sites for biofilm develop-
ment and metal accumulation. Previous studies have shown that Mn oxides accumulate
on root surfaces as coatings or plaques, which subsequently adsorb trace metals such
as Zn [21,22]. At the end of the experiment, abundant black precipitates were observed
on reed roots. Thus, the root-associated black precipitates observed in the present study
are qualitatively consistent with possible Mn oxide accumulation on root surfaces, as
reported in previous studies [21,22]; however, their mineralogical composition was not
determined. In addition, because the DO concentrations were similar in the planted and
unplanted CW effluents, and the oxygen conditions were not measured directly in the rhi-
zosphere, enhanced oxygen availability due to vegetation could not be demonstrated in the
present study.

This mechanism differs fundamentally from that of anaerobic sulfate-reducing systems
used for mine drainage treatment. In such systems, external organic carbon is supplied
to stimulate sulfate-reducing bacteria, resulting in the precipitation of metal sulfides such
as ZnS and CdS. However, sulfide precipitation generally contributes less to Mn removal,
because Mn sulfide is considerably less stable than the sulfides of Zn, Cd, Cu, and Pb [14].
In contrast, the planted CW may have supplied localized root-derived organic carbon and
provided root surfaces favorable for microbial colonization and Mn accumulation. This
combination of localized carbon supply and favorable root surfaces may represent a key
advantage of vegetated limestone-based CWs for Mn-rich mine drainage treatment.
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The superior performance of the planted CW was therefore likely attributable to
the combined effects of enhanced limestone dissolution, elevated pH, localized carbon
supply in the rhizosphere, favorable root surfaces for microbial colonization and metal
accumulation, and possible biologically mediated Mn oxidation, which together promoted
the removal of Mn and Zn. While no clear differences were observed for Fe and Cu, slightly
lower Pb and Cd concentrations were obtained in the planted CW than in the unplanted
CW (Figure S5), suggesting a modest contribution of vegetation to the removal of these
trace metals.

The present study evaluated Mn and Zn removal primarily based on influent and
effluent water quality and therefore did not directly determine the fate and distribution of
metals retained within the CWs. Retained metals may have been adsorbed onto limestone,
precipitated as secondary mineral phases, accumulated in deposited solids, or taken up
by plant biomass. In addition, root development may have altered the pore structure and
rhizosphere conditions, thereby indirectly affecting metal retention processes.

4.4. Effects of Temperature and HRT on Metal Removal

Temperature and HRT both influenced the treatment performance of the CWs. The
lowest effluent Mn and Zn concentrations were observed during Phases I and II, when
the HRT was maintained at 2 d, and the air temperatures were relatively high. The HRT
of 2 d adopted in the present study is comparable to those reported for CWs treating
Mn-containing wastewater [12,14], as shown in Table 1, whereas the results obtained at an
HRT of 1 d demonstrate the feasibility and limitations of operating under shorter HRTs.
In contrast, reducing the HRT from 2 d to 1 d (Phase IV) resulted in the highest effluent
Mn and Zn concentrations, indicating that shorter HRTs limited metal removal. When
the HRT was restored to 2 d (Phase V), the treatment performance improved despite the
lower temperatures, although the Mn concentrations remained slightly higher than those
observed during the warmer phases. These results suggest that HRT had a substantial
influence on the treatment performance; however, the effects of HRT and seasonal tem-
perature could not be fully separated under the present experimental design. In addition,
influent type and illumination conditions also varied among the operational phases, and
these concurrent changes may have contributed to the observed differences in Mn and
Zn removal.

Nevertheless, temperature may also influence CW performance through its effects
on vegetation and microbial activity. Although the water temperature was not monitored
in the present study, the greenhouse air temperature ranged approximately from 15 to
30 °C, which is comparable to the water temperatures reported for CWs treating mine
drainage [8,15]. As temperatures decrease, reed growth and physiological activity decline,
potentially reducing oxygen release from the rhizosphere and consequently slowing biolog-
ically mediated Mn oxidation. Similar reductions in Mn removal under low-temperature
conditions have been reported for planted CWs treating mine drainage [10]. In addition,
mature vegetation can increase hydraulic resistance, thereby reducing the flow velocity
and increasing the effective hydraulic retention time within CWs [23,24].

Future studies should include the continuous monitoring of water temperature to
clarify its influence on Mn oxidation and seasonal treatment performance. Controlled
experiments in which HRT and temperature are varied independently while maintaining
the other operational conditions constant are also needed to quantitatively evaluate their
individual and interactive effects on Mn and Zn removal. In addition, whole-system metal
mass balances, including analyses of metals retained in the substrate, deposited solids,
and plant biomass, together with mineralogical characterization, are needed to clarify the
fate and long-term stability of retained metals. Overall, the higher Mn and Zn removal
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observed in the planted CW should be interpreted as a vegetation-associated enhancement
of aqueous-phase metal removal rather than as direct evidence of metal uptake by plants.

4.5. Implications for Practical Applications

Japan has a large number of abandoned and inactive mines that continue to gen-
erate mine drainage long after mine closure [1]. Because these sites no longer provide
economic benefits, the long-term operation of conventional active treatment systems rep-
resents a considerable economic burden. Therefore, promoting the wider adoption of
low-energy passive treatment technologies remains an important challenge for sustainable
mine drainage management in Japan. In addition to Mn-rich mine drainage, CWs have also
been investigated for the treatment of mine drainage containing elevated concentrations
of Cd [25] as well as Fe and Zn [26], suggesting that the findings of this study may also
contribute to the broader application of passive treatment technologies for various types of
mine drainage.

The limestone loading in each CW was approximately 33 kg/m?, and the hydraulic
loading rates were 6.6 and 13.2 mm/d at HRTs of 2 and 1 d, respectively. The lower Mn
and Zn removal observed at the 1 d HRT suggests that sufficient contact time should
be considered in scale-up. Pilot- and field-scale systems should therefore be designed
considering the mine drainage flow and chemistry, required HRT, and long-term limestone
performance. Scale-up from the present 2 L systems should be based on hydraulic and
metal loading conditions rather than a simple proportional scaling of reactor volume. The
HRT of 2 d and hydraulic loading rate of 6.6 mm/d may serve as initial design references,
although the effective HRT, hydraulic distribution, and metal loading should be verified
under site-specific field conditions.

Several issues should nevertheless be addressed before pilot- and full-scale imple-
mentation. First, the role of biologically mediated Mn oxidation was inferred from the
treatment performance but was not directly verified. Future studies incorporating micro-
bial community analyses and functional gene characterization are needed to clarify the
contribution of microorganisms to Mn oxidation in CWs. Second, the composition, stability,
and long-term fate of the Mn-rich precipitates require further investigation. Mineralogical
analyses are needed to distinguish the relative contributions of hydroxide precipitation,
carbonate precipitation, and Mn oxide formation. The long-term accumulation of Mn-rich
precipitates and suspended solids within the limestone bed may reduce the pore space
and hydraulic conductivity, while progressive limestone dissolution and surface coating
by precipitates may reduce alkalinity generation and reactive surface availability. Layered
or graded substrate configurations may therefore be useful for maintaining hydraulic
conductivity and facilitating maintenance or partial substrate replacement. In addition,
the recovery, handling, and potential reuse of Mn-rich precipitates should be evaluated
from the perspectives of resource recovery and long-term sustainability. Seasonal reed
senescence, as observed during Phase V, and low winter temperatures may also reduce
rhizosphere activity and Mn removal. For cold-season operation, sufficient bed depth,
subsurface-flow configurations, and passive thermal insulation should be considered to
moderate the temperature fluctuations, together with seasonal reed management based
on the plant condition and metal accumulation. Periodic inspection and, where necessary,
replenishment or partial replacement of limestone should also be considered based on
changes in alkalinity generation, hydraulic conductivity, and substrate condition. Finally,
these long-term operational requirements should be investigated under pilot- and full-scale
field conditions.
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5. Conclusions

Continuous-flow limestone-based CWs were successfully operated for 170 d to treat
high-strength mine drainage containing over 65 mg/L Mn and 10-15 mg/L Zn. Effluent
Mn concentrations in the planted CW ranged from 5.5 to 20.0 mg/L, compared with
46.1-54.2 mg/L in the unplanted CW. Likewise, effluent Zn concentrations ranged from
0.21 to 3.0 mg/L in the planted CW and from 2.4 to 10.1 mg/L in the unplanted CW.
The planted CW consistently outperformed the unplanted CW under both synthetic and
actual mine drainage conditions, demonstrating the applicability of the system to complex
mine drainage.

Mn removal was governed by multiple interacting mechanisms, including hydroxide
precipitation, possible carbonate precipitation, and biologically mediated Mn oxidation,
whereas Zn removal was primarily controlled by hydroxide precipitation and adsorption
onto Mn oxides. Vegetation enhanced the treatment performance by promoting limestone
dissolution, increasing the pH, and creating favorable rhizosphere conditions for Mn
oxidation. The treatment performance was also influenced by HRT, with the 2 d HRT
providing more efficient Mn and Zn removal than the 1 d HRT, whereas seasonal conditions
had comparatively smaller effects.

Overall, the present study demonstrates that planted limestone-based CWs provide
a promising low-energy passive treatment technology for Mn-rich mine drainage. Given
the large number of abandoned mine sites in Japan, where Mn-rich mine drainage re-
mains an important environmental issue, these findings provide a scientific basis for
the design and optimization of practical CW systems. Furthermore, the proposed ap-
proach may also be applicable to other types of mine drainage, including Cd- and Zn-rich
mine drainage, thereby contributing to the broader implementation of passive mine water
treatment systems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /mining6030072/s1, Figure S1: Schematic diagram of the exper-
imental constructed wetland (CW) setup. Synthetic or actual mine drainage was supplied from a
common influent tank to the unplanted and planted CWs using a pump. Both CWs were constructed
using plastic containers (W 655 x L 230 x D 180 mm), filled with 5 kg of limestone, and had a
working volume of approximately 2 L. Phragmites australis plants were established in the planted
CW. Influent was introduced to the bottom of each CW, and treated water overflowed into separate
effluent tanks; Figure S2: Changes in the flow rate during the operation of the CWs. Black, orange,
and green lines represent the influent, the effluent from the unplanted CW, and the effluent from
the planted CW, respectively. Vertical dashed lines indicate transitions between operational phases
(Phases I-V); Figure S3: Changes in (A) ORP, (B) DO, and (C) TDS during the operation of the CWs.
Vertical dashed lines indicate transitions between operational phases (Phases I-V); Figure S4: Changes
in metal concentrations during the operation of the CWs: (A) Fe, (B) Cu, (C) Pb, and (D) Cd. Vertical
dashed lines indicate transitions between operational phases (Phases I-V). Horizontal dashed lines
indicate the discharge standards for Fe (10 mg/L), Pb (0.1 mg/L), and Cd (0.03 mg/L); Figure S5:
Relationships between pH and the concentrations of (A) Fe, (B) Cu, (C) Pb, and (D) Cd. Horizontal
dashed lines indicate the discharge standards for Fe (10 mg/L), Cu (3 mg/L), Pb (0.1 mg/L), and Cd
(0.03 mg/L). The black dashed curve in (B) represents the theoretical solubility of Cu based on the
solubility product of Cu(OH),.

Author Contributions: Conceptualization, S.S.; methodology, Z.C., T.T.N. and S.S.; validation, Z.C.
and T.T.N.; formal analysis, Z.C.; investigation, Z.C. and T.T.N.; resources, Y.S., T.H. and S.S.; data
curation, Z.C.; writing—original draft preparation, Z.C.; writing—review and editing, T.T.N., Y.S.,
T.H. and S.S.; visualization, Z.C.; supervision, S.S.; project administration, S.S.; funding acquisition,
S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https:/ /doi.org/10.3390/mining6030072


https://www.mdpi.com/article/10.3390/mining6030072/s1
https://www.mdpi.com/article/10.3390/mining6030072/s1
https://doi.org/10.3390/mining6030072

Mining 2026, 6, 72 18 of 19

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: The authors gratefully acknowledge the anonymous mining company for
providing the mine drainage samples used in this study. The authors also thank Yuto Takeshita, an
undergraduate student in the College of Science and Engineering at Ritsumeikan University, for his
assistance with the experimental work.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

CW Constructed wetland

DO Dissolved oxygen

HRT Hydpraulic retention time
MnOB Manganese-oxidizing bacteria
ORP Oxidation-reduction potential
TDS Total dissolved solids

References

1.

10.

11.

12.

13.

14.

15.

Iwasaki, Y.; Fukaya, K.; Fuchida, S.; Matsumoto, S.; Araoka, D.; Tokoro, C.; Yasutaka, T. Projecting future changes in element
concentrations of approximately 100 untreated discharges from legacy mines in Japan by a hierarchical log-linear model. Sci.
Total Environ. 2021, 786, 147500. [CrossRef]

Soda, S.; Nguyen, T.T. Classification of mine drainages in Japan based on water quality: Consideration for constructed wetland
treatments. Water 2023, 15, 1258. [CrossRef]

Tong, L.; Fan, R;; Yang, S.; Li, C. Development and status of the treatment technology for acid mine drainage. Min. Metall. Explor.
2021, 38, 315-327. [CrossRef]

Tebo, B.M.; Johnson, H.A.; McCarthy, ].K.; Templeton, A.S. Geomicrobiology of manganese (II) oxidation. Trends Microbiol. 2005,
13,421-428. [CrossRef] [PubMed]

Cai, Y,; Yang, K,; Qiu, C.; Bi, Y;; Tian, B.; Bi, X. A review of manganese-oxidizing bacteria (MnOB): Applications, future concerns,
and challenges. Int. J. Environ. Res. Public Health 2023, 20, 1272. [CrossRef] [PubMed]

Mo, W.; Wang, H.; Wang, J.; Wang, Y.; Liu, Y,; Luo, Y.; He, M.; Cheng, S.; Mei, H.; He, ].; et al. Advances in research on bacterial
oxidation of Mn(II): A visualized bibliometric analysis based on CiteSpace. Microorganisms 2024, 12, 1611. [CrossRef] [PubMed]
Tojo, F,; Kitayama, A.; Miyata, N.; Okano, K.; Fukushima, J.; Suzuki, R.; Tani, T. Molecular cloning and heterologous expression of
manganese (II)-oxidizing enzyme from Acremonium strictum strain KR21-2. Catalysts 2020, 10, 686. [CrossRef]

Pat-Espadas, A.M.; Loredo-Portales, R.; Amabilis-Sosa, L.E.; Gémez, G.; Vidal, G. Review of constructed wetlands for acid mine
drainage treatment. Water 2018, 10, 1685. [CrossRef]

Ye, Z.H.; Whiting, S.N.; Lin, Z.Q.; Lytle, C.M.; Qian, J.H.; Terry, N. Removal and distribution of iron, manganese, cobalt, and nickel
within a Pennsylvania constructed wetland treating coal combustion byproduct leachate. J. Environ. Qual. 2001, 30, 1464-1473.
[CrossRef] [PubMed]

Hallberg, K.B.; Johnson, D.B. Biological manganese removal from acid mine drainage in constructed wetlands and prototype
bioreactors. Sci. Total Environ. 2005, 338, 115-124. [CrossRef] [PubMed]

Batty, L.C.; Hooley, D.; Younger, P.L. Iron and manganese removal in wetland treatment systems: Rates, processes and implications
for management. Sci. Total Environ. 2008, 394, 1-8. [CrossRef] [PubMed]

Xu, J.C; Chen, G.; Huang, X.F; Li, GM,; Liu, J.; Yang, N.; Gao, S.N. Iron and manganese removal by using manganese ore
constructed wetlands in the reclamation of steel wastewater. J. Hazard. Mater. 2009, 169, 309-317. [CrossRef] [PubMed]
Kularatne, RK.A.; Kasturiarachchi, J.C.; Manatunge, ].M.A.; Wijeyekoon, S.L.J. Mechanisms of manganese removal from
wastewaters in constructed wetlands comprising water hyacinth (Eichhornia crassipes (Mart.) Solms) grown under different
nutrient conditions. Water Environ. Res. 2009, 81, 165-172. [CrossRef] [PubMed]

Wang, H.; Zhang, M.; Lv, Q.; Xu, J.; Zhao, Y.; Li, Y. Effective co-treatment of synthetic acid mine drainage and domestic sewage
using multi-unit passive treatment system supplemented with silage fermentation broth as carbon source. J. Environ. Manag.
2022, 310, 114803. [CrossRef] [PubMed]

Lafont, C.; Vaxelaire, S.; Gelabert, A.; Joulian, C.; Thouin, H.; Duré, F.; Charron, M.; Gorny, J.; Vantelon, D.; Battaglia-Brunet,
F.; et al. Manganese removal in a full-scale constructed wetland for passive mine water treatment: Environmental factors and
microbial communities. Water Res. 2026, 295, 125539. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/mining6030072


https://doi.org/10.1016/j.scitotenv.2021.147500
https://doi.org/10.3390/w15071258
https://doi.org/10.1007/s42461-020-00298-3
https://doi.org/10.1016/j.tim.2005.07.009
https://www.ncbi.nlm.nih.gov/pubmed/16054815
https://doi.org/10.3390/ijerph20021272
https://www.ncbi.nlm.nih.gov/pubmed/36674036
https://doi.org/10.3390/microorganisms12081611
https://www.ncbi.nlm.nih.gov/pubmed/39203453
https://doi.org/10.3390/catal10060686
https://doi.org/10.3390/w10111685
https://doi.org/10.2134/jeq2001.3041464x
https://www.ncbi.nlm.nih.gov/pubmed/11476526
https://doi.org/10.1016/j.scitotenv.2004.09.011
https://www.ncbi.nlm.nih.gov/pubmed/15680632
https://doi.org/10.1016/j.scitotenv.2008.01.002
https://www.ncbi.nlm.nih.gov/pubmed/18281079
https://doi.org/10.1016/j.jhazmat.2009.03.074
https://www.ncbi.nlm.nih.gov/pubmed/19443107
https://doi.org/10.2175/106143008X370403
https://www.ncbi.nlm.nih.gov/pubmed/19323287
https://doi.org/10.1016/j.jenvman.2022.114803
https://www.ncbi.nlm.nih.gov/pubmed/35240564
https://doi.org/10.1016/j.watres.2026.125539
https://www.ncbi.nlm.nih.gov/pubmed/41702241
https://doi.org/10.3390/mining6030072

Mining 2026, 6, 72 19 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Silva, AM.; Cruz, EL.S.; Lima, RM.E; Teixeira, M.C.; Ledao, V.A. Manganese and limestone interactions during mine water
treatment. J. Hazard. Mater. 2010, 181, 514-520. [CrossRef] [PubMed]

Okeme, I.C,; Srivastava, P.; Sapsford, D.]. Highly efficient co-removal of zinc and manganese during passive treatment of mine
drainage: Mechanisms, microbiology and application. Ecol. Eng. 2025, 219, 107681. [CrossRef]

Catts, ].G.; Langmuir, D. Adsorption of Cu, Pb and Zn by $MnO;: Applicability of the site binding—surface complexation model.
Appl. Geochem. 1986, 1, 255-264. [CrossRef]

Luan, E; Santelli, C.M.; Hansel, C.M.; Burgos, W.D. Defining manganese(II) removal processes in passive coal mine drainage
treatment systems through laboratory incubation experiments. Appl. Geochem. 2012, 27, 1567-1578. [CrossRef]

Campbell, C.D.; Grayston, S.J.; Hirst, D.J. Use of rhizosphere carbon sources in sole carbon source tests to discriminate soil
microbial communities. J. Microbiol. Methods 1997, 30, 33—41. [CrossRef]

Lesage, E.; Rousseau, D.P.L.; Meers, E.; Van de Moortel, AM.K,; Du Laing, G.; Tack, EM.G.; Verloo, M.G. Accumulation of metals
in the sediment and reed biomass of a combined constructed wetland treating domestic wastewater. Water Air Soil Pollut. 2007,
183, 253-264. [CrossRef]

Mays, P.A.; Edwards, G.S. Comparison of heavy metal accumulation in a natural wetland and constructed wetland receiving acid
mine drainage. Ecol. Eng. 2001, 16, 487-500. [CrossRef]

Ioannidou, V.G.; Pearson, ].M. The effects of flow rate variation and vegetation ageing on the longitudinal mixing and residence
time distribution (RTD) in a full-scale constructed wetland. Ecol. Eng. 2019, 138, 248-263. [CrossRef]

Kretz, L.; Koll, K,; Seele-Dilbat, C.; van der Plas, F.; Weigelt, A.; Wirth, C. Plant structural diversity alters sediment retention on
and underneath herbaceous vegetation in a flume experiment. PLoS ONE 2021, 16, €0248320. [CrossRef] [PubMed]

Nguyen, T.T.; Soda, S.; Kanayama, A.; Hamai, T. Effects of cattails and hydraulic loading on heavy metal removal from closed
mine drainage by pilot-scale constructed wetlands. Water 2021, 13, 1937. [CrossRef]

Nguyen, T.T.; Soda, S.; Horiuchi, K. Removal of heavy metals from acid mine drainage with lab-scale constructed wetlands filled
with oyster shells. Water 2022, 14, 3325. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/mining6030072


https://doi.org/10.1016/j.jhazmat.2010.05.044
https://www.ncbi.nlm.nih.gov/pubmed/20570440
https://doi.org/10.1016/j.ecoleng.2025.107681
https://doi.org/10.1016/0883-2927(86)90010-7
https://doi.org/10.1016/j.apgeochem.2012.03.010
https://doi.org/10.1016/S0167-7012(97)00041-9
https://doi.org/10.1007/s11270-007-9374-4
https://doi.org/10.1016/s0925-8574(00)00112-9
https://doi.org/10.1016/j.ecoleng.2019.07.014
https://doi.org/10.1371/journal.pone.0248320
https://www.ncbi.nlm.nih.gov/pubmed/33735182
https://doi.org/10.3390/w13141937
https://doi.org/10.3390/w14203325
https://doi.org/10.3390/mining6030072

	Introduction 
	Materials and Methods 
	Actual and Synthetic Mine Drainage 
	CW Setup 
	Operating Conditions of the CWs 
	Sampling and Analysis 

	Results 
	Performance of CWs During Phased Operation 
	Phase I 
	Phase II 
	Phase III 
	Phase IV 
	Phase V 

	Comparison of Treatment Performance Among Phases 

	Discussion 
	Applicability of CWs to Actual Mine Drainage 
	Removal Mechanisms for Mn and Zn in CWs 
	Effects of Vegetation on Metal Removal 
	Effects of Temperature and HRT on Metal Removal 
	Implications for Practical Applications 

	Conclusions 
	References

