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Abstract

Pilot-scale mine water treatment facilities were operated for over four years at the Ilwol mine, South Korea. A steel slag-
limestone reactor (referred to as the slag reactor) was tested and a successive alkalinity producing system (SAPS) and a
SAPS incorporating slag from a basic oxygen steelmaking furnace were compared. The SAPS decreased Mn from 23.3 to
7.4 mg L~! on average because the alkalinity generated led to saturation with rhodochrosite. Adding a slag reactor removed
Mn down to levels of 0.002—1.8 mg L~! from influent Mn as high as 17.1 mg L™! with a residence time of 5-25 h. Mn-
containing carbonates and oxides were precipitated, which was supported by the geochemical modelling and observed with
scanning electron microscopy with energy dispersive spectroscopy. The increased alkalinity in the SAPS before the slag
reactor helped remove Mn at a pH range of 8.0-8.3. Mn removal rates and Mn-standardized Mn removal rates in the slag
reactor were 0.76 mg L™' h~! and 0.105 h™! in average, respectively. The passive treatment of Mn using an Fe-pretreatment
and alkalinity-generation system, a slag-limestone reactor, and a wetland rather than a SAPS including slag, an oxidation-

settling pond, and a wetland is suggested to consistently meet the effluent standards for Mn and pH.
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Introduction

Mn is a common contaminant in mine drainage that often
exceeds the accepted drinking water limit in groundwater in
reducing environments. Mn in drinking water has been found
to affect the nervous system (Rodriguez-Barranco et al.
2013; USEPA 2004), and it has been associated with intel-
lectual impairment in school-aged children (Bouchard et al.
2011; Rodriguez-Barranco et al. 2013). The World Health
Organization (WHO) has accordingly published a health-
based guideline of 0.4 mg L~! Mn in drinking water (WHO
2017). The effluent standard for Mn is 2 mg L~! in coal
mine drainage based on BAT (the best available technology
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economically available) in the US and South Korea (Minis-
try of Environment 2021; USEPA 2008).

Mn is not easily sorbed or precipitated as a sulfide (Kim
et al. 2017b, 2020; Younger et al. 2002). It can be removed
by chemical treatment, either at pH>9 as (hydr)oxides, or
by using oxidants such as permanganates, hypochlorites,
or ozone, but this is expensive. Thus, we decided to study
and optimize the cost-effective passive treatment of Mn.
About a decade ago, we assessed the use of a limestone
bed to passively remove Mn at several mines, but they
had limited effectiveness. The removal rate was only 0.9 g
Mn m~2 day~'. The Mn concentration of about 44 mg L
was only decreased by about 7 mg L™! and so still exceeded
the discharge criteria (2 mg L™") (MIRECO 2012). So, we
began experiments in which about 50% of the limestone was
replaced by steel slag.

Slag leach beds (SLBs) containing slag from a basic oxy-
gen steelmaking furnace have been used in many pilot- and
full-scale passive Mn treatment systems in the last 25 years
(Hamilton et al. 2007; Skousen et al. 2017 and references
therein; Ziemkiewicz 1998). In this method, freshwater
flows into the SLB and dissolves the CaO component from
the slag to generate alkaline water, which in turn mixes with
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mine water down-gradient to precipitate metals, including
Mn, at high pH. However, it is generally difficult to meet
environmental standards for water quality (in terms of the
concentration of Mn and the pH) of the effluent due to the
variable flow rates of the two waters (Goetz and Riefler
2014). As an alternative to SLBs, the mine water can be
exposed directly to the steel slag, creating a slag reactor, but
also has potential problems. One is that the Fe** in the mine
water inhibits Mn removal due to the prior oxidation of Fe**
and reductive dissolution of Mn oxides by the Fe>* (Burdige
et al. 1992; Gouzinis et al. 1998; INAP 2012; Nairn and
Hedin 1993). The other is clogging of the substrate, which
can induce overflow; this can be improved by applying a
stop-log to decrease the outflow water level and induce a
sufficient hydraulic gradient.

Although a pH more than 9 is generally required to
remove Mn efficiently, several mechanisms enhance Mn
removal at lower pH. Autocatalytic oxidation and sorp-
tion of Mn by Mn oxides have been investigated in several
studies (Aguiar et al. 2010; Barlokova and Ilavsky 2009;
Coughlin and Matsui 1976; Ji et al. 2020; Kim et al. 2014,
2017a; Morgan 2000; Yang et al. 2021; Younger et al. 2002).
Meanwhile, Mn can be co-precipitated with calcite, and kut-
nohorite (CaMn(CO3),) can also be precipitated (Bamforth
et al. 2006; Franklin and Morse 1983; Lind and Hem 1993;
Pingitore et al. 1988). Aguiar et al. (2010) and Aziz and
Smith (1992) also suggested that the formation of carbonate
on the limestone surface increases the removal efficiency of
Mn, while Baer et al. (1991), Blanchard and Baer (1992),
Pingitore et al. (1988) and Silva et al. (2010) have sug-
gested that Mn substituted for Ca on the limestone surface,
as shown by X-ray photoelectron spectroscopy analyses of
Mn monolayers on the surface of calcite (Baer et al. 1991).
Furthermore, Bamforth et al. (2006), Franklin and Morse
(1983), Hem and Lind (1994) and Silva et al. (2012a) have
suggested that carbonates act as nucleation sites to bind
Mn oxides or carbonates. Moreover, Mn-oxidizing bacteria
(MOB) also remove Mn from mine water at circumneutral
pH (Chaput et al. 2015; Christenson et al. 2016; Tebo et al.
2005).

Meanwhile, understanding of the chemical mechanisms
that govern Mn oxidation at near-neutral pH in pilot- and
full-scale facilities is limited, and the designs of passive
systems are not yet optimal (Neculita and Rosa 2019). In
our pilot-scale experiments, Fe in the inflow was pre-treated
using an oxidation-settling pond and a successive alkalinity
producing system (SAPS), and a following slag reactor was
assessed for long-lasting Mn removal efficiency and chemi-
cal behavior of Mn. The main objective of this study was to
assess the treatment efficiency of a SAPS—slag reactor series
for Mn removal, compared to a series of a slag-amended
SAPS that combined SAPS and a slag reactor, followed by
an oxidation-settling pond.
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Materials and Methods
Pilot-Scale Treatment Facilities

The Ilwol coal mine located at Bonghwa-gun in Gyeong-
sangbuk-do, South Korea, was abandoned in 1992. There
are two adits discharging drainage (adits 1 and N1). Pilot-
scale facilities to treat part of the drainages from both
adits (avg. 3.6 m® day~! and 1.2 m® day~! from adits 1
and N1, respectively) were installed in 2013. Its operation
was ceased every winter to prevent it from freezing, so it
was run from July to November 2013, May to July 2014,
July to November 2015, and May to November 2016. The
lowest water temperature for the experiment was 7-8 °C
at SAPS 1, SAPS 2, and the slag reactor. The total opera-
tional period was ~ 359 days, and data for 2015 and 2016
(281 of the 359 days) were used in this study.

A schematic diagram of the facilities is presented in
Fig. 1. Both drainages were separately pumped into oxida-
tion-settling pond 1, where they mix. The effluent from the
pond diverged into two treatment series. The first series
included SAPS 1, the slag reactor, and wetland 1. The
second series included SAPS 2, oxidation-settling pond
2, and wetland 2.

The slag reactor was filled with steel slag and lime-
stone at a volumetric ratio of 1:1. Steel-making slag from
a basic oxygen furnace of a steelmaking factory in South
Korea was used. It consisted of CaO, SiO,, Fe oxides,
MgO, Al,O5, MnO, and P,05 at 29.4%, 15.0%, 27.8%,
6.9%, 3.5%, 3.4%, and 2.1%, respectively, based on X-ray
fluorescence (XRF) analysis. The diameters of the steel
slag and limestone were 2—-6 mm and 3-5 cm, respectively,
while the height and porosity of the mixed steel slag and
limestone were 0.7 m and 36%, respectively, resulting in
a pore volume of 0.68 m>. It had a downward flow direc-
tion until 2015, but perforated inflow pipes were installed
at the bottom and the direction was changed to become
upward in 2016.

Both SAPS 1 and 2 consisted of 0.5 m of open water,
0.4 m of used mushroom compost, and 1.0 m of alkaline
material from top to bottom. At the bottom, downward-
flowing water was discharged through perforated pipelines.
The alkaline materials at SAPS 1 and 2 were limestone
with a porosity of 50% and limestone mixed with steel
slag at a 1:1 volumetric ratio, respectively. Pore volumes
of alkaline material at SAPS 1 and 2 were 2.0 m® and 1.4
m?, respectively. The water depths of oxidation-settling
ponds 1 and 2 were 1.8 m and 0.8 m, respectively. Wetland
1 and wetland 2 consisted of 0.25 m of open water, 0.4 m
of used mushroom compost, and 0.3 m of limestone from
top to bottom. It was an aerobic wetland with horizontal
flow. The main function of the wetland was to decrease
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Fig. 1 Schematic diagram of the pilot-scale treatment facilities at the Ilwol coal mine

the pH to below the effluent standard in South Korea (8.6)
and removing suspended solids by surface precipitation,
adsorption, and filtration; it could also further oxidize
remnant Mn.

Sampling and Analyses

The water quality and flow rate from each unit at the pilot-
scale facilities were assessed 1-3 times a month from July
to November 2015 and from June to November 2016. Flow
rates were measured at the inflow pipes from both adits and
at the outflow pipes of the treatment units by the bucket-
and-stopwatch method. Residence time was calculated by
dividing pore volume of treatment unit by the flow rate.
Water samples were collected from the outlets of the treat-
ment units, filtered through a 0.45-pm membrane, and then
transferred to 50 mL polyethylene tubes. Samples for cation
analysis were preserved by adding ~ 10 drops of concen-
trated nitric acid to maintain the pH at <2. All samples were
stored at 4 °C until analysed.

The pH, oxidation-reduction potential (ORP), and tem-
perature of the water samples were measured using a port-
able meter (Orion 3 star, Thermo Scientific). ORP was
subsequently converted to pe by correcting with respect to
the potential of a standard hydrogen electrode. Alkalinity
was determined in the field via volumetric titration using a
digital titrator (model Hach AL-DT, Hach). Dissolved Fe?*
concentrations were determined in the field using a portable
colorimeter (model HACH DR-890) and the phenanthroline
method (APHA 2017).

Concentrations of dissolved cations (Al, Ca, Cd, Cu,
Fe, K, Mg, Mn, Na, Pb, Sr, and Zn) were analysed via
inductively coupled plasma optical emission spectroscopy

(ICP-OES, Varian 720-ES) at the Institute of Mine Recla-
mation Technology (IMRT), the Korea Mine Reclamation
Corporation. Anions (Br~, C17, F~, NO,~, NO;", PO43‘,
and SO,?") were measured by using ion chromatography
(IC, Metrohm 850) at IMRT. The relative standard devia-
tions were less than 5% of the measured values for ICP-
OES and IC. Precipitates in the slag reactor were analysed
via scanning electron microscopy (SEM) with energy dis-
persive spectroscopy (EDS; Carl Zeiss Supra40) at IMRT.

Geochemical modeling to calculate saturation indi-
ces (SIs) was conducted with PHREEQC version 3.5
with input parameters of temperature, pH, pe, alkalinity,
Fe?*, and analysed cations and anions. An open system
was assumed for the modeling. The pe-pH diagram was
established using the Geochemist’s Workbench 2021 with
a thermodynamic database from PHREEQC. Student’s
t-test and F homogeneity of variance test (F-test) were
conducted to determine parameter differences between
2015 and 2016. If the p-value from the F-test exceeded
or was less than 0.05, the variance of the parameter was
considered as homogeneous and heterogeneous, respec-
tively. Accordingly, the t-test was conducted assuming
homogeneous or heterogeneous variance. If the p-value
from the t-test exceeded 0.05, the average of the parameter
was considered to be not significantly different between
2015 and 2016.

The Mn removal rate was calculated according to Eq. (1):

Mnoulﬂow B Mninﬂow (1)

Residence time

Mn removal rate =

where Mn, ., and Mn;,4,,, indicate Mn concentrations (in

mg L™!) of outflow and inflow, respectively, and units of

@ Springer



Mine Water and the Environment

Mn removal rate and residence time are mg L™! h™! and h,
respectively.

The Mn-standardized Mn removal rate was calculated
according to Eq. (2):

Mn
Mn;

inflow

outflow ~— Mninﬂnw

Mn — standardized Mn removal rate = - -
X Residence time

2
where the unit of Mn-standardized Mn removal rate would
be h~! if the unit of residence time was h.

Results and Discussion
Assessment of Treatment Units and Reactions
The chemical compositions of the outflows from the treat-

ment units are presented in Fig. 2 and Table 1. The mixing
ratio between the adit N1 and adit 1 drainages flowing into

oxidation-settling pond 1 was around 1:3. As adit drainages
were separately flowed in and not mixed with each other,
hypothetical Fe and Mn concentrations for mixed inflow
were calculated to be 11.7 mg L™! and 25.6 mg L™! in aver-
age, respectively. The outflow from oxidation-settling pond 1
showed a median pH of 6.57, an average Fe concentration of
3.1 mg L™, and an average Mn concentration of 23.3 mg L™!
(Table 1). In SAPS 1, the median pH increased from 6.57
to 7.18 and the average alkalinity increased from 35.7 to
90.6 mg L™! as CaCO;. The average Ca concentration also
increased from 142 to 179 mg L~'. Especially, average Mn
decreased from 23.3 to 7.4 mg L™!, although the median pH
was only 7.18. As SAPS 1 increased the average alkalinity to
as high as 90.6 mg L' as CaCOs, the outflow was saturated
with rhodochrosite (MnCO;) showing an SI of 0.56 which
was calculated from geochemical modeling, whereas it was
undersaturated with Mn (hydr)oxides (Tables 2 and Supple-
mental Table S-1). This suggests that Mn was preferentially
removed as MnCOj in the presence of limestone as follows:

Fig.2 Average Mn and Fe (a)
concentrations and median 35 10
pH values in the outflow from B
the a SAPS 1—slag reac- Effluent standard
tor—Wetland 1 series and b 30 r (pH: 8.6) 4149
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Pond 2—Wetland 2 series at the : 25
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(n=18 for Oxidation-Settling g 20
Pond 1, SAPS 1, and slag reac- ~— 47 "%
tor; n=17 for Wetland 1; n=15 v |
for SAPS 2 and Oxidation-Set- L;L 15 ~-Mn
tling Pond 2; n=14 for Wetland —+Fe 16
2). The error bars indicate E 10 Effluent standard
standard deviations. The South (Mn, Fe: 2 mg L) pH | 5
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(b)
35 10
30 19
~ 25
= 8
g 20
g )z
)
= 15
s 6
= 10
5 5
0 i H 4

O-SPond 1

@ Springer

SAPS 2 O-SPond 2 Wetland 2



Mine Water and the Environment

Table 1 Statistics for chemical characteristics of water samples from the treatment units and adit drainages for 281 days

Treatment unit Statistics pH pe DO Alkalinity Mn Fe Ca Mg
(mgL™")  (mgL'asCaCO;) (mgL7™h)
Adit 1 Average - 387 3.65 81.8 16.2 7.8 151 26
(n=16) Median 6.43 3.67 3.2 87.0 16.0 8.8 143 25
Standard deviation 0.30 094 0.73 15.7 2.7 3.9 25 3
Maximum 7.02 6.11 4.84 101 19.8 145 183 31
Minimum 5.96 271 267 40.5 103 001 125 21
Adit N1 Average - 11.70  4.88 - 533 232 105 36
(n=16) Median 308 1184 474 - 52.3 156 102 37
Standard deviation 0.23 1.01 0.58 - 23.6 18.5 28 16
Maximum 3.66 1330 675 - 101.8 488 153 81
Minimum 2.66 9.78 4.10 - 253 2.3 71 17
Oxidation-Settling Pond 1 Average - 526 435 35.7 23.3 3.1 142 28
(n=18) Median 6.57 527 423 31.5 20.7 24 142 28
Standard deviation 1.16 1.52 054 29.4 9.8 2.4 26 5
Maximum 7.02 8.51 5.78 84.0 48.7 77 182 39
Minimum 3.19 290 342 0.00 8.3 0.10 107 22
SAPS 1 Average - 496 274 90.6 7.4 017 179 28
(n=18) Median 7.18 490 2.58 92.0 7.1 002 177 28
Standard deviation ~ 0.55 144 073 31.0 4.9 052 32 4
Maximum 7.88 947 436 128 17.1 22 225 36
Minimum 6.12 261 143 10.0 14 0.008 119 22
Slag reactor Average - 5.14 393 50.7 0.17 0.03 171 20
(n=18) Median 8.41 532 372 38.0 0.02 001 161 19
Standard deviation  0.65 157 095 27.5 0.41 004 31 10
Maximum 1021 750 6.07 98.0 1.7 013 215 35
Minimum 7.92 191 254 15.0 0.00 000 123 5
Wetland 1 Average - 538 4.86 62.6 0.27 0.07 175 21
(m=17) Median 7.71 560 5.6 58.0 0.24 005 167 17
Standard deviation ~ 0.68 148  1.03 24.6 0.30 008 29 10
Maximum 9.12 7.63  6.18 102 1.3 027 216 35
Minimum 6.71 1.82 321 19.5 0.01 000 126 5
SAPS 2 Average - 3.92 262 54.2 6.9 0.11 169 23
(n=15) Median 8.31 3.97 249 49.5 7.0 007 162 24
Standard deviation ~ 0.56 120 057 214 3.9 013 28 8
Maximum 9.96 6.15 3.82 83.0 14.1 056 205 32
Minimum 7.47 149 123 15.0 0.00 000 122 2
Oxidation-Settling Pond 2 Average - 512 433 42.8 4.8 0.02 165 24
(n=15) Median 8.18 502 4.5 40.0 3.7 001 157 23
Standard deviation ~ 0.65 1.60  0.94 154 4.0 001 27 6
Maximum 9.27 730  5.53 69.0 132 0.06 202 33
Minimum 6.73 1.83  2.90 24.0 0.02 001 126 10
Wetland 2 Average - 569 474 48.1 42 0.04 169 25
(n=14) Median 7.44 6.05 4.89 47.0 34 0.04 165 24
Standard deviation  0.44 1.65 1.10 16.7 2.8 0.04 26 5
Maximum 8.64 8.10 658 76.0 10.5 0.13 206 33
Minimum 6.89 200 3.05 15.0 0.72 000 135 17

“The average of pH was not expressed as the pH is logarithmic
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Table 2 Statistics for SIs of

Treatment unit Statistics Calcite Hausmannite Manganite Rhodochrosite
selected Mn compounds and
calcite in water samples from (CaCOy)  (Mn30,) (MnOOH) ~ (MnCO5)
;ﬁ;:;;‘:l:g ;;“;Sd;‘f adit Adit 1 Average 105 —1528 ~584 046
Median -1.07 - 14.93 -6.21 0.47
Standard deviation  0.23 0.77 0.85 0.23
Maximum - 0.81 —14.64 —-4.57 0.80
Minimum -1.42 - 16.34 - 6.63 0.19
Adit N1 Average - —25.35 -791 -
Median - —23.28 -7.57 -
Standard deviation — 4.38 1.47 -
Maximum - —22.40 - 6.74 -
Minimum - —30.38 —10.39 -
Oxidation-settling Pond 1 ~ Average —1.34 — 1554 —5.69 0.26
Median -1.29 -13.31 -5.35 0.36
Standard deviation  0.74 6.55 2.22 0.64
Maximum -0.38 -947 -2.92 1.00
Minimum —-2.98 —31.43 —-11.23 -1.20
SAPS 1 Average —-0.38 - 9.55 -3.31 0.56
Median -0.32 —-8.13 -3.31 0.68
Standard deviation  0.56 3.63 1.35 0.49
Maximum 0.54 —4.86 -1.03 1.42
Minimum -1.15 —16.30 -5.53 -0.18
Slag reactor Average 0.65 —-3.02 —0.60 —0.94
Median 0.65 —-3.16 -0.52 —0.98
Standard deviation  0.45 5.53 1.92 0.73
Maximum 1.36 7.29 2.86 0.42
Minimum -0.37 - 12.76 —4.58 -2.12
Wetland 1 Average -0.03 —-8.12 —-2.51 —-0.76
Median 0.15 -10.37 -3.74 —0.64
Standard deviation  0.58 5.85 2.30 0.64
Maximum 0.69 6.05 243 0.18
Minimum —-1.18 —14.43 -5.25 - 1.96
SAPS 2 Average 0.54 -1.62 —0.68 1.53
Median 0.62 - 1.11 - 0.59 1.57
Standard deviation  0.30 391 1.49 0.35
Maximum 0.97 3.36 1.60 1.97
Minimum —0.08 - 11.09 -3.87 0.78
Oxidation-settling Pond 2 Average 0.02 —-2.09 —-0.51 0.85
Median 0.15 -1.62 -0.53 1.12
Standard deviation  0.70 3.74 1.19 0.62
Maximum 0.91 2.77 1.00 1.57
Minimum —1.38 -10.29 -2.37 - 0.38
Wetland 2 Average -0.19 —4.60 —-1.33 0.61
Median —-0.20 —4.66 - 1.04 0.61
Standard deviation 0.34 3.34 1.84 0.37
Maximum 0.39 0.24 0.98 1.24
Minimum -0.87 —10.20 —-4.16 —-0.02

SIs of Pyrolusite (MnO,) are not present because they are lower than those of manganite for all samples
and manganite is an important intermediate product for forming pyrolusite
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CaCO; + H* - Ca** + HCO; 3)

Mn** + HCO; — MnCO; + H* )

Combining these two reactions results in
CaCO; + Mn** - Ca®" + MnCO, 6)

As the solubility product constant (K,) values of CaCO,
and MnCOj; are 10785 and 107!, respectively, CO32_ pref-
erentially combines with Mn, which in turn can decrease the
Mn concentration (in mg L™ to 0.35% of the Ca concentra-
tion at equilibrium.

In the slag reactor, the median pH further increased
to 8.41 and the average Mn concentration decreased to
0.17 mg L™!. Moreover, the average alkalinity decreased
from 90.6 to 50.7 mg L' as CaCO;, while the Ca concen-
tration was maintained at 171 mg L™! on average and the
outflow was saturated with calcite. This suggests that Ca>*
released from the steel slag combined with CO;>~ to form
CaCO; precipitates that decreased the alkalinity while main-
taining the Ca concentration. This will be further discussed
below. Based on geochemical modeling, the outflow was not
saturated with rhodochrosite (SI: — 0.94) in average, pos-
sibly due to the decreased Mn concentration and alkalinity.
Nevertheless, the inflow was saturated with rhodochrosite
(SI: 0.56) in average, which could have led to its precipita-
tion. The precipitation of MnCOj; also may have contributed
to the decrease in alkalinity in the slag reactor. Although the
average SI of manganite from the outflow was — 0.60, the
precipitated rhodochrosite (MnCOj;) could have been con-
verted into Mn oxides under aerobic conditions, resulting
in the observed black precipitates in the slag reactor. Also,
some of the Mn oxides might have been formed directly by
MOB.

Precipitates on the surface of the limestone in the slag
reactor were collected after completion of the experiments
and analyzed using SEM and EDS (Fig. 3 and Table 3).
There were several pillar-shaped Ca compounds (Fig. 3a),
mainly composed of Ca (39%), C (7%), and O (50%),
suggesting CaCO; and Ca (hydr)oxides. In the upper-left
part, there was a spongy-like aggregate of Mn compounds
(Figs. 2b and 3a), where the Mn and C content had increased
significantly (15% and 11%, respectively). Spongy-like sheet
and lath structures of Mn oxides have also been previously
reported (Bruins 2016; Jiang et al. 2010; Kim et al. 2016;
Tan et al. 2010). These findings suggest that the aggregate
comprised Mn oxides and possibly Mn carbonates. At
another location, Ca compounds with a platy surface (point
2 in Fig. 3c¢) were composed of Ca (72%), C (6%), and O
(20%). A precipitate on the Ca compounds (point 1) had
an increased content of Mn (10%), C (13%), and O (33%),

which suggests the possible formation of Mn oxides and/or
carbonates. Therefore, Mn was present as both oxides and
carbonates in the slag reactor.

Unlike a conventional SAPS, the SAPS 2 included steel
slag (50%) in the limestone layer, combining a conventional
SAPS like SAPS 1 and the slag reactor. The average Mn
concentration decreased from 23.3 to 6.9 mg L' in SAPS
2 (Fig. 2b and Table 1), which was higher than that at the
outflow of SAPS 1—slag reactor series (0.17 mg L™').
Although the SAPS 2 outflow had a relatively high pH, it
could not move to the stability field of manganite due to
the low pe (Fig. 4). Subsequently, although the outflow of
oxidation-settling pond 2 following SAPS 2 increased the
pe to 5.12, which is comparable to the pe of the slag reactor
(5.14), the average Mn still remained at 4.8 mg L~! (Table 1
and Fig. 2b). This may be because the median pH decreased
to 8.18 (arrow 2 in Fig. 4) so the outflow still could not move
to the stability field of manganite. Additionally, the absence
of a solid substrate surface in oxidation-settling pond 2 may
have contributed to the low Mn removal efficiency. In con-
trast, from the relatively low pe and pH at the outflow of
SAPS 1 (Fig. 4), the slag reactor increased both the pe and
pH (arrow 1 in Fig. 4) to move to the stability field of man-
ganite. Thus, a higher pH, more oxidative environment, and
the presence of solid substrate in the slag reactor could have
led to faster formation of Mn oxides. Accordingly, using a
SAPS—slag reactor series rather than a SAPS including a
steel slag—oxidation-settling pond series is recommended
to remove Mn, for this mine drainage chemistry.

Although the Mn removal rates of the slag reactor were
0.0-1.7 mg L™! h™! (Fig. 5 and Supplemental Table S-3),
simply decreasing the amount of Mn cannot explain the effi-
ciency of the slag reactor (Eq. 1), as the slag reactor removed
most of the dissolved Mn to avg. 0.17 mg L™! from its inflow
containing an avg. Mn of 7.4 mg L™'. Thus, Mn removal
rates were standardized by inflow Mn concentrations (Eq. 2).
The slag reactor showed Mn-standardized Mn removal rates
ranging between 0.040 and 0.192 h™! with an average of
0.105 h™. Additionally, although the Mn treatment effi-
ciency of SAPS 2 was comparable to that of SAPS 1 (Fig. 2
and Table 1), Mn removal rates and Mn-standardized rates
were a little bit higher in SAPS 2 (0.018-0.105 h™!, avg.
0.041 h™!) than in SAPS 1 (0.005-0.047 h™!, avg. 0.026 h™1),
because residence time in SAPS 2 (avg. 16-22 h) was shorter
than that in SAPS 1 (avg. 25-41 h; Supplemental Table S-2).

The median pH and average alkalinity in SAPS 2
increased to 8.31 and 54.2 mg L~ as CaCO;, respec-
tively, which are comparable to those of the slag reactor
(pH: 8.41, alkalinity: 50.7 mg L™ as CaCOj). As the out-
flow was saturated with calcite, dissolution of CaO from
the steel slag and its subsequent precipitation as CaCO;
could have led to relatively lower alkalinity than in SAPS 1
(90.6 mg L™! as CaCOj). Figure 6 shows alkalinity plotted
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Full scale counts: 4174

8.4 mm

Point 1

(b)

5K -
4K -
3K -
2K+
1K
0

Full scale counts: 4362

6K

Point 2

4K

2K+

Fig.3 a An SEM image of Ca compounds on the surface of the lime-
stone in the slag reactor (X 2500) and b a high-resolution SEM image

kev

of an Mn precipitate on the Ca compounds in a (x 10,000). ¢ EDS

Table 3 EDS analysis results for precipitates at the surface of the limestone in the slag reactor

10

analysis of the Mn precipitate at point 1 and the Ca compounds at
point 2 in the inset SEM image

Position Ca C o Mn Mg S Si

(a) Ca compounds 39.08 £0.15 7.29+0.05 50.26 +0.36 1.49+0.06 0.58+0.02 0.49+0.01 0.63+0.01
(b) Mn precipitate 14.82+0.09 11.07+0.13 52.67+0.53 14.19+0.19 1.42+0.07 0.44+0.04 1.07+0.03
(c-1) Mn precipitate 42.66+0.23 12.58 +0.22 32.83+1.18 10.19+0.35 0.57+0.10 0.65+0.07 0.52+0.06
(c-2) Ca compounds 72.35+0.49 5.83+0.16 20.32+0.94 0.00+0.00 0.43+£0.05 0.43+0.08 0.64+0.06

Units are atomic %
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Fig.4 Plot of pe versus pH for outflow samples of the slag reac-
tor, SAPS 1, SAPS 2, and Oxidation-Settling Pond 2. Arrows 1 and
2 indicate overall change from SAPS 1 to the slag reactor and from
SAPS 2 to Oxidation-Settling Pond 2, respectively. The stability
diagram was modeled by using the Geochemist’s Workbench 2021.
The average temperature (18 °C), Mn concentration (0.18 mM), and
HCO;™ concentration (1.0 mM) from inflows and outflows of the four
treatment units were applied for the model
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Fig.5 Plot of Mn-standardized Mn removal rate versus Mn removal
rate in the slag reactor, SAPS 1, and SAPS 2. The data from the first
operation in 2016 (18 Jun) is not included because the treatment units
were not stabilized

against pH and SI of calcite for SAPS 1, SAPS 2, and
the slag reactor. There is a trend of decreasing alkalin-
ity with increasing pH and the units containing slag (the
slag reactor and SAPS 2) had higher pH, lower alkalinity
(Fig. 6a), and higher SI of calcite (Fig. 6b). As CaO was
generated from the steel slag, both pH and Ca>" may have
been increased, and Ca>* may be consumed to precipitate
CaCO; while consuming alkalinity. Additionally, as the
outflow of SAPS 2 was saturated with MnCO; (Tables 2
and S-1), its precipitation may also have contributed to the
decrease in alkalinity in SAPS 2.

(a)
140
S120 | e * Slag reactor
Q o [ o0SAPS 1
o 100 | e . A SAPS2
£ % o 8 oie
o 80 ‘AAA ~
en o A eo®
E 60 | o °
Sy o A A "
= L A
£ 40 ° ' .A. N
S 2 | . " . *
z o}
0 1 1 1 1 1 1 1 1
6 7 8 9 10 11
pH
(b)
140
=~ o [0)
© 120 o
Q o
O 100 . .
: o I} (0] o °
- 80 .
) oA
£ ° (R4
= 60 O gl o
iy o Slag reactor 0. ¥ %
£ 40 r oSAPS1 S 8 3 5 .
Z ,y | “SAPS2 i Le .
= " ° A .
0 PR SR SN TN SR ST N [N TR TN TR TN (NN SN SR SN SN SN SR SR ST S NN TR S T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Saturation Index (Calcite)
©
_ 2
£ . g
E 1 r ° A A
g o0 * * . N
L]
E -1 F o® o .
A
5 2 0r * ° o =
= . R3)
Ll _3 -
= o ©
e 60 A
s -4 r o ®Slag reactor
5 5 | * 0 SAPS 1
= o © A SAPS2
n -6 s P T T S S SN S S S S S S S SR S S S S S S S SR
=3 -2 -1 0 1 2 3

Saturation Index (Rhodochrosite)

Fig.6 Plots of alkalinity versus a pH and b SI (saturation index) of
calcite for outflows from the slag reactor, SAPS 1, and SAPS 2 which
is based on geochemical modeling. ¢ Relationship between SlIs of
manganite and rhodochrosite. An arrow indicates changing SIs from
SAPS 1 to the slag reactor

Oxidation-settling pond 2 and wetland 2 decreased the
median pH from 8.31 to 8.18 and to 7.44, respectively.
Wetland 1 also significantly decreased the median pH from
8.41 to 7.71, which satisfactorily met the effluent standard
of pH (8.6) in South Korea. The decrease of pH at an aero-
bic wetland was also studied and reported by Mayes et al.
(2009a; b). Geochemical modeling showed that all of the
samples were undersaturated with CO, (g), which indicates
that atmospheric CO, dissolved, thereby decreasing the pH
of oxidation-settling pond 2, as well as wetlands 1 and 2.
In addition, the outflow from oxidation-settling pond 2 was
saturated with calcite (SI: 0.02), and the average alkalinity
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decreased from 54.2 to 42.8 mg L™ as CaCO,. When calcite
precipitates, CO;>~ as an alkalinity-inducing constituent is
consumed in the following reaction:

Ca’** + CO3™ — CaCO, (6)

Next, according to Le Chatelier’s principle, H* can be
generated to decrease the pH as follows:

HCO; —» H* + CO%~ (7

These reactions could have contributed to the decrease in
pH in oxidation-settling pond 2. Meanwhile, pH buffering
by organic acids in the used mushroom compost could have
contributed to the pH decrease in wetlands 1 and 2.

Long-Term Efficiency of the Slag Reactor

The slag reactor decreased Mn to < 1.8 mg L™ from its max-
imum inflow concentration of 17.1 mg L=! for the 281 days

until the completion of the pilot experiments (Fig. 7a). Out-
flow pH decreased during both 2015 and 2016 (Fig. 7b), but
there was an abrupt increase in pH from November 2015
(8.04) to June 2016 (9.35). When the operation was ceased
to prevent freezing during this period, the steel slag and
limestone in the slag reactor dried out, which could have
produced precipitates of calcium carbonate and/or hydrox-
ides on the surface of the steel slag that could have increased
the pH when the operation was resumed. At the end of each
year, the pH in the outflow ranged from 8.0 to 8.3 except
on the 178th day, when the residence time was high (25 h).
Nevertheless, the high Mn removal efficiency was main-
tained even during this period. Additionally, there were no
significant differences in average Mn, pH, alkalinity, and
residence time between 2015 and 2016, as their p-values
from the Student’s t-test were higher than 0.05 (Table S-2).

The outflow from SAPS 1 was saturated with rho-
dochrosite most of the time, and due to the higher pH in
the slag reactor, its outflow was sometimes saturated with

Fig.7 Variation in a Mn (a)
concentration and b pH in 18 i 30
the slag reactor over elapsed 16 Nov 15 : QJun 16 -0-Mn (inflow)
time. The effluent standard for
Mn (2 mg L™!) is indicated 14 -f—Mn.(outflov‘v) 1 25 =
as a horizontal dotted line. -O-Residence time )
Operations in the facilities were =12 + 4 20 E
ceased from November 2015 to - g
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= §
= 6 b— 41 10 &
4 | G
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0 S o=@ 0 e
0 0
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manganite, although the SI of rhodochrosite decreased due
to the decrease in alkalinity (Fig. 6¢, Tables 2 and S-1).
Diem and Stumm (1984) reported that oxidation of Mn was
enhanced in solutions oversaturated with rhodochrosite,
possibly because the surfaces of rhodochrosite or Mn
hydroxide lower the activation energy for Mn** oxygena-
tion. Luan et al. (2012) also reported precipitation of Mn as
carbonate in treatment facilities using limestone. Moreover,
Fallab (1967) and Morgan (2005) proposed that CO32_ can
assist inner-sphere electron transfer from Mn?" to O,, which
enhances the rate of Mn oxidation. These findings suggest
that the formation of Mn carbonates and subsequent oxida-
tion to oxides could have led to the efficient removal of Mn
in the slag reactor. In addition, as the outflow from the slag
reactor was usually saturated with calcite, co-precipitation
with calcite could also have occurred (Bamforth et al. 2006;
Franklin and Morse 1983; Lind and Hem 1993; Pingitore
et al. 1988).

Also, Mn2* could have been sorbed or autocatalytically
oxidized as Mn oxides accumulated in the slag reactor for
359 days, which has been suggested by several studies (Agu-
iar et al. 2010; Barlokova and Ilavsky 2009; Coughlin and
Matsui 1976; Ji et al. 2020; Kim et al. 2014, 2017a; Morgan
2000; Yang et al. 2021; Younger et al. 2002). For example,
Aguiar et al. (2010) reported very high autocatalytic removal
of Mn due to the addition of MnO, at pH & 7. Thus, sorption
and autocatalytic oxidation could also have contributed to
the long-term efficiency of the slag reactor.

Moreover, as limestone was present in SAPS 1, SAPS
2, and the slag reactor, its surface could have enhanced Mn
removal by carbonate formation on the surface (Aguiar et al.
2010; Aziz and Smith 1992; Bamforth et al. 2006; Franklin
and Morse 1983; Hem and Lind 1994; Silva et al. 2012a,
b) and by Ca—Mn substitution (Baer et al. 1991; Blanchard
and Baer 1992; Pingitore et al. 1988; Silva et al. 2010). The
Ca—Mn substitution can be encouraged if both rhodochrosite
and calcite are supersaturated (Lind and Hem 1993). The SI
with respect to rhodochrosite was positive for most outflow
samples from SAPS 1 and 2 and one sample from the slag
reactor (Fig. 6¢), and was positive with respect to calcite for
most outflow samples from SAPS 2 and the slag reactor and
some outflow samples from SAPS 1 (Fig. 6b). Thus, Mn—Ca
substitution also seems possible at SAPS 1, SAPS 2, and the
slag reactor whose inflow (SAPS 1 outflow) is saturated with
respect to rhodochrosite. After the substitution or formation
of Mn carbonates, it re-crystallizes slowly into Mn oxides
(Hem and Lind 1994; Pourahmad et al. 2019).

The required residence time should be considered when
designing a full-scale slag reactor. Although the minimum
residence time for the slag reactor was 2 h when the opera-
tion was resumed in 2016, the pH abruptly increased to 9.35.
After 135 days of operation, the residence time was 5 h, and
the pH and Mn concentration were 8.16 and 1.74 mg L™},

respectively. After 296 days, the residence time was again
5 h, and the pH and Mn concentration were 8.46 and
0.04 mg L™!. Mn concentration and pH in the outflow can
be affected by the Mn concentration and pH in the inflow,
and the accumulation of Mn oxides increases the efficiency
and decreases the dissolution rate of the steel slag. Neverthe-
less, the required residence time for the slag reactor seems
to be > 5 h to treat Mn concentrations as high as 17 mg L™!
from SAPS.

Conclusions

The Mn treatment system of two different series was
assessed at the pilot-scale: (1) a conventional SAPS (SAPS
1) followed by a steel slag with limestone reactor (the slag
reactor) and 2) a SAPS including steel slag (SAPS 2) fol-
lowed by an oxidation-settling pond (oxidation-settling
pond 2). SAPS 1 removed 23.3-7.4 mg L™! of Mn on aver-
age because the concentrations of Fe>* (a competing spe-
cies) were low (avg. 2.0 mg L™ and 0.06 mg L™! at inflow
and outflow, respectively), and the alkalinity generated in
SAPS 1 could induce saturation with rhodochrosite. In the
slag reactor, the average Mn concentration decreased to
0.17 mg L~! and the median pH increased to 8.41. Mn car-
bonates and Mn oxides were precipitated, a finding which
is supported by saturation with rhodochrosite in the inflow
and observation of Mn carbonates and Mn oxides in SEM
and EDS analyses. Increasing pe and pH in the slag reactor
as well as more solid surface area could have led to the faster
oxidative transformation of MnCO; to Mn oxides in the slag
reactor. Thus, the SAPS—slag reactor series had better Mn
removal efficiency than the SAPS with steel slag—oxida-
tion-settling pond series. Meanwhile, in the units containing
steel slag, the increased pH did not increase the alkalinity,
possibly because the Ca components in the slag dissolved
and precipitated calcite, thereby consuming the alkalinity.
After exiting the units containing slag, the pH of the efflu-
ent in oxidation-settling pond 2, wetlands 1, and wetlands
2 decreased and could meet the effluent standard (8.6) in
South Korea. Dissolution of atmospheric CO, could have
decreased the pH in these units, and precipitation of calcite
and buffering by organic acids could have decreased the pH
of oxidation-settling pond 2 and both wetlands, respectively.

The slag reactor decreased Mn to< 1.8 mg L™! from
its inflow concentration of as high as 17.1 mg L~ after
359 days over four consecutive years until the completion
of experiments at a residence time of >5 h. An increase in
alkalinity in the SAPS before the slag reactor that caused
saturation with rhodochrosite could help the long-lasting
effective Mn removal, even at a pH range of 8.0-8.3. Mn
removal rates and Mn-standardized Mn removal rates in
the slag reactor ranged 0.07-1.66 mg L™' h™! (avg. 0.76 mg
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L~"h7!) and 0.040-0.192 h™! (avg. 0.105 h™1), respectively.
The passive treatment of Mn using an Fe-pretreatment and
alkalinity-generation system (oxidation-settling pond and
SAPS), a slag reactor which increases pH and pe, and a wet-
land that decreases the pH can be useful for maintaining the
national standards for Mn and the pH in effluent. The main
advantages of the slag reactor over a limestone bed are: (1)
high removal efficiency of Mn to always meet the discharge
criteria, and (2) small required area and installation cost.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-021-00819-6.
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