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Abstract

The main aim of this paper was to investigate the removal efficiency of antimony (Sb) and arsenic (As) from circum-neutral
mine drainage in the former Sb mine in Popro¢ (Slovakia) using a simple field treatment system based on the adsorption
onto iron fillings. The treatment system consisted of two batch reactors with a volume of 1 m®: the first was used for settling
of spontaneously precipitated ochreous sediments and the second, filled with reactive iron material, was designed to remove
Sb and As from mine water. This passively operated treatment system contained 150 kg of low-cost iron fillings and was
able to treat approximately 360 | of mine drainage per hour. The average removal efficiency of Sb and As reached 84 and
89% during a period of 2.3 years of the system operation, respectively. On average, dissolved Sb and As concentrations in
mine drainage decreased from 175 to 24.3 ug/l and from 452 to 50.6 pg/l, respectively. Based on the electron microprobe
(EMP) analyses of corrosion products developed on the surfaces of iron fillings, average Sb and As contents were 0.28 and
0.73 wt%, respectively. The chemical analyses of precipitated HFOs in the settling reactor showed that these ochreous pre-
cipitates contained up to 19.3 g/kg Sb and 65.8 g/kg As, indicating their natural role in the removal of the two metalloids
from circum-neutral mine drainage. The results of transmission electron microscopy (TEM) and X-ray diffraction (XRD)
analyses confirmed the presence of ferrihydrite and goethite in ochreous sediments.
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Introduction other elements, including As, Sb, Mo, or U. The pH meas-

urements of mine waters often show their strong acidity as

Natural waters, draining abandoned ore mines, contain high
levels of metal elements, such as Al, Cd, Co, Cr, Cu, Fe, Ni,
Pb, and Zn, and may also exhibit elevated concentrations of
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a result of iron sulfide weathering. During the oxidative
weathering of iron sulfides, mainly pyrite, hydrogen ions
(H*), and sulfates (SO42_) are produced, leading to decrease
of pH in the aquatic environment. Moreover, ferrous ion
(Fe**) released during pyrite weathering is oxidized to ferric
ion (Fe*"), causing further release of H ions and concomi-
tant decrease of pH (Jambor 2003; Shim et al. 2015). When
mine waters are discharged into streams, lakes, and oceans,
serious pollution of water quality and injury to aquatic life
can occur (Nordstrom 2011). However, neutral mine waters
may be also rich in dissolved metals, but more frequently,
they are characterized by elevated concentrations of metal-
loids, since these chemical elements are highly mobile under
circum-neutral pH conditions (Filella et al. 2009; Flores and
Rubio 2010; Ritchie et al. 2013; Fawcett et al. 2015; Sprague
et al. 2016). The majority of the former antimony mines in
Slovakia have neutral mine drainage with high concentra-
tions of Sb and As, reaching hundreds up to thousands pg/1
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(Majzlan et al. 2007; Flakova et al. 2012; Hiller et al. 2012;
Frakova et al. 2017). Neutral mine drainage at the Slovak
abandoned antimony mines is generated mainly through the
neutralization reactions with abundant carbonate minerals
(calcite, dolomite, and siderite) (Hiller et al. 2012). In addi-
tion, elevated concentrations of Sb and As in mine drain-
ages come from the oxidative weathering of stibnite (Sb,S;),
the main ore mineral of the former Slovak Sb deposits, and
arsenopyrite (FeAsS), respectively. Both minerals undergo
rapid dissolution in oxidizing waters and release more than
10,000 pg/1 Sb and 1000 pg/l As (Ashley et al. 2003; Corkh-
ill and Vaughan 2009; Asta et al. 2010; Sracek et al. 2014).
When carbonate minerals are present, the acidity produced
by stibnite and arsenopyrite dissolution is rapidly neutral-
ized, leading to neutral mine drainage formation.
Occurrence of both metalloids in natural waters at levels
higher than limit values established for waters is undesir-
able. In terms of impacts on the human health, Sb and As
share similar toxicological properties (Gebel 1997), they
induce several diseases. and are classified as carcinogens
but Sb may be less toxic than As (Jain and Ali 2000; Allo-
way 2013; Ungureanu et al. 2015; Herath et al. 2017 and
references cited herein). For this reason, the treatment of
mine drainages with environmentally elevated concentra-
tions of metalloids is very important task. There are many
technological processes used for the removal of As from
contaminated waters, such as precipitation, coagulation,
ion-exchange, membrane separation, adsorption, and biore-
mediation (DeMarco et al. 2003; Ungureanu et al. 2015).
However, possibilities of Sb removal from mine water are
limited and there is still a lack of information on the reme-
diation technologies for Sb (Klimko et al. 2014). Recently,
removal of metal(loid)s from waters of different origins
reflects the widespread trend of applying natural or synthetic
sorbents, as well as wastes from industry and agriculture
that may represent cost-effective treatment alternatives to
conventional, more expensive removal methods of metals
and metalloids (Bailey et al. 1999; Heviankova et al. 2014;
Xi et al. 2014; Chmielewska et al. 2017). One of the most
promising options for Sb and As removal from mine waters
is the application of low-cost iron-based sorption materials,
such as waste iron fillings from industry and ferric oxides
of diverse structure, size, and chemical composition (Cundy
et al. 2008; Ilavsky et al. 2015; Kaartinen et al. 2017).
Many review papers and individual experimental studies on
the retention of Sb and As species from water in Fe oxy-
hydroxides and zero-valent iron (ZVI) have been published
(Lackovic et al. 2000, Su and Puls 2001; Bang et al. 2005a,
b; Leuz et al. 2006; Mohan and Pittman 2007; Zhang et al.
2008; Kolbe et al. 2011; Guo et al. 2014). These studies are
focused mainly on the treatment of drinking- and groundwa-
ters using either purely small-scale laboratory experiments
or pilot-scale field trials in the form of reactive permeable
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barriers. However, there is still a lack of peer-reviewed liter-
ature sources about the use and performance of these materi-
als in the treatment of circum-neutral, Sb-, As-, or metal-rich
mine drainages under field conditions, i.e., large volumes of
flowing water and coexistence of several inorganic contami-
nats (Kaartinen et al. 2017). The majority of existing studies
deal with options to treat only acid mine drainage (Vasquez
et al. 2016; Skousen et al. 2017).

In this paper, a simple, low-cost treatment system based
on the adsorption onto iron fillings was tested for the con-
comitant removal of Sb and As from circum-neutral mine
drainage in the abandoned Sb mine in Popro¢ (eastern Slo-
vakia). The main objective was to monitor the removal effi-
ciency of Sb and As in the constructed treatment system and
to test its performance under field conditions over a period
of 2.3 years (from May 2013 to August 2015). The specific
objective of this paper was to characterize chemically and
mineralogically the corrosion products developed on the sur-
face of iron fillings and ochreous sediments spontaneously
precipitated in the settling batch reactor.

Materials and methods
Study site

The study site is an abandoned Sb mine located in the south-
eastern part of the SpiSsko-gemerské Rudohorie Mts, spe-
cifically in the Petrova Valley, 1 km north of the Popro¢
Village (Fig. 1). The mine started to work in the seventeenth
century and was finally closed in 1965. Occurrences of Sb
ores at the site were subjected to intense prospecting and
mining in the nineteenth century and early twentieth century.
Antimony ores were processed by flotation, and remaining
tailings were disposed in three tailings ponds in the Petrova
Valley above the Popro¢ Village. The tailings ponds are
unmanaged and this caused extensive dispersal of tailings
at the study site.

The main exploited Sb mineral was stibnite (Sb,S;) and
the other commonly occurring sulfides were pyrite (FeS,)
and arsenopyrite (FeAsS). Stibnite veins are hosted in gra-
nitic rocks and their position is not related to other stibnite
veins in geological units of Gemericum. Within the study
site, seven veins are known and linked to steeply sloping and
vertical fault structure in the east-west direction. Lenses of
quartz with stibnite have a maximum thickness of 20 m, but
their average thickness ranges from 1.5 to 2 m. The most
significant venous zone of the mine is the Anna-Agneska
vein (Grecula et al. 1995). Ore concentrate contained 1.85%
Sb, 12.6% Fe, 0.12% Cu, 0.01% Zn, 0.19% As, 0.4% Pb, and
also 3-6 g/t Au (RozloZnik 1980).

The mine site is drained by the OlSava Creek, which is
a left tributary of the Bodva River. Main contamination
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Fig. 1 Map showing the study

site and sampling locations of
waters
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sources of Sb and As to the OlSava Creek are mine drain-
ages from open adits, heaps, and unsecured tailings ponds
(Kaliciakova et al. 1996; Hiller et al. 2012). Total dissolved
solids in mine drainages are highly variable, with values
ranging from 64 to 2384 mg/l with elevated concentrations
of Sb and As (Hiller et al. 2012; Auxt et al. 2015). Among
the sources of surface water contamination with Sb and
As, uncontrolled discharge of mine water from the Agnes
Adit contributes mostly to the total metalloid load to the
local stream (Zeni§0vé et al. 2009). Contamination of natu-
ral waters mainly with Sb can be traced in household wells
in the Popro¢ Village, where groundwater contains up to
35 ug/1 Sb.

Water sampling and analyses

Chemical composition of mine drainage and mine-impacted
surface waters at the study site was monitored between 2013
and 2015. The sampling locations are shown in Fig. 1. The
Olsava Creek merges with the Bodva River approximately
7 km south of the Popro¢ Village. Water samples were regu-
larly collected from the Agnes Adit (SP-1) and in the OlSava
Creek upstream of the mine workings (SP-2; background
water sample), and upstream and downstream of the conflu-
ence with mine drainage of the Agnes Adit (SP-3 and SP-4,
respectively). Another water samples were taken from the
Olsava Creek downstream of three tailings ponds (SP-5) and
of the confluence with the Bodva River (SP-6).

Water samples from all sites were collected in 1 1 HDPE
bottles and filtered in the field using < 0.45 um membrane fil-
ters. An aliquot of water samples was preserved by acidifica-
tion using concentrated ultrapure HNO; for major cation and
trace metal analyses, while no pre-treatment of the samples
was used for anion analysis. Temperature, electrical con-
ductivity (EC), pH, and redox potential (Eh) were measured
in situ at the time of sampling using a WTW 350i instrument
equipped with TetraCon®325 electrode, SenTix41 electrode,
and a WTW 340i instrument with SenTix®ORP electrode,
respectively. Sulfates were measured using ion chromatogra-
phy (Dionex ICS-2000). Total dissolved iron was determined
by a Varian Liberty 200 inductively coupled plasma-atomic
emission spectrometry (ICP-AES). Arsenic and Sb concen-
trations were analyzed by hydride generation-atomic absorp-
tion spectrometry (HG-AAS) using a Varian Spectr AA 220
instrument equipped with a VGA 76 hydride generation sys-
tem. In addition, water samples collected from the Agnes
Adit at three sampling times were subjected to complete
chemical analysis, including major cations and anions (Na,
K, Ca, Mg, Fe, Al, Mn, CI~, NO;~, SO,*~, PO,*~, HCO;",
and H,Si0;) and trace chemical elements (As, Sb, Cd, Cu,
Pb, Ni, Co, Cr, and Zn). The chemistry of water samples
is given in Table S1 in Electronic Supplementary Material
(ESM). The limit of detection (LOD; mg/l) and the limit of
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quantification (LOQ; mg/l) were 0.03 and 0.05 for Na, 0.12
and 0.20 for K, 0.006 and 0.01 for Ca, 0.006 and 0.01 for
Mg, 0.0012 and 0.002 for Fe, 0.012 and 0.02 for Al, 0.0012
and 0.002 for Mn, 2.0 and 1.5 for C17, 0.5 and 0.3 for NO;™,
1.0 and 0.5 for SO42', 3.0 and 2.0 for HCO;™, 0.167 and
0.278 for H,SiO;, 0.0006 and 0.001 for As and Sb, 0.0012
and 0.002 for Cd, 0.003 and 0.005 for Cu, 0.006 and 0.01 for
Pb and Ni, 0.0012 and 0.002 for Co and Cr, and 0.003 and
0.005 for Zn, respectively.

Treatment experiment

Experimental works at the study site were focused on the
treatment of mine drainage from the Agnes Adit (Fig. 1).
The Agnes Adit is well defined point source of Sb and As
contamination to local surface waters with an average flow
rate of 3.5 I/s. Iron fillings as a waste from iron and steel
processing were selected for the field experiments, since
they are readily available and low-cost. First, iron fillings
were properly cleaned from unwanted waste and debris, and
then left to react for about 16 h in plastic barrels with 5%
hydrochloric acid (HCI) to clean and activate them. After the
activation process, the material was carefully washed with
water to stabilize pH at ~ 7.

Cleaned and activated iron fillings were transported to the
study site (Fig. S1 in ESM). One-hundred fifty kilogram of
the reactive material was placed into 1 m® treatment batch
reactor. Since the mine water contains ochreous precipitates,
the same reactor was placed behind the treatment batch reac-
tor and used for the settling of the precipitates. Setup of
the experimental treatment system is schematically shown
in Fig. 2. Mine water from the Agnes Adit flowed in the
treatment system through polyvinyl chloride (PVC) tube
with a diameter of 5 cm. The actual flow rate in this treat-
ment system was up to 360 I/h. The residence time of mine
drainage in each treatment reactor was approximately 2.2 h.
The residence time was measured by conductivity measure-
ments with dissolved NaCl prior to treatment experiments.
Treatment reactors operated for a period of 2.3 years from
May 2013 to August 2015. However, due to overfill of the
settling reactor with ochreous precipitates approximately
after 1.25 years of the system operation, the reactor had to
be cleaned and put again into operation. This implies that
the proposed passive treatment for circum-neutral metal-
loid-rich mine drainage will require certain, at least annual
maintenance.

Chemistry and mineralogy of ochreous precipitates

The ochreous precipitates were collected from settling
reactor using a plastic scoop and the samples (~ 1 kg)
were stored in plastic bags. Prior to analyses, the samples
were air-dried, disaggregated, and homogenized. Dried
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Fig.2 Schematic diagram showing setup of the field treatment system installed in the Agnes Adit

precipitates were dissolved in aqua regia acid mixture.
Flame atomic absorption spectroscopy (FAAS) was used
for the determination of Sb, As, Cd, Cu, Pb, and Zn con-
centrations in the extracts. Iron, Si, Al, Ca, Mg, Na, K, and
S were measured using ICP-AES.

X-ray diffraction (XRD) analyses of samples were
performed on a Bruker AXS D8 Advance diffractometer
equipped with a CuKa radiation source and a diffracted-
beam graphite monochromator. Transmission electron
microscopy (TEM) study was done on a JEOL 2000FX
microscope (Cleome, FNS CU). The TEM method was
used to identify mineral phases in ochreous precipitates,
their morphology, structure, and size. Copper mesh with
a layer of carbon was used as the carrier for sample
preparations.

Chemical composition of iron fillings
before and after the treatment experiment

Chemical compositions of iron fillings before and after the
experiment and backscattered-electron (BSE) images were
acquired using a Cameca SX-100 electron microprobe. All
quantitative electron microprobe (EMP) analyses were
done in wave-length dispersive mode with an accelerat-
ing voltage of 15 kV, a constant beam current of 20 nA,
and a beam size of 1-5 pm. The following standards and
detectors were used: Mg (K, forsterite, TAP), Al (K,
Al,O5, TAP), Si (K, SiO,, TAP), S, Fe, Cu (K, CuFeS,,
PET), P (K,, GaP, PET), Ca (K, wollastonite, PET), Mn
(K,, metallic Mn, LIF), Co (K,, metallic Co, LIF), Ni (K,,
metallic Ni, LIF), Zn (K, ZnS, LIF), Pb (M, PbS, PET),
Sb (Lg, Sb,S;, PET), As (Lg, FeAsS, TAP), and Cr (K,
metallic Cr, LIF). The measurement period for each com-
ponent was 20 s with the exception of As (30 s) and Pb
(40 s).

Results and discussion
Antimony and arsenic in mine-impacted waters

Selected chemical parameters of water samples are shown
in Table 1. Chemical analyses clearly show an influence of
mine drainages from abandoned adits and mine wastes on
the surface waters of the OlSava Creek, which is the main
stream draining the mine site (Fig. 1). The OlSava Creek
upstream of any mine workings (sample SP-2) had low con-
centrations of sulfates, Sb, As, and Fe. However, this uncon-
taminated stream water was altered by mixing with the mine
drainage from the Anna Adit (sample SP-3), containing ele-
vated Sb concentrations at a level of hundreds pg/1 (ZeniSova
et al. 2009; Hiller et al. 2012). Antimony concentration in
the Olsava Creek increased significantly after mixing of the
two waters. Chemical quality of the creek waters (sample
SP-4) was further impaired downstream of the confluence
point with the mine drainage of the abandoned Agnes Adit
(sample SP-1). As could be seen from Table 1 and Fig. 3,
water of the OlSava Creek collected upstream of the mines
had a background concentration of Sb and As (sample SP-2).
In contrast to this, mine drainage of the Agnes Adit, with
an average flow rate of 3.5 1/s, contained up to 406 ug/l Sb
and 2053 pg/l As although Sb and As concentrations varied
seasonally. Due to its high flow rate and concentrations of Sb
and As, mine drainage of the Agnes Adit contributes mostly
to the total metalloid load entering the OlSava Creek. There
are also other mine waters discharging from adit entrances
and tailings ponds at the study site but their flow rate is
much lower, and hence, they contribute less to the contami-
nation of the OlSava Creek. Mixing of mine waters from the
Agnes Adit with the OlSava Creek (sample SP-4) caused an
increase of Sb and As concentrations, on average from 149
to 287 pg/l and from 2.20 to 22.5 ug/l, respectively. Further
downstream of the tailings ponds (sample SP-5), Sb and As
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Table 1 Concentrations of total SP-1 SP-2 SP-3 SP-4 SP.5 SP-6
Sb, As, Fe, and sulfates, and
the values of pH, Eh, and EC Sb (ug/l)
in mine-impacted waters at the e 20 6 17 17 10 10
former Sb mine site in Popro¢
(Slovakia) Average 175 7.60 149 287 324 8.50
Min 48.0 <1.0 <1.0 199 278 8.00
Max 406 36.0 243 395 369 11.0
As (ug/h
Average 452 2.10 2.20 22.5 61.5 3.00
Min 13.0 <1.0 <1.0 3.00 23 1.50
Max 2053 5.00 4.00 108 100 5.00
Fe (mg/1)
Average 27.8 0.18 0.24 2.29 0.94 0.54
Min 10.8 0.15 0.08 0.08 0.79 0.42
Max 36.5 0.21 0.76 9.39 1.09 0.66
SO,* (mg/l)
Average 206 17.4 22.6 89.8 151 19.9
Min 88.7 10.8 11.1 30.9 109 14.1
Max 262 23.0 29.2 157 194 25.7
pH
Average 6.25 7.45 7.36 7.16 7.50 8.62
Min 5.80 6.90 6.20 6.40 7.43 8.60
Max 791 7.82 8.83 8.55 7.66 8.64
EC (uS/cm)
Average 530 114 120 276 276 127
Min 464 74.0 85.0 119 220 126
Max 641 166 181 421 332 135
Eh (mV)
Average 204 336 320 283 315 331
Min 161 308 295 236 270 311
Max 228 379 368 345 392 347

“Number of water samples

Fig.3 Concentrations of Sb
and As in mine drainage of the SP-2- _1 above mines SP-2 above mines
Agnes Adit and surface waters
of the OlSava Creek (error bars
indicate arithmetic mean and SP-3 ——|above Agnes Adit SP-3 above Agnes Adit
maximum value). Number of
water samples at each sampling . .
site was: SP-1=20, SP-2=6, SP-1 - m' Sp.1J | Agnes Adit
SP-3=17, SP-4=17, SP-5=10,
and SP-6=10
below below
SP-4 Agnes Adit SP4 Agnes Adit
below below
SP-5- _Itailings ponds SP-54 | tailings ponds
SP-6 ] after mixing with Bodva River SP-6 ] after mixing with Bodva River
T T T T 1 T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Sb concentration (pg/l) As concentration (pg/l)
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concentrations in the OlSava Creek increased to 324 and
61.5 ug/l, respectively. The continuous increase is due to
water discharge from unmanaged tailings ponds. The tailings
waters were shown to have high concentrations of both met-
alloids, reaching hundreds to thousands ug/1 (ZeniSové et al.
2009; Hiller et al. 2012). Finally, upon entering the Bodva
River, concentrations of Sb and As in the surface water (sam-
ple SP-6) were similar to those in the OlSava Creek upstream
of the mine workings. Although only a limited number of
water samples from the OlSava Creek were collected in this
study, the results indicate a difference in the distribution of
Sb and As. Previous studies with denser sampling of waters
in the Olsava Creek (Zeniéové et al. 2009; Hiller et al. 2012)
showed that Sb maintained high concentration until the con-
fluence with the Bodva River (almost 8 km far from the main
source of Sb to the OlSava Creek). Conversely, As concentra-
tion in the OlSava Creek waters is lower despite of its similar
or even higher concentrations in source waters during a year.
One of the main reasons of the geochemical separation of
Sb from As during the riverine transport are likely different
sorption—desorption interactions of dissolved metals with
sedimentary components, mostly with Fe oxy-hydroxides or
clay minerals. It was found that antimony was more prone
to desorption from stream sediments of the OlSava Creek
than arsenic and the same result was obtained with soils and
tailings in this mine area (Hiller et al. 2012). It is, therefore,
likely that the transport of Sb further downstream is sup-
ported by a higher extent of its release from solid substrates.
Similar results provide several studies (Ashley et al. 2003;
Casiot et al. 2007; Masson et al. 2009; Milham and Craw
2009; Sharifi et al. 2016) where mass ratio of Sb/As is con-
sistently higher in water than in solid substrates, interacting
with the water. Moreover, Ritchie et al. (2013) and Sharifi
et al. (2016) found lower sorption affinity of Sb for stream
sediments compared with As under oxidizing conditions,
causing more conservative behaviour of Sb during the river-
ine transport, while the concentration of As decreases more
quickly with increasing distance from metalloid sources.
Recent findings of Qi and Pichler (2017) are interesting
in relation to the metalloid distribution in mine-impacted
streams. They documented that adsorption of Sb>* on fer-
rihydrite at circum-neutral pH values was lower than that of
As’" in binary systems, i.e., under simultaneous presence of
both metalloid species. It could be concluded that in addition
to water dilution, partitioning in water—sediment system was
an important physico-chemical process that influenced the
distribution of metalloids in the OlSava Creek.

It should be noted that circum-neutral mine drainage from
Agnes Adit is rich in total dissolved Fe. As a consequence,
iron staining and sludge are observed in mine drainage of
the Agnes Adit. The sludge is dispersed along the stream
and accumulates at sites where the water velocity decreases
(Fig. S2 in ESM). Thermodynamic calculations using

PHREEQC-2 (Parkhurst and Appelo 1999) confirmed that
these iron ochreous precipitates would form due to super-
saturation of the mine water with respect to common ferric
oxy-hydroxides, such as ferrihydrite (Fe,05-0.5H,0) and
goethite (a-FeOOH). Although the precipitates naturally
remove Sb and As from mine drainages, dissolved concen-
trations of the two metalloids remain high in mine drainage
of the Agnes Adit.

Removal of Sb and As from mine drainage in field
treatment system

The results of the field experiment are shown in Table 2 and
are also presented in Fig. 4 as the removal efficiency in %
against the sampling time. As shown in Table 2, the concen-
trations of Sb (48—406 pg/l) and As (13-2053 pg/1) in influ-
ent mine drainage varied significantly at each sampling time.
On the other hand, the values of pH (5.8-7.9), EC (464-641
puS/m), sulfates (148-262 mg/1), and Fe (10.8-36.5 mg/1)
were much less variable. The highest concentrations of Sb
and As were measured after longer dry periods followed
by high rainfalls. This phenomenon known as the “flushing
effect” was described by several authors (Edwards 1973;
Young 1997; Gzyl and Banks 2007) and occurs as a result
of sudden washing out of soluble weathering products that
accumulated inside the mine during dry periods.

Regarding the pH change, no significant differences
between the pH of influent waters and the pH of effluent
waters were observed at any sampling time. This is likely
due to balance between the corrosion reaction of iron fill-
ings, producing OH™ anions (i.e., pH increase) and the oxi-
dation of Fe?* to Fe** that produces H* ion and decreases
pH.

The average removal efficiency of Sb and As from mine
drainage was 84% and 89% over a period of 2.3 years,
respectively. Comparison of As removal pattern with Sb
removal pattern (Fig. 4) showed that As was removed more
efficiently than Sb at most sampling dates. In absolute terms,
Sb concentrations in treated mine water were lower than
92 ug/l and even they decreased below 25 pg/l in the major-
ity of the treated water samples, that is, they were lower than
the limit value of Sb in groundwater (25 pg/l; Anon 2015).
With the exception of two samples, all treated mine waters
contained As below its limit value for groundwater (50 pg/l).
Although there was a significant correlation between the
concentrations of Sb and As in influent waters of the Agnes
Adit (r=0.72 at «<0.001), indicating a common source of
these metalloids and similar geochemical behaviour, the cor-
relation between Sb and As concentrations in treated mine
water was insignificant (r=0.28 at a=0.24). This might be
due to competitive behaviour between Sb and As during the
adsorption and/or co-precipitation as shown recently by Qi
and Pichler (2017), studying the simultaneous adsorption
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Table 2 Results of the field treatment experiment

Sb (ug/) As (ug/) Fe (mg/1) SO42’ (mg/l) pH EC (uS/cm)
Date (day/month/year) Influent Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent
17/05/2013 49.0 11.0 13.0 1.00 323 38.8 262 261 6.10 6.10 564 583
04/06/2013 275 16.0 132 17.0 33.8 34.6 195 196 5.90 6.00 470 452
21/06/2013 78.0 11.0 150 8.00 27.9 28.3 200 168 6.20 6.10 483 476
03/07/2013 78.0 13.0 360 320 10.8 11.0 204 210 5.90 5.90 493 492
15/08/2013 406 55.0 1620 376 29.9 30.3 245 240 6.20 6.10 602 616
20/09/2013 75.0 14.0 170 5.00 36.5 60.0 256 249 5.80 6.20 576 602
28/10/2013 55.0 4.10 155 5.00 31.3 38.8 252 250 6.10 6.20 641 653
22/11/2013 368 29.0 1497 378 335 34.0 223 224 6.40 6.10 588 614
20/02/2014 228 25.0 167 2.00 25.1 49.1 177 179 6.10 6.20 485 476
31/03/2014 266 80.0 57.0 6.00 194 33.0 155 167 6.30 6.40 464 473
28/04/2014 280 24.0 426 21.0 29.5 30.8 233 237 6.20 6.20 511 534
03/06/2014 137 20.0 315 4.00 24.6 23.1 182 190 6.10 6.10 495 512
20/07/2014 104 24.0 510 36.0 27.3 27.1 174 165 6.20 6.30 490 475
25/09/2014 71.0 28.0 140 40.0 29.2 28.6 198 206 6.00 6.10 514 504
23/10/2014 369 9.00 2053 15.0 31.3 21.8 200 201 6.60 6.50 472 488
18/11/2014 240 92.0 1118 29.0 30.1 34.8 192 195 6.10 6.10 595 573
12/02/2015 244 1.00 17.0 1.00 19.9 56.2 148 121 6.40 6.50 443 468
30/03/2015 48.0 3.00 13.0 2.00 28.4 26.8 198 175 6.50 6.60 499 485
09/07/2015 69.0 21.0 56.0 15.0 235 25.8 204 204 7.90 8.00 572 568
24/08/2015 66.0 7.00 78.0 18.0 323 40.8 213 209 5.90 5.80 551 539

of inorganic Sb and As species on ferrihydrite, rather than
due to different removal mechanisms of Sb and As by Fe
oxy-hydroxides. Recent studies using different spectroscopic
methods have shown that Sb and As are removed from solu-
tion by zero-valent Fe through adsorption on the surface of
Fe corrosion products, incorporation into their structure or
precipitation of insoluble mineral phases (Lackovic et al.
2000; Bang et al. 2005a; Li et al. 2015, 2017). Relatively
high efficiency of Sb and As removal could be attributed
in part to acid-base and redox conditions prevailing in the
mine drainage. The values of pH were in a circum-neutral
range (~ 6-8) and Eh values were positive between ~ 170
and 230 mV (Table 1). It was shown that sorption of inor-
ganic Sb and As species by zero-valent iron and its corrosion
products reached a maximum in a pH range of 5-7 (Su and
Puls 2001; Dixit and Hering 2003; Bang et al. 2005a; Leuz
et al. 2006; Guo et al. 2014). Literature documented that Sb
and As could be also removed from mine drainages through
reduction of sulfate S to sulfide S and consequent precipita-
tion of Sb and As sulfides. However, the net sulfate removal
in the treatment system was not observed (Table 2), indicat-
ing that this process did not play any role in the removal of
Sb and As. Concentrations of Sb and As were also meas-
ured in effluent water samples from the settling reactor at
four sampling times to estimate contributions of the settling
reactor and the reactor with iron fillings to the total removal
of Sb and As from mine drainage. On average, As (59.1%)
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was removed more efficiently in the settling reactor than
Sb (46.2%) although both metalloids had a high variability
of the removal efficiency, ranging between 17.9 and 83.5%
for As and 16.2 and 72.0% for Sb (Table S2). This finding
agrees well with approximately 4 times higher content of
As in ochreous precipitates of the settling reactor compared
with Sb (Table 4). The observed variability in the removal
efficiency of As and Sb does not allow to quantify accurately
contributions of each reactor to the total removal efficiency
of the passive treatment system; however, it seems that the
settling reactor contributes more to the total removal of
As than the reactor with iron fillings. The efficiency of Sb
removal from mine drainage is approximately the same in
both reactors (Table S2).

Comparison of removal efficiencies for Sb and As
obtained in this study with those from previous studies using
zero-valent iron materials is only very informative, since
the majority of the studies were performed under controlled
laboratory conditions using closed systems, small volumes
of water samples, only individual inorganic As or Sb species,
and most frequently no flow-through batch techniques. How-
ever, despite of different removal efficiencies of Sb and As
from waters under oxidizing conditions that were obtained
in different studies, it can be concluded that zero-valent iron
is an efficient material of metalloid removal from natural
waters. For example, Bang et al. (2005a, b) documented >99
and 83% removal efficiency of As>* and As** from water at
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Fig.4 Efficiency of Sb and As
removal from mine drainage at 17/05/2013
individual sampling times 04/06/2013

21/06/2013
03/07/2013
15/08/2013
20/09/2013
28/10/2013
22/11/2013
20/02/2014
31/03/2014
28/04/2014
03/06/2014
20/07/2014
25/09/2014
23/10/2014
18/11/2014
12/02/2015
30/03/2015
09/07/2015
24/08/2015

sampling date

pH ~ 67 in their batch and column studies using zero-valent
Fe fillings. Nikolaidis et al. (2003) also found high removal
efficiency of As from groundwater (~ 99%) in a large-scale
column study using iron fillings. Regarding Sb removal from
waters using zero-valent iron, the data are very limited in
the literature but as an example, >90% of the total Sb>*
was removed from water in batch reactors at pH 5 (Li et al.
2015). In our field treatment system, lower removal effi-
ciencies of Sb and As were achieved than those mentioned
above. All the possible reasons could not be accounted for
but they were likely due to (i) competition between Sb, As,
and Si for sorption sites on corrosion products of zero-valent
iron fillings, (ii) different dimensions of these fillings (cen-
timeter in this study vs. tens to hundreds of micrometer in
previous studies), and (iii) differences in the chemistry of
influent waters and setup of removal experiments.

Chemical composition and mineralogy of iron
fillings and ochreous precipitates

Fresh iron fillings used in the field treatment test were almost
pure iron (Table 3). Based on their chemical composition
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removal efficiency (%)

by EMP analyses, two groups of iron fillings were identi-
fied: ZVIF-1, containing higher amount of Cr (> 1 wt%),
and ZVIF-2 with low Cr content, generally below 0.1 wt%.
Since the iron fillings are a waste from industry, it seems that
ZVIF-1 group comes from the processing of low-alloyed
steel. The contents of Sb and As in fresh zero-valent iron
fillings were low, usually lower than the detection limit of
EMP analysis in the case of Sb contents.

Corrosion products developed on the surface of iron fill-
ings differed chemically from fresh iron fillings (Table 3),
and formed coatings with a thickness of tens to hundreds of
micrometer (Fig. 5). Point EMP analyses showed that these
corrosion products were composed mainly of Fe and O with
minor abundance of Si, As, and Sb. Compared with fresh
iron fillings, contents of Sb and As in the corrosion products
were higher (an average of 0.28 and 0.73 wt%, respectively).
Recently, it is well established that the removal of Sb and
As from water takes place through the adsorption onto cor-
rosion products of zero-valent iron materials. Although the
mineralogy of corrosion products was not investigated in
this paper, several reports have identified mainly ferric oxy-
hydroxides and mixed ferrous-ferric oxides (e.g., akaganeite,

@ Springer
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Table 3 Chemical composition of fresh zero-valent fillings (ZVIF-1 and ZVIF-2) and corrosion products (CP-1 and CP-2) of the iron fillings

determined by EMP analysis. All data are in units of weight percent

Mg Al Si S P Ca Mn Fe Co Ni Cu Zn Pb Sb As Cr (0] Total

ZVIF-1 (n=28)*

Average 0.33  0.06 098 0.01 001 nd? 043 96.1 0.6 008 0.5 0.02 005 nd 0.12 1.63 100

Min 003 <dl® 091 <dl <dl <dl 040 952 0.13 005 0.13 <dl 0.04 <dl 0.05 147 98.9

Max 0.73  0.10 1.04 001 001 <dl 046 971 0.19 0.10 0.17 0.04 007 <dl 020 1.84 102

SD® 0.31 0.05 0.06 0.01 0.01 nd 0.03 1.06 0.03 002 0.02 0.02 001 nd 0.07 0.17 1.39
ZVIF-2 (n=38)

Average 0.08 0.05 0.19 0.01 0.01 nd 046 979 0.15 003 0.09 0.01 006 0.01 0.07 0.07 99.2

Min <dl <dl 015 <dl 001 <dl 041 965 0.13 <dl 006 <dl 001 <dl <dl 0.05 97.6

Max 0.25 0.10 025 0.01 003 <dl 050 988 0.16 007 0.12 0.02 0.09 0.02 0.18 0.09 100

SD 0.12  0.03 0.04 001 0.01 nd 0.04 0.82 0.01 0.03 002 0.01 0.03 001 0.01 0.01 0.89
CP-1 (n=35)

Average 0.16 0.17 0.89 0.15 0.01 004 021 544 0.10 0.16 0.12 0.10 0.04 031 071 161 251 812

Min <dl <dl 022 <dl <dl <dl <dl 302 004 <dl <dl <dl 002 <dl <dl <dl 186 6l1.1

Max 0.66 0.80 253 055 0.06 028 070 662 037 271 075 0.70 0.07 156 296 108 29.8 97.6

SD 0.16 0.11 0.57 0.15 0.02 006 021 908 006 047 022 0.17 001 036 080 2.89 3.00 10.2
CP-2 (n=35)

Average 0.19 0.09 1.21 0.11 0.01 0.16 0.16 51.7 0.14 004 0.03 022 0.04 024 075 004 247 798

Min <dl <dl 001 <dl <dl <dl 0.04 329 005 <dl <dl <dl 001 002 <dl <dl 153 502

Max 1.06 0.39 727 036 0.01 071 051 675 1.17 048 025 122 006 085 403 020 295 97.8

SD 0.30 0.10 191 0.11 0.00 021 0.13 9.0 024 0.10 0.06 030 001 021 1.08 006 3.70 11.8
*Number of EMP analyses

bStandard deviation
“Below the detection limit

9Not determined

ferrihydrite, goethite, lepidocrocite, magnetite, maghemite,
and green rust minerals) as the main minerals of zero-valent
iron corrosion (Furukawa et al. 2002; Li et al. 2015). These
secondary iron minerals serve as a favorable host environ-
ment for the sorbed Sb and As species (Manning et al. 2002;
Su and Puls 2003; Leuz et al. 2006; Kolbe et al. 2011; Li
et al. 2015).

Furthermore, ochreous precipitates from the settling
reactor were subjected to chemical and mineralogical
analyses. Chemical composition of the precipitates is
given in Table 4. The concentration of Fe varied from
45.0 to 67.3 wt%, with an average value of 53.7 wt%.
Among the trace elements, high concentrations of Sb and
As were found in the ochreous precipitates, reaching up
to 19.3 g/kg Sb and 65.8 g/kg As. Mineralogical analyses
using TEM and XRD were performed to determine the
composition of ochreous precipitates. Two- and six-line
ferrihydrites were the main mineral phases in bulk sam-
ples, while goethite, quartz, albite, and muscovite were
also identified in insoluble residues after the dissolution
in ammonium oxalate. XRD patterns and TEM images of
ochreous precipitates are shown in Fig. S3 and Fig. S4
in ESM, respectively. Speciation calculations performed
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in PHREEQC-2 also indicated that the formation of fer-
rihydrite and goethite from circum-neutral mine drainage
of the Agnes Adit was thermodynamically favorable due
to supersaturation of the mine water with respect to these
Fe oxy-hydroxides (Table S3). Ferrihydrite and goethite
are widespread and common constituents of ochreous pre-
cipitates in mine drainages with pH values close to neutral
(Schwertmann and Taylor 1989; Bigham et al. 1992; Bow-
ell and Bruce 1995; Lintnerova et al. 1999; Majzlan et al.
2007; Lalinska-Volekova et al. 2012; Woo et al. 2013).
Substantial amount of Sb and As in the ochreous precipi-
tates is indicative of a high capability of ferrihydrite and
goethite to scavenge the metalloids, which is consistent
with previous studies. However, their role in the natural
attenuation of dissolved Sb and As in mine drainages
may be limited, since the metalloids bound to ferrihydrite
can be released back into the water during its progres-
sive transformation. Ferrihydrite is a poorly crystalline
and metastable phase that transforms to crystalline, more
stable phases, e.g., goethite, although the transformation
rate is dependent on the species previously adsorbed on the
surface of ferrihydrite (Cornell and Schwertmann 2003).
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Fig.5 Backscattered-electron images a, ¢ of corrosion products (grayish colors) developed on the surface of zero-valent iron fillings (white
color) and b, d more detailed view on the alteration of iron fillings used in the field treatment system

Table 4 Chemical composition of the ochreous precipitates settled in
the reactor (n=06)

Average Min Max SD?
Si (wt%) 3.76 2.68 4.45 0.78
Al (wt%) 0.77 0.10 1.35 0.59
Fe (wt%) 53.7 45.0 67.3 9.52
Ca (wt%) 0.85 0.43 1.43 0.42
Mg (wt%) 0.24 0.14 0.41 0.15
Na (wt%) 0.30 0.23 0.42 0.09
K (wt%) 0.13 0.04 0.22 0.08
Total S (wt%) 0.77 0.28 1.29 0.48
As (g/kg) 57.7 51.5 65.8 5.84
Sb (g/kg) 13.7 10.8 19.3 3.34
Pb (g/kg) 0.286 0.188 0.946 0.387
Zn (g/kg) 1.51 0.12 3.95 1.57
Cu (g/kg) 0.063 0.014 0.145 0.059
Cd (g/kg) 0.024 0.020 0.030 0.004

#Standard deviation

Conclusions

Geochemical analyses of mine-impacted waters at an aban-
doned Sb mine in Slovakia demonstrate that the waters are
rich in total Sb and As. A field treatment system was con-
structed to remove Sb and As from circum-neutral mine
water through the adsorption onto zero-valent iron fillings
and settled ohreous sediments that precipitate from the mine
water. The treatment system reached high level of metalloid
removal over a period of 2.3 years (84% for Sb and 89%
for As) at a flow rate of 360 1/h and a residence time of
2.2 h. Influent concentrations of Sb and As varied season-
ally between 48 and 406 and 13 and 2053 pg/l; however,
almost all effluent concentrations of these metalloids were
lower than their respective limit values of 25 and 50 pg/l,
respectively. This is an evidence of good performance of
the field treatment system in the removal of Sb and As from
mine drainage. Point EMP analyses showed that corrosion
products of iron fillings had higher contents of Sb, As, and
Si than fresh iron fillings. Ochreous sediments settled in
the treatment system contributed significantly to the total
removal of Sb and As. They contained high amounts of
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metalloids, reaching up to tens of gram/kilogram, and fer-
rihydrite was their main mineral constituent. Overall, the
treatment system used in this paper was successful in remov-
ing Sb and As from mine drainage. However, due to overfill
of the settling reactor with precipitated ochreous sediments
after 15 months since the start of the field experiment, the
treatment system required a maintenance, i.e., the settling
reactor had to be cleaned.
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