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Abstract Chemical stability of As(V) in amended mine-
impacted soils was assessed according to functions of incuba-
tion period (0, 1, 2, 4, and 6 months), amendment dose (2.5
and 5%), and application timing (0 and 3rd month). Six soils
contaminated with 26-209 mg kg7l of As(V) were collected
from two abandoned mine sites and were treated with two
alkaline iron-rich materials (mine discharge sludge (MS) and
steel-making slag (SS)). Seventeen to 23% of As(V) in soils
was labile. After each designated time, As(V) stability was
assessed by the labile fractions determined with sequential
extraction procedures (F1-F5). Over 6 months, a reduction
(26.9-70.4%) of the two labile fractions (F1 and F2) and a
quantitative increase (7.4-29.9%) of As(V) in F3 were ob-
served (= 0.956). Two recalcitrant fractions (F4 and F5)
remained unchanged. Temporal change of As(V) stability in
a sample was well described by the two-domain model (kg
kgow, and Fg,y). The stabilization (%) correlated well with the
fast-stabilizing domain (Fp,g,), clay content (%), and Fe oxide
content (mg kg "), but correlated poorly with kinetic rate con-
stants (ke and kgow). Until the 3rd month, the 2.5%-MS
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amended sample resulted in lower As(V) stabilization (25—
40%) compared to the 5% sample (50-60%). However, the
second 2.5% MS addition on the 2.5% sample upon the lapse
of the 3rd month led to a substantial reduction (up to 38%) of
labile As(V) fraction in the following 4th and 6th months. As a
result, an additional 15-25% of As(V) stability was obtained
when splitting the amendment dose into 3-month intervals. In
conclusion, the As(V) stabilization by Fe-rich amendment is
time-dependent and its efficacy can be improved by optimiz-
ing the amendment dose and its timing.

Keywords As(V) - Stabilization - Amendment - Abandoned
mine

Introduction

Arsenic (As) contamination is a worldwide environmental prob-
lem because of its ubiquity, toxicity, persistence, and accumula-
tion in terrestrial ecosystems (Adriano 2001), thereby degrading
food quality and threatening public human health (WHO 2003).
One of the most significant anthropogenic sources of As is asso-
ciated with mining and metal smelting processes (Smith et al.
1998). According to the survey report by the Korean govern-
ment, about 900 metallic mines have been developed throughout
the country, only 150 of which are in operation, while most of the
remaining mines have been abandoned without appropriate man-
agement since the late 1980s. Subsequently, many soils near the
abandoned mine sites are found to be highly contaminated with
As well above the regulatory level established by the Ministry of
Environment (MOE) of Korea (MOE 2015) (Nam et al. 2010;
Kim and Hyun 2015).

A stabilization technique has been successfully employed
for many metallic element remediation sites, in which
amending materials are applied to lower the chemical lability
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or bioavailability of the elements from contaminated soils
(McLaren et al. 1998; Yan et al. 2012; Moon et al. 2013).
Among the various amendments, Fe oxide-rich materials are
known to effectively and rapidly reduce the labile As(V) frac-
tion, most likely due to the formation of the stable complex
between Fe and labile As(V) (Hartley et al. 2004; Kumpiene
et al. 2008; Bagherifam et al. 2014). A sequential extraction
procedure (SEP) can provide the information of the associa-
tion of metallic elements with soil matrix based on the bond
type/strength through which the elements are retained with
different soil components (McLaren et al. 1998; Wenzel
et al. 2001). Taking into consideration of the oxyanionic na-
ture of As, Wenzel et al. (2001) proposed As in solid phase to
be fractionated into five different forms (F1-F5). So far, many
researchers have assessed the labile fraction of As(V) (i.e., the
lability) using Wenzel’s method. Lee et al. (2011) reported that
the first two fractions (i.e., F1 and F2) are reduced by up to
40% by amending with Fe oxide material (5%, wt/wt) during a
40-day period. Similarly, Gutierrez et al. (2010) observed
from mine-impacted agricultural soils that 70% of plant avail-
able As(V) and 38% of chemically leachable As(V) were
eliminated by applying (2-8 Mg ha ') alkaline steel-making
slag during the 3-month cropping season. Meanwhile,
Bagherifam et al. (2014) tested the performance of various
metal oxides and reported that up to 82% of the initially mo-
bile As(V) can be diminished after a 6-week incubation period
by amending with 2-5% of iron oxide.

In most previous studies, the amendment efficacy was
assessed from the decrement of labile As(V) mass after a sin-
gle designated incubation time ranging between 4 weeks and
3 months. Only a few studies have reported that incubation
period (e.g., reaction time) can be directly related to the redis-
tribution of labile and recalcitrant metallic elements in
amended soil samples (Tang et al. 2007; Garau et al. 2011).
In reality, however, it can be reasonably presumed that the
stabilization efficacy tends to increase with the lapse of the
incubation period, particularly with the occurrence of the
time-limited reaction between labile As(V) and amending ma-
terials. Further, the stabilization efficacy is varied with amend-
ment application rates since the stoichiometric ratio between
labile As(V) and amending materials essentially differs. In
addition, the incubation period required to attain steady-state
stabilization varies with amendment dose. Although it is ap-
parent that the amending methods (e.g., amendment dose,
timing, and aging period) can affect the degree of stabilization,
data on the temporal change of labile As(V) fraction under
different treatment conditions is minimal.

Therefore, the objectives of this study were to collect the
SEP data of As(V) from Fe oxide-rich material-treated mine
soils as a function of the aging period (1, 2, 4, and 6 months),
amending dose (2.5 vs. 5%), and amending timing (initial 5%
vs. initial 2.5% followed by second 2.5% after the lapse of 3-
month incubation). The degree of As(V) stabilization (%) in
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amended samples was assessed by the readily leachable As(V)
fraction (=F1 + F2) of SEP data. Soil parameters that affect
time-dependent As(V) stability were also evaluated.

Materials and methods
As(V)-contaminated mine soils

Six soils (S1, S2, S3, M1, M2, and M3) were obtained from
two abandoned mine sites (S and M mines). Two mines are
located in central Korea at 36° 58’ 26.2" N, 128° 10" 52.7" E,
and 36° 57" 15.3” N, 128° 12’ 8.0" E and had been developed
for gold and copper mining, respectively. Mining rights on
these sites were terminated in the early 1980s.
Approximately 5 kg of composite soil sample was collected
at a depth of 1030 cm in agricultural fields distributed within
500 m from the mine pits. The soil samples were suspected to
be As(V)-contaminated due to repeated agronomic irrigation
with As(V)-containing surface water. Over these sites, crop
cultivation is forbidden and the stabilization method is recog-
nized as the best available remediation technology.

Upon arrival to the laboratory, the soil samples were air-
dried and passed through a 2-mm sieve prior for further use.
Soil texture analysis was conducted by the pipetting method.
The pH was measured using a glass electrode (Orion, USA) at
a soil/solution (5 mM CaCl,) ratio of 1:5 (g/mL). Organic
matter was quantified by the Tyurin method. Fe and Al oxide
contents were determined by acid ammonium oxalate (Ox)
and dithionite—citrate—bicarbonate (DCB) extractions.
Concentration of As was determined after digestion with aqua
regia solution (HNO5/HCI = 1:3). Detailed information re-
garding methodology and chemical reagents was reported
elsewhere (Nam et al. 2010; Kim and Hyun 2015).

Iron oxide-rich amendments

Two industrial byproducts, coal mine discharge sludge (MS)
and steel-making furnace slag (SS), were used as amendments
for As(V) stabilization. Coal mine discharge sludge (MS) was
obtained from a sedimentation tank of an acidic coal mine
water treatment facility. The tank is connected to oxic lime-
stone drains where acidity and a high level of ferric ions in the
mine discharge are removed by passing through a Ca(OH),
trench. Steel-making furnace slag (SS) was obtained from a
steel mill factory. In this factory, quicklime is added during the
smelting process for refractory protection and removing im-
purities. Two amendment materials were air-dried for 48 h and
gently ground to a particle diameter of < 2 mm prior to use.
The specific surface area was measured using the Brunauer—
Emmett—Teller (BET) method (Monosorb, Quantachrome
Instruments, USA). Major mineralogy was determined by X-
ray diffraction (XRD) analysis performed with a Philips
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PW1710 diffractometer using CuK, radiation (A = 15,418 A).
XRD data were collected between 5 and 80°0. Measurements
were made using a step scanning technique with a fixed time
of 0.5 s per 0.02°6.

Amendment treatments and incubation settings

Five grams of amendments (MS and SS) was added to 100 g
of the six mine soils (S1, S2, S3, M1, M2, and M3) in a
polypropylene pot. The mine soils with the added amendment
(hereafter referred to as amended samples) were mixed thor-
oughly and wetted to a moisture content of about 60% of the
predetermined field capacity of soil samples (Brady and Weil
2008). The amended samples were incubated at 25 + 2 °C for
6 months. Deionized water was added as required to compen-
sate for moisture loss. Sample pots were triplicate.

For selected soils (S2 and M2), the effect of amendment
dose and timing on the As(V) stability was further assessed.
For this, 5 g of MS addition was split into two discrete times.
The first 2.5 g was added at the beginning and the second 2.5 g
was added after 3 months. Incubation was conducted under
the same condition as the initial 5% addition samples.

Neat mine soils without amendment addition (e.g., un-
amended samples) were also run as the control of this study.
A sequential extraction procedure was conducted for soil sam-
ples collected after the designated incubation times (0, 1, 2, 4,
and 6 months).

Sequential extraction procedure

The five-step sequential extraction procedure (SEP) proposed
by Wenzel et al. (2001) was performed for As(V) fraction-
ation. Triplicate 1 g of subsamples retrieved from the polypro-
pylene pots was sequentially reacted with 20 mL of five ex-
traction solutions: 0.05 M (NH4),SO,, 0.05 M NH4H,PO,,
0.2 M NH,*-oxalate, 0.2 M NH,*-oxalate—ascorbic acid,
and HNO;/H,0,. This procedure is designed to fractionate
As into five different forms: a nonspecifically adsorbed frac-
tion (F1), a specifically adsorbed fraction (F2), a poorly crys-
tallized Fe/Al oxide-bound fraction (F3), a well-crystallized
Fe/Al oxide-bound fraction (F4), and a residual fraction (F5).
The extracts were filtered through 0.45-pum regenerated cellu-
lose filters prior to analysis. The accuracy of the sequential
extractions was evaluated by certified reference material
(NIST 2711a). The mass recovery determined by summing
the mass of retrieved As(V) in five extracts was 95-110%.

Chemical analysis

Element concentrations in aliquots were determined using
graphite furnace atomic adsorption spectrometry (GF-AAS,
Shimadzu, Japan) or inductively coupled plasma-atomic emis-
sion spectroscopy (Agilent, USA). For selected extracts of

liquid samples, species of As (As(V) and As(Il)) were ana-
lyzed. The As(Ill) concentration was measured directly using
automated hydride—vapor generation—-AAS (Shimadzu,
Japan), and the As(V) concentration was estimated by
subtracting the As(III) concentration from the total As(III
and V) concentration in the aqueous solution (Glaubig and
Goldberg 1988; Burns et al. 2006).

Data analysis

Variations in the As(V) concentrations in the five fractions
(F1-F5) were tested by variance analyses. Stabilization per-
centage (%) was calculated by summing the labile As(V) con-
centrations (e.g., the sum of F1 and F2 fractions) compared to
the control. Henceforth, the concentration of As(V) measured
in F1 and F2 fractions is referred to as the “labile As(V)
concentration.” Data of the labile As(V) concentration obtain-
ed at different incubation periods (0, 1, 2, 4, and 6 months)
was fitted to a two-domain first-order kinetic model (Lee et al.
2002; Kim and Hyun 2015).Using this model, three fitting
parameters were optimized: kg (fast-stabilizing rate con-
stant), kgjow (Slow-stabilizing rate constant), and Fyg, (fraction
of the fast-stabilizing domain).

Pearson’s correlation analysis was conducted between the
kinetic parameters, stabilization percentage (%), and soil prop-
erties. The correlation coefficient () was calculated using
SAS 9.1 software (SAS Institute, USA).

Results and discussion
Characterization of As-contaminated mine soils

The selected properties of the six mine soils and two amendments
are listed in Table 1. The soils were slightly acidic (pH < 7.0) with
a clay content of 9-32%. Crystalline Fe oxide (e.g., DCB-Fe)
content was highest among the various forms of Fe and Al oxides
within a given soil sample. Our previous result of XRD analysis
(Kim and Hyun 2015) reported that quartz (Si0,) and kaolinite
(A1,Si,05(OH),) are the major mineral types in the clay fraction
ofthe samples. Forall samples, As(V) concentration significantly
exceeded the environmental regulatory level (i.e., 25 mg kg ')
established by the Ministry of Environment (MOE) in Korea.
The result of SEP showed that the quantities of the five fractions
of' mine soils were generally in the order of F3 > F4>F2 =F5 >>
F1 (Fig. 1) and the fraction of labile As(V) mass (f{ qpic=F1 +F2;
Fig. 1) ranged between 0.17 and 0.23. Most As(V) in these mine
soils appeared to be firmly associated with various Fe/Al oxides,
as F3 was dominant in all samples. Meanwhile, although the
percentage (%) of F1 was the smallest (0.7-8.2%) in quantity
among the five fractions, the As(V) concentrations in the liquid
phase of the F1 extraction solutions (73.15-240.2 nug L") were
considerably above the maximum groundwater contamination
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Table 1  Selected physical and chemical properties of the mine soils and amendments used in this study
Property pH® OM° Clay® DCB* ox! Total As® Description”
Material® Fe Al Fe Al
Mine soil S1 5.16 0.6 16 8.87 1.56 2.23 1.81 209 (25) Bush weed, 100 m
S2 5.61 1.1 8 11.5 3.21 2.57 251 155 (11) Land in fallow, 250 m
S3 5.28 1.4 28 16.4 2.78 451 431 32 (6) Dwarf shrub, 400 m
M1 5.57 0.5 21 10.9 1.89 3.11 2.83 105 (8) Bush weed, 50 m
M2 5.54 1.1 42 17.2 2.26 2.10 3.84 86 (10) Land in fallow, 200 m
M3 6.93 2.1 25 159 1.85 321 2.33 26 (4) Land in fallow, 450 m
Amendment MS 8.2 - - 134 3.95 17.0 1.13 - Goethite (x-FeOOH)
Hematite (Fe,O3)
Magnetite (Fe304)
SS 9.5 - - 442 547 12.0 1.03 - Magnetite (Fe304)
Wuestite (FeO)
Calcite (CaCOs)

# Six mine soils were collected from two abandoned (S and M) mine sites. For amendments, the MS and SS denote mine drainage sludge and steelmaking

slag, respectively

® Aqueous pH was measured at 1:5 (gmL ') 5 mM CaCl,

¢ Organic matter (%)

9 Particle (%) with diameter < 2 pm

° Dithionite—citrate-bicarbonate extractable Fe and Al (mg kg ')
fOxalate (pH 3)-extractable Fe and Al (mg kgﬁl )

& Total As concentration (mg kg ') determined by aqua regia digestion with standard deviation of the mean value in parenthesis

" Information regarding land use type, vegetation cover, sampling distance from mine fit, and major mineralogy

levels (e.g., 10 ug L") established by WHO (2003), indicating
potential threat as a groundwater contamination source.

The As speciation analysis conducted for selected F1 and
F2 extracts samples revealed that As(V) predominates with
less than 2% of total As present as As(III). This phenomenon
is most likely due to the long-term weathering process under
oxic field conditions, as previously reported for many soils
near abandoned mine sites under similar local climate condi-
tions (Kim et al. 2002; Nam et al. 2010). Hereafter, As is used
to indicate As(V) for simplicity. The sum of the As mass from
five fractions of SEP was approximately 89—112% of its mass
retrieved by the aqua regia digestion. The deviation in mass
balance is likely due to cumulative error during successive
extraction procedures.

Characterization of the amendments

The pH values of the MS and SS were slightly alkaline
(pH > 8) due to the lime material addition during their forma-
tion. The MS was reddish with very fine-textured particles,
whereas SS was bright gray with medium-textured particles
(Fig. S1A and C). The specific surface areas (m? gfl) of the
MS and SS were 12.4 and 5.8, respectively. DCB-Fe and Ox-
Fe were the dominant oxide components (Table 1). For both,
magnetite (Fe;O4) was identified as a dominant crystalline Fe
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oxide (Fig. SIB and D). Goethite (x-FeOOH) and wuestite
(FeO) were also found for the MS and SS, respectively. Poorly
crystalline phase of Fe oxide was also evident in the XRD
pattern as weakly resolved diffraction peaks. As mentioned
earlier, the usefulness of various Fe-rich materials for reducing
As leachability has been reported elsewhere (Carlson et al.
2002; Kumpiene et al. 2008; Bagherifam et al. 2014).

Characterization of the amendment-treated mine soils

Note that, in the five-step SEP, the sum of five fractions in the
amended samples essentially remained constant over the ex-
perimental period (Table S1). The pH value of all amended
samples slightly increased (e.g., 0.5-0.7 units) due to the al-
kalinity of the amending materials (not shown). Within the
range of pH change, however, the variation of As
adsorption/precipitation can be assumed to be negligible
(Burns et al. 2006; Lee et al. 2011; Moon et al. 2013); thus,
the effect of the pH shift was not considered in order to inter-
pret the change of As fractionation.

Fractionation of As in the amended samples

The SEP data of As in six amended samples as a function of
incubation time are provided in Table S1. A reduction of the
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Fig. 1 Fractionation of As(V) concentration (mg kg ') in six mine soils
determined by the sequential extraction procedure. Standard deviation of
mean value of triplicate is shown as an error bar. Values in parenthesis

two labile fractions (F1 and F2) was apparent, whereas the F3
fraction increased slightly. Note that the most abundant As
fraction over the 6 months was consistently the F3 (Fig. 1;
Table S1), which accounted for 36-54.8% of total As mass. In
contrast, the change of As mass in both the crystalline oxide
bound (F4) and the residual fraction (F5) was insignificant
(p < 0.01). The experimental conditions employed in this
study, such as aging duration, temperature, redox condition,
moisture content, and amendment dose, were unlikely to in-
voke the transformation of the labile form of As into part of
the crystalline lattice of clay minerals.

Temporal change of As fractions in the amended samples

The proportion of the nonspecifically adsorbed fraction (F1)
decreased markedly in all amended samples within the first
2 months followed by a slower decrease with increasing incu-
bation period (Table S1), indicating a biphasic stability pat-
tern. It has been speculated that the kinetics of As stabilization
would change over time due to the presence of time-limited
and energy-cost processes, such as diffusion into the internal
pores, dehydration of retained As by solid components, and
formation of a stable inner-sphere complex (McLaren et al.
1998; Goldberg and Johnston 2001). In this study, 33-80% of
the initial F1 and 26-70% of the initial F2 were reduced after
6 months (Table S1). The depletion of the As mass in the
quick-stabilizing fractions followed by the time-limited trans-
formation to a more recalcitrant form could be an important
reason for a biphasic stabilization pattern.

Meanwhile, the MS was more effective than the SS for low-
ering the labile concentration. The surface area of MS is more
than two times that of SS. The MS possesses high iron oxide

S1 o
(54.8%) S2 S3 (44.3%)
120 | flabie = 0.17 Z g 90 7 flye=0.21  (617%) 18 1 fase = 0- |
=% F3 T
F4
80 =F5|| 60 12
c~
il o)) o o (17.3%) o
c 2 16.2% 16.0% (18.2%) % (15.7%) (15.7%)
O o> 40 ( T ) (12.3%)( T ) 30 (12.5%) (14.5%) 6 7.0%) T T
® £ ) ; 0%
sE (0.7%) (31%) 7
% § M1 M2
2 M3 36.0%
2 L 60 flaie = 0-18  (48.3%) 40 1 flope = 0.18 (42.2%) 10 { Fravie = 021 ( T "
S5 T p (29.7%)
@ ©
<w 40 (26.4%)
(16.4%) (17.0%) (16.7%)| 2 (14.2%) (13.8%) ° (13.1%)
20 . ) . N . 8.2%) 7
. / (3.4%) f—‘
(1.1%) 4%
0 / % 0 L/ 0 .
F1 F2 F3 F4 F5 FI F2 F3 F4 F5 FI  F2 F3 F4 F5
Fraction

above the error bar represent the percent of each fractional mass relative to
total mass. The f{ .1 denotes the fraction of labile As(V) that is the sum
of F1 and F2

contents (e.g., DCB- and Ox-Fe, Table 1) which are effective as
As adsorbents (Burns et al. 2006; Hyun and Lee 2013). In addi-
tion, the major minerals identified in MS were goethite and he-
matite (Fig. S2), both of which can retain soluble As by forming
inner-sphere surface complexes under aerobic conditions
(Goldberg and Johnston 2001; Carlson et al. 2002), although
the formation reaction may occur gradually over time.
Meanwhile, due to the calcite (CaCOs) present in the SS (Fig.
S1), As stabilization by forming Ca—As(V) precipitates might
also occur in SS-amended samples (Moon et al. 2004).

Kinetic parameters for the stabilization process

The temporal change of labile As concentration was well
fitted with the two-domain first-order kinetic model
(* > 0.95, Fig. S2). The kinetic model parameters, such as
ki (fast-stabilizing rate constant), ko (slow-stabilizing rate
constant), and Fyg (the fraction of the fast-stabilizing do-
main), are presented in Table 2. In general, the kg, and Fig
measured for the MS-amended samples were greater than
those for the SS-amended samples. This result is in accor-
dance with the previous statement that efficient stabilization
(%) is achieved for amended samples with larger Fg,, values.

In all cases, the magnitude of k¢, was always > 1.5 of that
of k0w, and the Fg, values were 0.149-0.710, both of which
indicate kinetically limited stabilization in the amended sam-
ples. The stabilization process can be time-limited when it
involves the converting chemical species with different rela-
tivities (e.g., As(Ill) and As(V)) or physical limitations (e.g.,
inter-aggregate diffusion toward the reaction site). In this
study, the change in chemical reactivity is not likely the rea-
son, because As(V) was the predominant species in all
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Table 2 Kinetic parameters” for

temporal change of As(V) Soil  Amendment®  Data of As(V) stabilization in amended sample
concentration of labile fraction for
amendment-treated mine soils kast (month™ )¢ Aoy, (month™) € Fryg (unitless)! 7 Stabilization (%)"
over the 6-month experimental
period S1 MS 0.971 (0.230) 0.036 (0.060) 0.326 (0.059) 0.952 442 (6.5)
SS 0.558 (0.140) =0 0.327 (0.102) 0948 302 (5.2)
S2 MS 1.022 (0.148) =0 0.558 (0.049) 0.998 550 (8.2)
SS 1.388 (0.501) 0.024 (0.009) 0.149 (0.038) 0988 244 (42)
S3 MS 1.262 (0.148) 0.007 (0.015) 0.566 (0.034) 0.998  57.7(5.1)
SS 1.665 (0.029) 0.035 (0.001) 0.405 (0.003) 1.00 50.0 (3.2)
Ml MS 1.343 (0.264) 0.048 (0.019) 0.397 (0.058) 0.995  52.7(3.5)
SS 0.967 (0.314) =0 0.434 (0.175) 0.954 421 (5.1)
M2 MS 0.862 (0.168) =0 0.710 (0.096) 0.996  69.3 (7.2)
SS 1.090 (0.014) 0.001 (0.001) 0.343 (0.003) 1.00 342 (6.2)
M3 MS 1.484 (0.151) =0 0.584 (0.026) 0.999 580 (3.5)
SS 0.626 (0.132) =0 0.385 (0.071) 0.998 364 (2.1)

*Result of the two-domain first-order decay model fit

®MS and SS denote the mine discharge sludge and steel-making slag, respectively

€ kpast and kg0, denote the stabilization rate constant for fast-stabilizing and slow-stabilizing domains, respectively.
Values in parentheses are standard errors of the fitted value. The sign “=0" indicates a kg, value < 1 x 10713

9 Fraction of As(V) present in the fast-stabilizing domain

¢ Goodness of the model fit

fPercentage of reduced labile As(V) mass after the 6-month incubation relative to the initial values. Standard
deviation of average stabilization (%) is shown in the parentheses

samples over 6 months. Thus, the time-limited stabilization
can be attributed to the structural heterogeneity of the porous
soil system (O’Reilly et al. 2001; Tang et al. 2007). As ex-
pected, the Fp, value was well correlated with stabilization
(%) (Fig. 2a). Surprisingly, a single good linear regression was
constructed for data from the MS- and SS-amended samples
(n=12); y =79.7x + 12.6; # = 0.806. However, two rate
parameters (kg and k) Were poorly correlated with stabi-
lization (%) (#* = 0.076 and 0.001, respectively). The obser-
vation strongly suggests that the degree of As stabilization
should be mainly determined by the initial amount of As pres-
ent in the fast-stabilizing domain, whereas the kinetics of the

100
Ve
(A)
. 80
5
g _5 60 -
g8
Q= 404
2 a y=79.7x+12.6
) #=0.806
F®O 5]
e
pd

fast

Fig. 2 Linear relationship (a) between the reduced labile As(V)
concentration (F1 + F2) and the increased As(V) concentration in the
F3 fraction over the 6-month experimental period. b Between the value
of F, and stabilization percent (%). For each plot, the solid line denotes
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stabilization process (i.e., time required to reach equilibrium)
is not related to the same parameter.

Interestingly, the temporal change of individual F1 and F2
was also well fitted with the two-domain model (data not
shown here). The summary of the model fit (kg Asiow, and
Frasp) 1s presented in Table S2. In general, both kg and Fy,g of
the F1 fraction were not less than those in the F2 fraction,
whereas k.., showed no clear trend among samples. The kg,
of the MS-amended samples was greater than that of the SS-
amended samples. Stabilization of As by Fe oxides, such as
magnetite and goethite (major Fe oxides of two amendments),
is known to be rapid with up to 90% of the process being

N
o

(B) y

@ MS-treated Soils
Il SS-treated Soils
Linear Regression

-
[¢)]

o

y=0.781x+0.435
£=0.941

(mg kg™ in F3 after 6-month
3

Increased As(V) Concentration

o

10 15 20
Reduced As(V) Concentration (mg kg™)
in F1 + F2 fractions after 6-month

o
[é)]

the linear regression between the two data sets. The 95% confidence
interval for the regression is shown as a dashed line, and the data range
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completed within 1-2 days, even though the overall process
continues to occur for 12 months (O’Reilly et al. 2001).
Therefore, the observation of this work suggests that the As
stabilization is initially driven by the concentration drop of As
in the fast-stabilizing F1 fraction.

Mass balance of As fractions

Since the total mass of As in the amended samples essentially
remained constant over the experimental period, the decrease
in As associated with a weakly bound fraction should subse-
quently lead to a corresponding increase in other strongly
binding fractions. In this study, two recalcitrant fractions
(e.g., F4 and F5) did not change significantly (p < 0.05), and
their mass change was not correlated with other fractions. In
contrast, the sum of the reduced mass of As in the F1 and F2
after 6 months was quantitatively matched with the increased
mass in the F3. In Fig. 2b, the solid line indicates the linear
regression constructed by combining data of MS- and SS-
amended samples (y = 0.799x + 0.205, »* = 0.956). The
dashed curve indicates the 95% confidence interval for the
regression. This correlation plot strongly supports transforma-
tion of As from the most weakly bound fractions (F1 and F2)
to the strongly binding fraction (F3) during the 6-month incu-
bation period.

Dose and timing of amendment application

The effect of amending dose and timing on As(V) stabilization
was further assessed with two samples (S2 and M2) whose initial
As(V) levels are about mid-range among six mine soils (Table 1).
For two samples, the result of initial 5%-MS addition was com-
pared with that of initial 2.5%-MS and 3rd month 2.5%-MS
addition as a function of time. As shown in Fig. 3, the lability
reduction of the initial 2.5%-MS sample was less than that of the
5%-MS sample until 3rd month as expected from the lower As/
amendment mass ratio of the 2.5%-MS sample. However, upon
the second 2.5%-MS addition, As lability decreased dramatically
(> 30%, white circles in Fig. 3) below than the initial 5%-MS
sample and the decrement continued over the 6-month period
(black circles in Fig. 3). In comparison with the initial 2.5%-

MS addition, the stabilization of As per unit mass of amendment
was approximately doubled for the second 2.5%-MS addition:
from 5.2 to 12.8 and from 7.8 to 15.0 for the S2 and M2 samples,
respectively. This observation indicates that second 2.5% amend-
ment exerts more efficient As stabilization than the initial 2.5%
amendment.

Pearson’s correlation analysis

Pearson’s correlation analysis was performed to investigate
the dependence of As stabilization (%) and kinetic parameters
(ks> ksiow» and Frg) on soil properties, such as pH, organic
matter, clay content (%), and the various forms of Al/Fe ox-
ides (Table 3). Note that the percentage clay includes both
phyllosilicate minerals and oxides. DCB-Fe and DCB-AI
were assumed to represent the crystalline form, whereas Ox-
Fe and Ox-Al reflected the amorphous form.

Degree of stabilization (%) and soil properties

The degree of stabilization (%) induced by both amendments
was fairly well correlated with the contents of clay, DCB-Fe,
and Ox-Al. Ox-Fe content was well correlated (» = 0.829) with
As stabilization in the SS-amended samples. In the previous
works, we reported that As(V) sorption capacity was best
described by DCB-Fe content among 18 landfill facility soils
(Bumns et al. 2006) and 16 abandoned mine soils (Nam et al.
2010). The spectroscopic analysis by Goldberg and Johnston
(2001) showed that As strongly adsorbs at the surface of crys-
talline Fe oxides (e.g., DCB-Fe) by forming strong inner-
sphere surface complexes. A good correlation was also report-
ed between the magnitude of As(V) sorption and amorphous
Fe or Al oxide content (Burns et al. 2006; Nam et al. 2010). In
this study, we saw an increase in As mass in the F3 (Table S1)
where As is presumably associated with amorphous Fe/Al
oxide; thus, this correlation further supports the transforma-
tion of the F1 and F2 into the F3 during the incubation. The
Fr.st value was also well correlated with the contents of clay,
DCB-Fe, and Ox-Al, all of which exhibit good correlations
with the degree of stabilization (%). The relative differences
contributing to As stabilization between the different forms of

Fig. 3 Change of labile As(V) IS 15 | _
concentrations from the S2 and © 20 (A) S2 Sample L o (B) M2 Sample 0 X
M2 samples over the 6-month g | % 5
o H H o —~ e . —_—
(e;}f;;enmental pceltrlod 11(; the . g § 32% |a%|lty r;aductlon, 25 10 4 38% lability reduction 25 g.
lifferent amendment doses an S X 201 % by 2™ 2.5% MS ¢ by 2™ 2.5% MS 5
timing. ”l."h.e.whlte circle depptes < g’ % L 50 50 &
data for initial 5%-MS addition, i 5 | % >
whereas the black circle denotes <q'§ 10 1 O Initial 5% addition L 75 i % 75 &
data for initial 2.5%-MS addition s ®  Initial 2.5% and second ° S
fOllQ\fVéd by second 2.5%-MS il“ 0 ‘ 2.5% add‘mon after 3—rT\onth ‘ 100 0 ‘ ‘ ‘ ‘ 100
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Table 3  Pearson’s correlation coefficients () between the physico-chemical properties of the mine soils, the stabilization kinetic parameters (kgas,

ksiows and Fp,g), and the stabilization percentage (%)

MS*-amended Sample

SS*-amended Sample

Soil Stabilization Kast ksiow Fiast Stabilization Kiast Kslow Fiast
property® (%)° (month 1) (month )¢ (unitless)® (%)° (month™ ¢ (month )¢ (unitless)®
pH 0.252 — 0.640%* -0.393 0.332 —0.060 —0.395 —0.320 —0.122
OM 0.437* —0.500* —0.752%%* 0.606%** -0.171 —0.030 —0.168 —0.088
Clay 0.7827%% —0.104 —0.281 0.623** —0.460* —0.060 -0.220 —0.551%%*
DCB-Fe 0.746%* —0.233 —0.463* 0.681%* —0.613%%* —0.150 —0.000 —0.592%%*
DCB-Al 0.332 —0.194 —0.589%%* 0.494* -0.077 —0.884%%* —0.845%%* —0.601%%*
Ox-Fe 0.004 —0.669%* —0.089 0.053 —0.829%%* —0.540%* —0.646%* —0.461*
Ox-Al 0.697%#%* —0.063 —0.362 0.622%%* —0.658%* = 0.760%** —0.513* —-0.311

Significant at *p < 0.05; **p < 0.01

#MS and SS denote mine discharge sludge and steel-making slag, respectively

® Acronyms for the soil properties are presented in Table 1

¢ Percentage of reduced labile As(V) mass after the 6-month incubation relative to the initial values

d kiast and kg0 denote the stabilization rate constant for the fast-stabilizing and slow-stabilizing domains, respectively

¢Fraction of As(V) present in the fast-stabilizing domain

oxides is limited and is likely both soil- and amendment-de-
pendent. Nevertheless, it is obvious that the magnitude of Fe
oxides in contaminated soils will be a key parameter for de-
termining the degree of As stabilization.

Stabilization rate constants and soil properties

The rate of stabilization (kg and ko) Was poorly correlated
with the contents of clay and DCB-Fe, both of which were pre-
viously well correlated with both Fy, and stabilization percent
(%). Instead, the kg, of MS-amended samples were well corre-
lated with Ox-Fe content (r = 0.669), whereas the kg, of SS-
amended samples were well correlated with DCB-Al
(r=0.884) and Ox-Al (r = 0.760) contents. The kg, of the SS-
amended soils was well correlated with DCB-AI (= 0.845) and
Ox-Fe (r=0.646), whereas the k)., of the MS-amended samples
was poorly correlated with all soil properties (i.e., negative »
value). This correlation suggests that the efficiency of As stabili-
zation is related to the soil content of clay, DBC-Fe, and Ox-Al,
all of which provide reaction sites for stabilization reaction be-
tween labile As and amending materials. However, the rate of
stabilization process seems more likely to be related to the phys-
ical availability of these reaction sites; thus, spatial arrangements
of these soil components might be more important for determin-
ing the rapidity of the stabilization process.

Summary and conclusion

The sequential extraction data collected over a 6-month period
provided the knowledge of fractional redistribution of As(V) in

@ Springer

amended soil samples. First, the decrease of labile As(V) concen-
tration quantitatively corresponded to the increase of As(V) mass
in the F3, indicating the transformation of labile As(V) to a less
labile form. However, the transformation into the recalcitrant
fractions (F4 and F5) was unlikely to occur, suggesting that this
conversion seems more energetically and kinetically less favored
under given experimental settings. For both control and amended
samples, As(V) was predominantly present as associated with
poorly crystallized Fe/Al oxide (F3).

The stabilization progressed more rapidly in the first 2-
month period but continued to occur during the 6-month pe-
riod. The degree of stabilization (%) was greater for soils
amended with MS in which crystalline iron oxides (DCB-
Fe, goethite, and hematite) are abundant. Similarly, the stabi-
lization (%) was well correlated with the contents of clay,
DCB-Fe, and Ox-Al in the mine soils. These correlations
demonstrate that Fe oxides are the most effective amending
materials, reducing the lability of As(V) by the formation of
inner-sphere surface complexes. Among kinetics parameters,
the stabilization (%) was well correlated with the fast-
stabilization fraction (Fp,) (2 = 0.806), but poorly correlated
with both rate constants (kg and kgow). As expected, the
initial 2.5% MS-addition resulted in 37—54% lower stabiliza-
tion (%) than that of the initial 5% MS-addition. However, the
second 2.5% addition after the lapse of 3 months remarkably
increased the stabilization (%) more than the initial 5% MS-
addition. Moreover, the efficacy of As(V) stabilization per
unit mass of MS doubled.

Overall, the results of this study indicate that the degree of
As(V) stabilization is essentially determined by the abundance
of clay and amorphous and crystalline Fe/Al oxides available
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to react with As(V) in the labile fraction. However, these data
are insufficient to fully account for the variation in the stabi-
lization rate (kg.g and kgjow) among the six different amended
samples. All mass of As(V) present in the labile fractions was
not simultaneously available for stabilization. Limited reactiv-
ity of labile As(V) with the amending materials could lead to
time-dependent variability of the stabilization reaction. In ad-
dition, the degree of stabilization (%) did not increase linearly
with amendment dose; rather, enhanced stabilization can be
attained by adjusting the dose and timing of the amendment
application. The stabilization method for remediation of
As(V)-contaminated soils should be designed to enhance the
soil’s capacity (e.g., the pool of F3 in SEP) to sufficiently
accommodate the transformed As(V) to ensure its long-term
stability attained by amendment treatments.
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