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A B S T R A C T

To extract As bound to amorphous and crystalline iron oxides, this study proposed simultaneous application of
oxalic acid and dithionite, which was observed to induce synergistic effect and accomplish effective extraction of
As bound to both iron oxides. However, the formation of arsenic sulfide decreased overall removal of As because
the insoluble precipitate form of As remained as a residual fraction of As in soil. Therefore, stepwise addition of
dithionite in the simultaneous application was applied to minimize the formation of secondary minerals and
maximize the As extraction. As a result, 74% of As bound to amorphous iron oxides and 65% of As bound to
crystalline iron oxides were removed. More importantly, the stepwise application of oxalic acid and dithionite
was effective to reduce the bioaccessible concentration of As in the treated soil. Therefore, the proposed ap-
plication could reduce the potential risk of contaminated soil to human health by extraction-based remedial
action.

1. Introduction

Land contamination by arsenic(As) has been recognized as a serious
environmental problem in the world because As could affect the human

health via translocation from soils to plants [1–3]. To control the
translocation of As to plants, As should be extracted from soils or sta-
bilized/immobilized to reduce the phytoavailability [4–6]. In Korea
and many other countries, the soil quality is regulated based on the
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total concentration through aqua regia extraction, therefore, As in the
contaminated site should be removed or extracted from the soil to meet
the legal regulation. Soil washing and electrokinetic remediation are
common choices to achieve the extraction-based remediation purpose
[4,7,8]. Soil washing has been applied to various As-contaminated sites
from pilot to field scale because soil washing is a rapid remediation
technique and removes the target pollutants permanently from the
contaminated soil to minimize potential liability in the future [4].
However, the overall performance is highly dependent on the fractio-
nation of As in soil and types of washing agents [4,9], and in some
cases, the residual leachability and bioaccessibility of As is even ad-
versely increased after chemical extraction [10–12].

Arsenic has a great affinity with iron oxides, which primarily de-
termine the fate and transport of As [13–15], therefore, it is well known
that As usually exists as bound to iron oxides in soils[1]. Iron oxides
could be divided into two categories: amorphous and crystalline iron
oxides, and As bound to iron oxides could be extracted via acid-en-
hanced dissolution, reductive dissolution, and chelant-enhanced dis-
solution [16,17]. Amorphous iron oxides could be dissolved by all the
three mechanisms, while crystalline iron oxides are hardly dissolved by
acid-enhanced and chelant-enhanced mechanisms [16,18]. In previous
studies, oxalic acid extracted As bound to amorphous iron oxides by the
complexation between oxalate and ferric iron [9,19–21]. Therefore, the
maximum amounts of As extracted from the soil were limited to the As
bound to amorphous iron oxides even though excessive oxalic acid was
applied because the agent did not remove As bound to crystalline iron
oxides [9]. Additionally, the stable fractionation of As could be changed
to labile fractions by surrounding environment, therefore, the stable
forms of As should be extracted further to meet the regulation level as
well as potential risk.

To enhance the extraction of As bound to crystalline iron oxides,
simultaneous application of oxalic acid and strong reducing agent was
proposed [22]. Dithionite is one of that strong reductants to induce the
reductive dissolution of crystalline iron oxides and it is more

economically feasible compared to other reducing agents [16,18].
However, dithionite is prone to self-decomposition and produces a re-
duced form of sulfur, especially hydrogen sulfide in acidic condition
[23,24], which reacts with As and forms the precipitate of arsenic
sulfide [25]. As a result, the As extracted into solution is re-adsorbed
onto or retained with the soil due to the formation of arsenic sulfide,
which converts the extracted As into residual fraction in the soil and
presents a major challenge in the chemical extraction.

In view of the above concerns, this study proposed to enhance the
extraction of As from soil by simultaneous application of oxalic acid for
As bound to amorphous iron oxides and dithionite for As bound to
crystalline iron oxides. We hypothesized that the oxalic acid prevents
the formation of secondary minerals of dissolved iron by complexation
of oxalate with ferric ions, which enhances the As extraction from soil.
In addition, the amounts of dithionite were controlled to minimize the
formation of arsenic sulfide, and bioaccessibility of As in the treated
soils was analyzed to evaluate the remedial effectiveness of simulta-
neous application.

2. Materials & methods

2.1. Soil characterization

The As-contaminated soils were sampled from a former smelter site
(S1 and S2) located at Janghang, Korea. The soil samples were air-dried
and ground, and the soil of < 0.075mm was used in this study for
homogeneity. Aqua regia extraction was used to extract major elements
from the soil as follow: 1 g of soil was added to a bottle containing
extractants in a ratio of soil: hydrochloric acid: nitric acid of 3:21:7, the
mixture was heated at 90 °C for 1 h, filtered using a filter paper, and the
filtrate was analyzed inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent technologies, USA) [26–28]. The con-
centrations of As in S1 and soil S2 were 140 and 77.7 mg/kg respec-
tively. The pH of soils was measured by using a pH meter (Istek, Korea)
with a 1:5 suspension of soil and distilled water. The organic matter and
cation exchange capacity (CEC) were measured by loss on ignition and
determining the exchangeable ammonium using 1 N ammonium acetate
solution based on standard test method for soil of Korea. The fractio-
nation of As in soils (Table 1) was analyzed by sequential extraction of
As suggested by Wenzel et al (Table S1) [29]. S1 consisted of 52% of
labile fraction (F1+F2+F3) and 48% of stable fractions (F4+F5),
while S2 had 77% of labile fractions (F1+F2+F3) and 23% of stable
fractions (F4+F5). The major fractionation of As in S1 was bound to
amorphous iron oxide (F3), while S2 contained similar amounts of
amorphous (F3) and crystalline (F4) iron oxides even though the total
concentration of As in S1 was almost two times higher than that in S2
(Table 1). The quality of analysis using ICP-OES was controlled by
checking the concentration of a standard solution for every 20 samples.
All the experiments and measurements were carried out in triplicate
and the average values were used.

2.2. As extraction via simultaneous application of oxalic acid and dithionite

All experiments were carried out using an overhead shaker
(FinePCR, Korae) at 20 °C and 40 rpm. Na2S2O4 (sodium dithionite,

Table 1
Chemical properties of soil.

Sample CEC (meq/100 g) OMa (%) pH Concentrations (mg/kg) Fractionation of As (%)

As Fe Al F1 F2 F3 F4 F5

S1 40.3 11.3 4.6 139.5 33794 18234 1 14 37 34 14
S2 34.1 11.5 4.8 77.7 38230 20819 N.D. b 10 67 5 18

a Organic matter.
b Not detected.

Fig. 1. Influence of oxalic acid concentration on removal of Arsenic. Two dif-
ferent types of soil were used at a ratio of 1:3 (soil: solution) for 3 h at room
temperature.
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