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Abstract
Diphenylarsinic acid (DPAA) is an emerging phenylarsenic compound derived from chemical warfare agents. It has been
suggested that biostimulation of sulfate reduction decreases the concentrations of DPAA in soils. However, biostimulation often
induces Fe(III) reduction which may affect the mobility and thereby the transformation of DPAA. Here, a soil incubation
experiment was carried out to elucidate the impact of Fe(III) reduction on the mobilization and transformation of DPAA in a
biostimulated Acrisol with the addition of sulfate and lactate. DPAAwas significantly mobilized and then thionated in the sulfide
soil (amended with sulfate and sodium lactate) compared with the anoxic soil (without addition of sulfate or sodium lactate). At
the start of the incubation period, 41.8% of the total DPAA in sulfide soil was mobilized, likely by the addition of sodium lactate,
and DPAAwas then almost completely released into the solution after 2 weeks of incubation, likely due to Fe(III) reduction. The
relatively low fraction of oxalate-extractable Fe in Acrisol, which contributes significantly to DPAA sorption and is more active
and reduction-susceptible, may explain the observation that only < 40% of the Fe(III) (hydr)oxides were reduced when DPAA
was completely released into the solution. Amore rapid and final enhanced elimination of DPAAwas observed in sulfide soil and
the fraction of total DPAA decreased to 60.1 and 91.0%, respectively, at the end of the incubation in sulfide soil and anoxic soil.
The difference appears to result from increased DPAA mobilization and sulfate reduction in sulfide soil. On the other hand, the
formation of FeS precipitate, a product of Fe and sulfate reduction, may reduce the efficiency of DPAA thionation. Accordingly,
the potentially contrasting effects of Fe(III) reduction on DPAA thionation need be considered when planning biostimulated
sulfate reduction strategies for DPAA-contaminated soils.
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Introduction

Chemic a l wa r f a r e agen t s c on t a i n i ng C l a r k s I
(diphenylchloroarsine) and II (diphenylcyanoarsine) were
widely produced and used during the world wars in the

twentieth century. Most of these agents were subsequently
buried underground or dumped at sea at several locations in
China (Deng and Evans 1997), Europe (Daus et al. 2010), and
Japan (Ishii et al. 2004). Numerous studies report the presence
of these agents and their metabolites in soils at historical sites
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of warfare (D'Agostino and Provost 1992; Hanaoka et al.
2005). Clarks I and II have been found to be unstable in soils
and can be simply metabolized to diphenylarsinic acid
(DPAA) (Haas et al. 1998). Such DPAA contamination may
represent a threat to human health due to its high mobility
(Maejima et al. 2011a), bioavailability (Arao et al. 2009), cy-
totoxicity, and genotoxicity (Ochi et al. 2004). Effective strat-
egies are therefore urgently required to control DPAA contam-
ination in soils.

One effective solution to remove DPAA from contaminat-
ed soils is biostimulation using indigenous microorganisms
that are stimulated by exogenous carbon sources and nutrients,
and the main transformation pathway of DPAA involves
dephenylation (Maejima et al. 2011b), methylation (Arao
et al. 2009), and thionation (Nakamiya et al. 2013). Among
these, thionation results in the most effective transformation of
DPAA in biostimulated soils (Guan et al. 2012) and
diphenylthioarsinic acid (DPTAA) was the major metabolite
detected after incubation with sulfate and lactate (Hisatomi
et al. 2013). Biostimulated sulfate reduction has already been
tested as an effective strategy for the remediation of inorganic
arsenic (As) in soils (Maguffin and Jin 2018) in which dissim-
ilatory Fe(III) reduction driven by microbial metabolism of
dissolved organic matter (DOM) is commonly implicated as
a key factor affecting the mobility, and thereby the thionation,
of inorganic As (Burton et al. 2008; Borch et al. 2009).
However, our knowledge regarding the impact of Fe(III) re-
duction on the mobilization and thionation of DPAA in
biostimulated soils is surprisingly limited.

Previous studies found that the amounts of DPAA sorbed
onto the Acrisol and Andosol, which had more Fe/Al (hy-
dr)oxides, were higher than those sorbed onto the Phaeozem
and Fluvisol (Maejima et al. 2011a; Wang et al. 2013). A
recent finding is that amorphous and crystalline Fe
(hydr)oxides provide most sorption sites for DPAA in soils
(Zhu et al. 2019). These results demonstrate that DPAA sorp-
tion onto soils are due mainly to ligand exchange reactions
with hydroxyl groups on Fe (hydr)oxides. Limited studies
have found that DPAA mobilization in a biostimulated
Phaeozem was due primarily to the addition of sodium lactate
at early stages but due to the near-complete Fe(III) reduction at
later stages of incubation (Zhu et al. 2016a). Other studies
propose that As mobilization is attributable mainly to Fe(III)
reduction in carbon-limited environments (Masscheleyn et al.
1991; Nickson et al. 1998). However, Fe(III)-reducing micro-
organisms are capable of utilizing organic carbon compounds
as electron donors (Kulkarni et al. 2018) and dissimilatory
Fe(III) reduction was reported to proceed efficiently under
carbon-rich conditions (Lovley and Phillips 1986a), which
thereby enhance the effect of Fe(III) reduction on the mobili-
zation of As (Eiche et al. 2017). In contract to the Phaeozem,
DPAA mobilization from goethite was due mainly to Fe(III)
reduction even in the presence of high concentrations of DOM

(Zhu et al. 2016a). Accordingly, we hypothesized that DOM
in Fe-rich soils may enhance DPAAmobilization primarily by
creating reducing conditions that promote Fe(III) reduction.

DPAA thionation in soils requires both sulfate and suffi-
cient carbon sources, and the participation of sulfate-reducing
bacteria (SRB) is expected (Guan et al. 2012). Studies have
also investigated the process of SRB mediated thionation of
DPAA (Guan et al. 2015) and phenylarsonic acid (PAA)
(Hempel et al. 2009) in solution and have found that
thioarsenate was formed chemically by a reaction of DPAA
or PAA with sulfide. Combined results suggest that Fe(III)
reduction may have a comparatively strong influence on the
mobilization and thionation of DPAA in biostimulated soils.
On the other hand, Fe(II) resulting from Fe(III) reduction can
react with sulfide to form FeS or FeAsS-like precipitates
(Bostick et al. 2004; Wilkin and Ford 2006) which can retard
the formation of thioarsenate (Keimowitz et al. 2005; Sun
et al. 2016). These findings highlight the potentially contrast-
ing roles played by Fe(III) reduction in DPAA thionation.
However, more experimental data are needed to rigorously
address these issues.

Acrisols are a soil type with typically high Fe contents and
they often occur in areas contaminated with chemical warfare
agents (Deng and Evans 1997). Acrisols are also widely dis-
tributed in economically developed and grain-producing re-
gions in south China and the risk of DPAA contamination in
this soil type is therefore high. This provides potential condi-
tions for sulfate-based biostimulation to remediate Fe-rich
soils contaminated with DPAA. Consequently, our objective
was to investigate the mobilization and thionation of DPAA in
a biostimulated Acrisol and further to elucidate the impact of
Fe(III) reduction on the thionation of DPAA. This may help to
provide the scientific basis for clarifying the Fe (hydr)oxide-
microbe-DPAA interactions and developing remediation strat-
egies for Acrisols contaminated with DPAA.

Materials and methods

Reagents

DPAA (97%) standard was provided by Wako Pure
Chemical Ind. Ltd. (Osaka, Japan). PAA was purchased
from Aladdin Chemical Co. Ltd. (Shanghai, China).
Methanol and formic acid used were of high-performance
liquid chromatograph (HPLC) grade and were obtained
from Merck KGaA (Darmstadt, Germany). Other reagents
used were of analytical grade. All solutions were prepared
with ultra-pure water (Milli-Q 18.2 MΩ cm−1, Millipore,
Burlington, MA). DPTAA was obtained by the chemical
reaction of DPAA with hydrogen sulfide according to
Stauder et al. (2005).
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Soil

A DPAA-free Orthic Acrisol (FAO-IUSS-ISRIC 2014) was
collected from the surface horizon (top 15 cm) of agricultural
land at Yingtan, Jiangxi province, southeast China. The soil
collected was air-dried and then sieved to obtain a particle size
≤ 2 mm. Soil physicochemical properties were analyzedmain-
ly according to the methods of Lu (2000). Soil pH was deter-
mined in supernatant of 1:2.5 soil-water mixture. Cation ex-
change capacity (CEC) and soil organic matter (SOM) were
measured using sodium acetate-ammonium acetate extraction
and dichromate oxidation, respectively. Fe was extracted
using dithionite-citrate-sodium bicarbonate (DCB) and am-
monium oxalate separately, representative of the free Fe forms
(DCB-Fe2O3) consisting of crystalline and non-crystalline Fe
oxides, and the active Fe forms (oxalate-Fe2O3) consisting of
amorphous and poorly crystalline Fe oxides, respectively, and
then measured using o-phenanthroline photometric method.
Total As in soil was extracted by HCl-HNO3 digestion, in
the appropriate China national standard method GB/T
22105.2-2008 (General Administration of Quality
Supervision, Inspection and Quarantine of the People’s
Republic of China 2008), and determined using atomic fluo-
rescence spectrometry (AFS-930, Beijing Jitian Instrument
Co., China). Soil particle composition was analyzed using a
Mastersizer 2000F laser particle size analyzer (Malvern
Instruments, UK). The main physico-chemical properties of
the soil are as follows: pH, 4.94; CEC, 13.70 cmolc kg

−1;
SOM, 1.23%; DCB-Fe2O3, 37.3 g kg−1; oxalate-Fe2O3,
0.87 g kg−1; and total As, 16.1 mg kg−1. The mechanical
composition of the soil is approximately 17.4% clay, 31.2%
sand, and 51.4% silt.

Soil incubation experiment

The soil incubation experiment was prepared using
100-mL serum bottles as described by Zhu et al. (2016a).
Soil cultures containing 20 g of the dried soil and 30 mL of
the ultrapure water were prepared for anoxic and sulfide
incubat ion. For sulf ide cul tures , sodium lactate
(237 μg C g−1 dry soil) and sodium sulfate (426 μg S g−1

dry soil) were also added as carbon and sulfur sources,
respectively. All bottles were sealed with butyl rubber
and aluminum caps, then equipped with a catheter intro-
duced into the water to simulate a natural anoxic or sulfate-
reducing environment. All cultures (eight replicates) were
pre-incubated in the dark at 25 °C for 2 weeks in order to
establish anoxic condition, then artificially spiked with
DPAA at 30 mg g−1 dry soil with a sterile syringe and
incubated for up to 8 weeks. All soil cultures were sealed
during the incubation until destructive sampling took place
after 0, 2, 4, and 8 weeks of incubation.

Sampling and analytical methods

Four serum bottles were centrifuged at each sampling point,
the supernatants were used for the analysis of dissolved
DPAA, inorganic As, sulfate, sulfide, Fe(II), Mn(II), and total
organic carbon (TOC), and the residues from the centrifuged
supernatants were freeze-dried and used for the analysis of
solid phase-associated DPAA, total sulfur, and carbon in the
solid phase. The fractions of DPAAwere determined using an
HPLC-MS/MS method, with all samples diluted to give lim-
ited matrix effect (102–107%) (Zhu et al. 2016b). Dissolved
inorganic As was determined using AFS. Dissolved sulfate,
sulfide, and Fe(II) were determined spectrophotometrically by
barium sulfate turbidimetry (Lu 2000), copper sulfide turbi-
dimetry (Cord-Ruwisch 1985), and ferrozine assay (Lovley
and Phillips 1986b), respectively. Dissolved Mn(II) was ana-
lyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Optima 7000 DV, Perkin Elmer Co.,
Waltham, MA). TOC was measured using TOC-VCPH ana-
lyzer (Shimadzu, Japan). A part of the residue was extracted
byNa2HPO4 and the resulting extract was subjected to HPLC-
MS/MS for the analysis of solid phase-associated DPAA (the
detailed information was shown in the supplementary materi-
al), and another part of the residue was subjected to a CHNS
elemental analyzer (Vario Micro cube, Elementar, Hanau,
Germany) for the determination of total sulfur and carbon in
the solid phase. The other four serum bottles were homoge-
nized for the determination of HCl-extractable Fe(II) and total
Fe according to Kappler et al. (2004). Finally, supernatants
and soil extracts (extracted with Na2HPO4, the detailed infor-
mation was shown in the supplementary material) of slurries
after 4 weeks of incubation were prepared for the analysis of
As species. Eh and pH were determined using a Pt and glass
electrode, respectively. The flowchart of the methodology is
presented in Fig. 1. The details of the sampling and analytical
methods were described in our previous study (Zhu et al.
2016a).

To prevent further oxidation during and after the sampling
time, (1) all soil cultures were sampled under N2 atmosphere
and N2 was introduced into all bottles containing supernatant
or soil extract; (2) all supernatants were transferred to 4 °C
freezer immediately after sampling; (3) the residues from the
centrifuged supernatants were stored at − 20 °C freezer imme-
diately after sampling and then freeze-dried; (4) dissolved
Fe(II), Mn(II), and sulfide were analyzed immediately after
the sampling time; and (5) dissolved DPAA, inorganic As,
As species, sulfate, and TOC were determined that day.

Statistical analysis

A two-way ANOVA was used to examine the effects of the
incubation condition (anoxic, sulfide) and time on total DPAA
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fractions. SPSS version 20.0 was used to perform the two-way
ANOVA analysis.

Results

Solid-solution partitioning of DPAA in anoxic
and sulfide soil

Changes in the fractions of dissolved and solid phase-
associated DPAA in anoxic and sulfide soil are presented in
Fig. 2a, b, respectively. The fraction of dissolved DPAA in
sulfide soil (41.8%) was found to be much higher than that in
anoxic soil (19.9%) at time zero, due primarily to sodium
lactate addition according to our sorption experiment (Fig.
S1). The fraction of dissolved DPAA then underwent a rapid
increase within the initial 2 weeks and a steady decrease sub-
sequently in both anoxic and sulfide soil (Fig. 2a, b). A more
rapid increase in the fraction of dissolved DPAAwas observed
in sulfide soil, with a value close to 100% at 2 weeks, and
DPAAwas almost completely released into the solution sub-
sequently (Fig. 2b). In contrast with sulfide soil, the fraction of
dissolved DPAA in anoxic soil was lower compared with that
of solid phase-associated DPAA throughout the incubation
(Fig. 2a). These results indicate that DPAAwas substantially
mobilized in sulfide soil under our experimental conditions.
Similarly, in a comparison of the concentration of dissolved
inorganic As (Fig. 3) in anoxic and sulfide soil, a more pro-
nounced mobilization of inorganic As was observed in sulfide
soil.

Transformation of DPAA in anoxic and sulfide soil

Changes in the fractions of total DPAA in anoxic and
sulfide soil during the incubation are shown in Fig.
2a, b, respectively. There was no decrease but rather a
slight increase in the fraction of total DPAA in both an-
oxic and sulfide soil within the initial 2 weeks. A rapid
and then slower decrease in total DPAA was observed in
sulfide soil subsequently (Fig. 2b). Concurrently, total
DPAA underwent a much slower decrease in anoxic soil
compared with sulfide soil (p < 0.05) and the fractions of
total DPAA finally decreased to 91.0 and 60.1% in anoxic
and sulfide soil, respectively (Fig. 2a, b). Based on these
results, a more rapid and final enhanced DPAA transfor-
mation was obtained in sulfide soil compared with anoxic
soil. In addition, when compared with the changes in total
DPAA over time after 2 weeks of incubation, similar
trends were observed in the dissolved DPAA in both an-
oxic and sulfide soil (Fig. 2a, b), suggesting that DPAA
was first released into the solution and then reacted or was
degraded.

HPLC-MS/MS was further conducted to identify the me-
tabolites of DPAA in the extracts and suspensions of anoxic
and sulfide soil and the results are presented in Fig. 4. One
novel peak at tR = 11.38–11.40 min occurred in the extracts of
both anoxic and sulfide soil (Fig. 4a, c) corresponding to PAA
according to the retention time and product ion (Table S1).
Another (unknown) peak at tR = 22.56–22.60 min was ob-
served in the suspensions of anoxic and sulfide soil as well
as the extract of sulfide soil (Fig. 4b–d). Selected reaction
monitoring (SRM) analysis of this peak showed a major

Fig. 1 The flowchart of the
methodology of the research
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molecular [M+H]+ ion peak atm/z 279.1 and a fragment ion at
m/z 261.1 (Table S1), demonstrating that DPTAA is another
metabolite of DPAA. Based on the occurrence and peak areas
of these two metabolites, it can be concluded that (1) mainly
thionation and to a less extent dephenylation of DPAA were
promoted in sulfide soil; (2) PAA formed was almost
completely associated with the solid phase in both anoxic
and sulfide soil (Fig. 4a, c); and (3) DPTAA existed mainly
in dissolved form in anoxic soil while both dissolved (36.3%)
and solid phase-associated (63.7%) forms occurred in sulfide
soil (Fig. 4b–d).

Sulfate reduction in anoxic and sulfide soil

Changes in the concentrations of dissolved sulfate and sulfide
in anoxic and sulfide soil during the incubation are shown in
Fig. 5a, b, respectively. Sulfate concentrations in sulfide soil
decreased rapidly to ˂ 10 mg L−1 at 4-week incubation time
(Fig. 5a) and sulfate reduction was concurrent with sulfide
evolution (Fig. 5b). However, dissolved sulfide was at low
levels (< 10 mg L−1) throughout the incubation despite the
significant depletion of dissolved sulfate. At the same time,
the sulfide soil darkened quickly and the Eh values decreased
to < − 100 mV (Fig. S2) after 1 week of incubation. The ion
products of Fe(II) (Fig. 6a) and sulfide were then calculated as
3.68 × 10−8, 1.97 × 10−9, 1.43 × 10−8, and 1.06 × 10−8

(mol L−1)2 at 0, 2, 4, and 8 weeks, respectively. All values
exceeded the solubility product constant (Ksp) of FeS (6.25 ×
10−18) and therefore indicate the occurrence of FeS precipitate
which often forms under Fe-rich sulfate-reducing conditions
(Kocar et al. 2010; Flynn et al. 2014). A significant increase in
the content of sulfur in the solid phase at the initial 4 weeks
(Fig. S3) further demonstrates the formation of FeS and per-
haps also other metal (e.g., Mn(II)) (Fig. S4) sulfide precipi-
tates in sulfide soil. This may help to explain the surprisingly
low concentrations of dissolved sulfide throughout the incu-
bation (Luo et al. 2013). After 4 weeks of incubation, an
increase in dissolved sulfate coupled with a decrease in solid
phase-associated sulfur was observed in sulfide soil (Fig. 5a,
Fig. S3). This indicates that sulfate sorbed on the solid phase is
likely to be released into the solution at later incubation times.

In contrast with sulfide soil, no discernible depletion of
sulfate but similar occurrence of dissolved sulfide was found
in anoxic soil (Fig. 5a, b), suggesting that little sulfate reduc-
tion also occurred in anoxic soil under our experimental con-
ditions. This result is consistent with the observation that
DPAA was thionated to a less extent in anoxic soil than in
sulfide soil (Figs. 2a, b and 4a–d). In addition, there was an
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apparent release of sulfate during 4–8 weeks of incubation in
anoxic soil (Fig. 5a), which may partly due to the increase of
the pH (Kamprath et al. 1956), from 5.24 to 5.65 (Fig. S2),
and partly due to the reductive dissolution of Fe (hydr)oxides
(Fig. 6b) (Qu et al. 2003).

Fe(III) reduction in anoxic and sulfide soil

The occurrence of dissolved Fe(II) (Fig. 6a) and HCl-
extractable Fe(II) (Fig. 6b) indicates the reductive dissolution
of Fe(III) (hydr)oxides in sulfide soil. It can be seen that
Fe(III) (hydr)oxides in sulfide soil underwent a rapid reductive
dissolution throughout the incubation and ~ 60% of Fe(III)
(hydr)oxides were reduced at the end of the incubation (Fig.
6b). The concentration of dissolved TOC in sulfide soil de-
creased substantially during the incubation time (Fig. S5a),
and thus, there is the potential for dissolved organic matter
mineralization with Fe(III) as the ultimate electron acceptor
(Lovley and Phillips 1986b). The resulting Fe(II) in sulfide
soil was then sequestered in the solid phase while a little
dissolved in the solution under sulfate-reducing conditions.
This result corresponds well with the formation of FeS precip-
itate (Burton et al. 2014). In contrast to sulfide soil, no dis-
cernible reduction of Fe(III) (hydr)oxides was observed in
anoxic soil (Fig. 6b). Additionally, the changes of both dis-
solved Fe(II) (Fig. 6a) and total carbon in the solid phase (Fig.

S5b) with incubation time showed transverse S-shaped pro-
files for sulfide soil, i.e., the curve displaying two peaks at 0-
and 4-week incubation time, respectively, during which time
Fe(III) reduction was followed by the formation of secondary
Fe(II) minerals (Fig. 6a, b). This may be explained by the fact
that Fe-bound organic carbon contributes substantially to total
carbon in organic-rich soil (Zhao et al. 2016).

Discussion

Impact of Fe(III) reduction on DPAA mobilization

The enhanced DPAA mobilization in sulfide soil compared
with anoxic soil at time zero (Fig. 2a, b) can be explained by
the addition of sodium lactate (Fig. S1) and likely by their
covering of sorption sites on Fe(III) (hydr)oxides (Polizzotto
et al. 2006) or competitive sorptionwith DPAA (Redman et al.
2002). After this, DPAAwas almost completely released into
the solution in sulfide soil after 2 weeks of incubation and the
fraction of dissolved DPAA was always higher than that in
anoxic soil throughout the incubation (Fig. 2a, b). This is
likely due to the rapid reductive dissolution of Fe(III) (hydr)
oxides, which provide most sorption sites for DPAA in soils
and therefore could represent the potentially mobilizable pool
of DPAA under flooded conditions (Zhu et al. 2019), in

Fig. 4 Extracted ion
chromatograms (EIC)-HPLC-
MS/MS analysis of a extract and
b suspension of anoxic soil
(without addition of sulfate or
sodium lactate), and c extract and
d suspension of sulfide soil (with
the addition of sulfate and sodium
lactate) at 4-week incubation
time: (1) PAA, (2) DPAA, and (3)
DPTAA. The mass and structure
used in selected reaction moni-
toring (SRM) for EIC-HPLC-MS/
MS analysis are presented in
Table S1
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sulfide soil (Fig. 6a, b). It should be noted that Fe(III) reduc-
tion proceeded throughout the incubation and < 60% of the
Fe(III) (hydr)oxides was reduced at the end of the incuba-
tion (Fig. 6b). Theoretically, this is not enough for the com-
plete release of DPAA in sulfide soil. Possible explanations
may include the following: (1) amorphous and poorly crys-
talline (i.e., oxalate extractable) Fe (hydr)oxides are usually
more susceptible to reductive dissolution compared with
well-crystallized ones (Weber et al. 2010), and the former
have been demonstrated to be the main component respon-
sible for DPAA sorption in Acrisols (Zhu 2017); (2) cover-
age of sorption sites on the surface of residual Fe(III)
(hydr)oxides by sodium lactate or its competitive sorption;
(3) competitive sorption of PAA and DPTAA due to their
occurrence in the solid phase (Fig. 4c, d); and (4) competi-
tive sorption of inorganic As in solution (Fig. 3).

A significant increase in the concentration of dissolved
inorganic As during the incubation was observed in sulfide
soil (Fig. 3), and we suggest this resulted from the desorption
of solid phase-associated inorganic As, rather than a complete
mineralization of DPAA due to the following reasons. Firstly,
there is no direct evidence that DPAA or PAA can be
completely mineralized in flooded or sulfate-reducing soils
according to the reported literature (Arao et al. 2009;
Maejima et al. 2011b; Hisatomi et al. 2013; Guan et al.
2015). Secondly, the reductive dissolution of Fe(III)
(hydr)oxides in sulfide soil, as indicated by the increased con-
centrations of dissolved Fe(II) and HCl-extractable Fe(II)
(Fig. 6a, b), has been widely demonstrated as a predominant
mechanism causing inorganic As mobilization (Van Geen
et al. 2006; Yamaguchi et al. 2011). Thirdly, there was also a
significant increase over time in the concentration of dissolved
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inorganic As in anoxic soil (Fig. 3), in which the decrease of
total DPAA fraction occurred to only a small degree (Fig. 2a);
the only mechanism which seems able to account for the mo-
bilization of inorganic As in both anoxic and sulfide soil is
biological reduction of As(V) (Weber et al. 2010), but more
experimental data are required to give a definitive answer. In
addition, in contrast to Fe(III) reduction, the subsequent
formed FeS may sequestrate inorganic As via sorption or
coprecipitation (Wilkin and Ford 2006). A substantial mobili-
zation of inorganic As in sulfide soil (Fig. 3) therefore indi-
cates that the partitioning of inorganic As mainly depends on
Fe(III) reduction and to less extent on secondary FeS. This
finding corresponds well with the fact that FeS sorbs much
less inorganic As than Fe (hydr)oxides (Xu et al. 2011; Burton
et al. 2013), and the lack of incorporation of inorganic As into
secondary FeS may result in the mobilization of inorganic As
(O'Day et al. 2004).

Our previous study has shown that a large proportion of
DPAA (74.5%) in a biostimulated Phaeozem was mobilized
by sodium lactate addition at early stages and a small propor-
tion of DPAAwas further mobilized due to the near-complete
reduction of Fe (hydr)oxides at later incubation stages (Zhu
et al. 2016a). When comparing our results for the Acrisol with
those previously reported for the Phaeozem, it seems that so-
dium lactate has a limited effect on promoting DPAA mobili-
zation in the Acrisol (Fig. 2a, b). This may be explained by the
higher amount of crystalline and non-crystalline (i.e., DCB
extractable) Fe (hydr)oxides in the Acrisol and therefore a
stronger sorption capacity toward DPAA (Wang et al. 2013).
Moreover, the ratio of HCl-extractable Fe(II) to HCl-
extractable total Fe reached nearly 40% in the Acrisol (Fig.
6b) but 90% in the Phaeozem (Zhu et al. 2016a), when DPAA
was almost completely released into the solution. This differ-
ence may result from the smaller fraction of oxalate-
extractable Fe (hydr)oxides and therefore the less active,
reduction-susceptible Fe forms in the Acrisol (2.33%) com-
pared to the Phaeozem (9.65%). This finding provides evi-
dence for the importance of Fe speciation rather than total

Fe content only when considering the impact of Fe(III) reduc-
tion on DPAA mobilization in soils.

Impact of Fe and sulfate reduction on DPAA
thionation

There was a rapid and final enhanced transformation of DPAA
in sulfide soil compared with anoxic soil (Fig. 2a, b), and both
DPTAA and PAAwere identified as the major metabolites of
DPAA in sulfide soil (Fig. 4c, d). This could be attributed to
microbial dephenylation and sulfate reduction as first reported
by Maejima et al. (2011b) and Guan et al. (2012). Previous
studies have also found that DPTAA and PAAwere the major
metabolites of DPAA in soil under sulfate-reducing (Hisatomi
et al. 2013) and flooded (Maejima et al. 2011b) conditions,
respectively. The discrepancy between our results and those
previously reported may be due to their different C/S ratios. It
seems that DPAA thionation is favored at relatively low C/S
ratios where SRB have some advantage in competing with
other anaerobic microorganisms (O'Flaherty et al. 1999) that
might be involved in DPAA dephenylation. However, more
experimental data are required to confirm the impact of C/S
ratio on DPAA dephenylation and thionation.

Despite the coexistence of DPTAA and PAA in sulfide soil,
a more significant promotion of DPAA thionation than
dephenylation was observed in sulfide soil compared with
anoxic soil (Fig. 4a–d), suggesting that exogenous sulfate re-
duction contributes greatly to DPAA thionation. However,
DPTAA was also found in anoxic soil without the addition
of sulfate (Fig. 4b), suggesting that DPAA can also be
thionated but to a less extent when subjected to slight endog-
enous sulfate reduction.

Our results show that DPAA was first released into the
solution and then thionated in both anoxic and sulfide soil
(Fig. 2a, b) and we therefore propose that Fe(III) reduction
may contribute substantially to DPAAmobilization and there-
by its subsequent thionation in sulfide soil (Fig. 7). Moreover,
DPTAA has been previously found to be obtained in solution
by a reaction of DPAA and sulfide, but without SRB (Stauder

Fig. 7 Schematic diagram for the
impacts of Fe(III) and sulfate
reduction on the mobilization and
transformation of DPAA in
Acrisol with the addition of
sulfate and sodium lactate
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et al. 2005). For these reasons, it can be concluded that en-
hanced DPAA mobilization resulted from Fe(III) reduction
coupled with substantial sulfate reduction which both contrib-
ute to the more pronounced DPAA thionation in sulfide soil.
Nevertheless, the fraction of total DPAA in sulfide soil still
remained high (60.1%) even after 8 weeks of incubation (Fig.
2b). A more complete thionation of DPAA was observed in
our previous study carried out in a Phaeozem, where only
3.4% of the total DPAA remained unreacted after 8 weeks of
incubation (Zhu et al. 2016a). The difference between soil
types may be due to the relatively high content of DCB-
extractable Fe in the Acrisol (37.3 g kg−1) compared with
the Phaeozem (11.5 g kg−1) and therefore a greater formation
of FeS precipitate in the Acrisol becomes possible. However,
precipitation of FeS may remove sulfide from solution, an
unfavorable condition for the thionation of As (O'Day et al.
2004). These results suggest that Fe(III) reduction may have
played a double role in the DPAA thionation process, i.e., on
the one hand promoting the mobilization and thereby the fur-
ther thionation of DPAA and on the other hand reducing
DPAA thionation by reacting with sulfide and forming FeS
precipitate (Fig. 7).

Conclusions

Substantial mobilization and thionation of DPAA were
observed in a biostimulated Acrisol with the addition of
sulfate and sodium lactate. The increased DPAA mobili-
zation was due to sodium lactate addition and Fe(III) re-
duction at the initial and subsequent times, respectively,
and the fraction of oxalate extractable Fe seems to con-
tribute more to the effect of Fe(III) reduction on DPAA
mobilization. Furthermore, Fe(III) reduction may have
played contrasting roles in the DPAA thionation process,
i.e., promoting the mobilization and thereby the further
thionation of DPAA and reducing DPAA thionation by
consuming sulfide and forming FeS precipitate. The re-
sults highlight the contrasting roles of Fe(III) reduction
in DPAA thionation in a biostimulated Acrisol and the
need to consider both Fe speciation and total Fe content
when evaluating the impact of Fe(III) reduction on the
mobilization and thionation of DPAA in contaminated
soils.
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