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A B S T R A C T

The fate of Fe(III)-(oxyhydr)oxides-bound As was generally regulated by dissimilatory As(V)-reduction.
However, the impact of pH and bacterial conditions on the coupled processes of microbially-mediated As spe-
ciation changes and Fe-mineral transformation remains unclear. Our study therefore incubated As(V)-associated
goethite with different As(V)-reducing bacteria at a range of pH. Results show that As reduction was most
prominent at pH 7 as the bacterial growth was optimal. However, aqueous As concentration was the lowest
(0.8–3.7 mg/L), due to rapid microbial Fe(II) formation at pH 7 triggered secondary mineralization and sig-
nificant As-readsorption. Our study provides the first spectroscopic evidence for mineral-phase temporal evo-
lution, and indicates in the presence of phosphate, vivianite will precipitate first and adsorb large amount of As
(III) (40–44% of solid As). Thereafter, continuously increased Fe(II) may catalyze lepidocrocite and eventually
magnetite formation, which further sequestrate aqueous As(III). Conversely, at pH 5 and 9, bacterial growth was
inhibited, the corresponding lower microbially-derived Fe(II) concentrations caused no secondary minerals
formation. Released As(III) was therefore largely remained in solution (6–9.7 mg/L). Our study demonstrates
that As–bound Fe(III)-(oxyhydr)oxides could pose greater risks under acidic or alkaline conditions in biotic
reactions. Additionally, bacterial species could strongly impact Fe-mineral transformation pathways and As
solid-solution redistribution.

1. Introduction

Arsenic (As) is a highly-toxic metalloid that is ubiquitous in nature.

Elevated As levels in groundwater have threatened the health of mil-
lions of people worldwide (Fendorf et al., 2010; van Geen et al., 2008).
It is therefore important to investigate the mechanisms of As migration
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between contaminated soils and groundwater. Under oxic conditions,
arsenic is often found to be strongly associated with soil minerals
especially Fe(III)-(oxyhydr)oxides (Dixit and Hering, 2003; Smith et al.,
1998). However, in anoxic environments, these Fe(III)-(oxyhydr)oxides
may be exposed to abiotic or microbially derived ferrous Fe (Fe(II)) and
cause mineral recrystallization or transformation, which may further
affect the solid-solution distribution of associated As.

So far, most studies focus on exploring the Fe(II)-catalyzed mineral
transformation of poorly crystalline Fe(III)-(oxyhydr)oxides, such as
ferrihydrite (Jones et al., 2017; Hansel et al., 2005; Boland et al., 2014;
ThomasArrigo et al., 2018). For example, Boland et al. (2014) reported
that the addition of aqueous Fe(II) can accelerate the transformation of
ferrihydrite into lepidocrocite and goethite, and ThomasArrigo et al.
(2018) showed that ferrihydrite can further transform into magnetite at
higher Fe(II) concentration. However, the transformation of poorly
crystalline Fe(III)-(oxyhydr)oxides into more stable Fe mineral phases
may not result in the release of associated As, unless arsenic con-
centration is extremely high (As/Fe molar ratio = 0.224) (Pedersen
et al., 2006; Gomez et al., 2013). In addition to poorly crystalline Fe
(III)-(oxyhydr)oxides, soils also contain a large amount of crystalline Fe
minerals such as hematite, magnetite and goethite, among which goe-
thite (α-FeOOH) is by far the most common Fe(III) oxyhydroxide in
soils and serves as important sorbent for arsenate (As(V)) (Dixit and
Hering, 2003; Hanna et al., 2013; Schwertmann and Cornell, 1991).
Therefore, exploring the transformation and migration of goethite-as-
sociated As is necessary for understanding arsenic biogeochemistry.
Nevertheless, the relevant studies are still not comprehensive at pre-
sent.

Previous studies indicated that interaction of goethite with abiotic
Fe(II) usually does not induce obvious secondary mineral formation
(Handler et al., 2014; Taylor et al., 2019; Notini et al., 2018; Reddy
et al., 2015). Later on, it was demonstrated that goethite can be reduced
by Fe(III)-reducing microorganisms and result in the formation of du-
frénite, vivianite and siderite (Notini et al., 2019; Liu et al., 2011;
Zachara et al., 1998). Muehe et al. reported that microbial reduction of
As(V)-bearing goethite by Fe(III)-reducing bacteria Shewanella onei-
densis MR-1 can lead to a net As(V) immobilization due to sorption to
secondary minerals or structural incorporation into vivianite (Muehe
et al., 2013, 2016). However, in addition to Fe(III)-reducing bacteria, a
variety of dissimilatory As(V)-reducing bacteria have been widely iso-
lated in recent decades (Ahmann et al., 1994; Niggemyer et al., 2001a;
Ohtsuka et al., 2013; Kudo et al., 2013), and some of them can si-
multaneously utilized Fe(III) and As(V) as electron acceptors. The As(V)
speciation changes mediated by these As(V)-reducing bacteria can
strongly influence As migration pathways, which may result in a dis-
tinct solid-solution distribution of As compared with the effect of Fe
(III)-reducing bacteria. However, studies analyzing the effect of dis-
similatory As(V)-reducing bacteria on the transformation and mobili-
zation of As(V)-bearing goethite are still rare. In a recent study, Guo
et al. (2015) incubated As(V)-reducing bacteria with goethite-adsorbed
As(V) and found that Bacillus sp. M17-15 can transform 21% of solid-
phase As(V) to As(III) after 16 d and release As(III) into liquid phase.
However, the temporal evolution of mineral phase, as well as the
readsorption of As(III) by different secondary minerals remained un-
clear.

Additionally, the impact of different pH on abiotic Fe and As
transformation has been well studied before, however, studies on mi-
crobially-mediated As and Fe mobilization have focused more on cir-
cumneutral pH conditions, although pH may affect microbial growth,
mineral conversion pathways, and As adsorption and desorption (Reddy
et al., 2015; Choi et al., 2013; Larese-Casanova et al., 2010). Therefore,
there is still a lack of information on the influences of pH conditions on
the fate of goethite-adsorbed As(V) in the presence of dissimilatory As
(V)-reducing bacteria. In addition to pH, As and Fe mobilization may
also be controlled by the types of bacteria. In a previous study, a di-
verging effect of two different As(V)-reducing bacteria

(Desulfitobacterium sp. DJ-3 and Exiguobacterium sp. DJ-4) on the fate of
As from ternary complex OM-Fe(III)-As(V) was reported (Cai et al.,
2019). Among these bacteria, Desulfitobacterium was proved to be ver-
satile reducing bacterial genus able to utilize a wide range of electron
acceptors. It possesses a strong ability on reducing As(V) and Fe(III) and
was well studied before (Niggemyer et al., 2001b; Villemur et al.,
2006). While As(V)-reducing bacteria of genus Exiguobacterium was
rarely isolated and studied. Therefore, in the current study, strains DJ-3
and DJ-4 were again utilized and incubated with As(V)-associated
goethite under a range of pH conditions to investigate the goethite
mineral transformation pathways and the speciation changes and mo-
bilization of goethite-associated As(V) under different pH and bacterial
conditions. Relying on the combination utilization of synchrotron X-ray
techniques and wet-chemical analyses, our study aims to (i) explore the
impact of different pH conditions and bacterial species on microbially-
mediated As speciation transformation and mineral phase temporal
evolution and to (ii) elucidate the time-resolved As release and redis-
tribution in different secondary minerals.

2. Materials and methods

2.1. Preparation of arsenate-associated goethite

Goethite (α-FeOOH) was synthesized according to the method of
Schwertmann and Cornell (1991) with slight modifications. Briefly, 180
mL of 5.0 M NaOH was added to 100 mL of 1.0 M FeCl3 solution, the
resulting suspension was diluted to 2 L with doubly deionized (DDI)
water (18.2 MΩ cm Milli-Q®, Millipore) and aged in a closed poly-
propylene flask at 70 ℃ for 72 h. Thereafter, the suspension was cen-
trifuged at 2100 g for 30 min and repeated washing until the electric
conductivity in the supernatant was ≤10 μS/cm. The synthesized
goethite was then freeze-dried and stored for further use.

As(V)-associated goethite was prepared under different pH. Briefly,
3 g of goethite was added to 100 mL of 2 mM Na2HAsO4·7H2O solution
with pH respectively adjusted to 5, 7 and 9 using 1 M HCl or NaOH.
After being equilibrated for 1 h with pH being maintained at 5, 7 and 9,
respectively, the suspensions were shaken at 150 rpm on a rotary
shaker for 24 h followed by centrifugation and washing steps. The As
(V)-associated goethite synthesized at pH 5, 7 and 9 are hereafter
named Gt-As_pH5, Gt-As_pH7 and Gt-As_pH9, respectively. Afterwards,
all synthesized solid phase samples were freeze-dried, manually
homogenized and stored in brown glass in a desiccator until use.

2.2. Bacteria strains and incubation experiment

Two As(V)-reducing bacteria, Desulfitobacterium sp. DJ-3 and
Exiguobacterium sp. DJ-4, were employed in this study. As previously
reported by Cai et al. (2019, 2016), both strains carry the arrA genes
and are able to reduce arsenate through dissimilatory As(V) reduction.
The bacteria strains were pre-grown to late-log phase at 37 °C in
minimal salt medium (Table S1) containing 5 mM As(V). The cultures
were then centrifuged at 8000 g (3K15, Sigma, USA) for 3 min to
harvest the cells. After washing three times with 0.8% sterile NaCl, the
cells were resuspended in the medium (without As(V)).

For the incubation experiments, the bacterial suspension was dis-
pensed into serum bottles with pH respectively adjusted to 5, 7 and 9
using 1 M HCl or NaOH. Thereafter, 150 mg of As(V)-adsorbed goethite
(Gt-As_pH5, Gt-As_pH7 and Gt-As_pH9) was added to 25 mL of the
bacterial suspension with corresponding pH in 100 mL serum bottles.
Control setups (without bacteria cells) were carried out in parallel to
discount the effect of culture medium. The serum bottles were then
capped with butyl rubber stoppers and secured with aluminum-crimped
caps. The incubations were performed in triplicates and incubated in a
horizontal shaker (150 rpm, 37 °C) in the dark and sacrificed at dif-
ferent incubation time. All experimental procedures and sample ma-
nipulations were performed in an anoxic glovebox (85% N2, 5% H2 and
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10% CO2), and all solutions used were prepared from anoxic DDI water.
In order to investigate the growth of bacteria at different pH, the

bacterial suspensions (with different pH) were incubated in the hor-
izontal shaker at the same time without adding As(V)-associated goe-
thite. The optical density of the bacterial cultures at 600 nm (OD600)
were determined using an ultraviolet and visible spectro-photometer
(Varian Cary60, Agilent) at different incubation time.

2.3. Aqueous-phase sample analysis

Aliquots for aqueous-phase analysis (10 mL) were taken anoxically
in the glovebox at 0.5, 24, 48, 72, 96, 120, 160 and 196 h. Samples
were passed through 0.22-μm filters and instantly acidified with HCl.
Total aqueous element concentrations, including As and Fe, were de-
termined using inductively coupled plasma mass spectrometry (ICP-MS,
iCAP Q, Thermo) or inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 7300 V, PerkinElmer). Arsenite and
arsenate species were analyzed by the combined utilization of high-
performance liquid chromatography and inductively coupled plasma
mass spectrometry (HPLC-ICP-MS, Thermo). Dissolved Fe(II) and total
Fe was quantified using the colorimetric 1,10-phenanthroline method
(Fortune and Mellon, 1938), concentrations of dissolved Fe(III) was
determined from the difference between total Fe and Fe(II). The pH of
the suspensions was measured using a pH meter and the changes were
less than 0.21 in all treatments during the incubation (Table S12).

2.4. Solid-phase sampling and characterization

Material for solid-phase analysis were taken at 48, 96 and 192 h.
Suspensions were centrifuged at 2100 g for 10 min and washed with
oxygen-free DDI water for three times and then dried in the glovebox.
Triplicate samples were combined, manually homogenized and stored
anoxically in darkness until further analyses. To investigate the total Fe
and As contents in the (un)reacted As(V)-associated goethite, samples
were digested using a microwave digestion furnace (Mars 6, CEM), and

Fe and As concentrations in the digests were measured using ICP-OES.
The mineralogical analyses of the (un)reacted solid-phase samples

were performed by powder X-ray diffraction (XRD, D8 Advance,
Bruker). Samples were analyzed in Bragg-Brentano geometry using Cu
Kα radiation (λ = 1.5406), and data were collected over the 10–70°
two-theta range. The mineralogical morphologies of the (un)reacted
samples were studied using scanning electron microscopy (SEM,
SU8010, Hitachi). The elemental mapping and semiquantitative ana-
lyses were performed with energy dispersive X-ray spectrometry (EDS)
using a Bruker XFlash detector.

Solid-phase Fe and As speciation during incubation with As(V)-re-
ducing bacteria were analyzed by Fe K-edge (7112 eV) and As K-edge
(11,867 eV) X-ray absorption spectroscopy (XAS) on beamline 1W1B at
the Beijing Synchrotron Radiation Facility (BSRF, Beijing, China).
Extended X-ray absorption fine structure (EXAFS) spectra of the sam-
ples were collected in transmission mode for Fe, and X-ray absorption
near the edge structure (XANES) spectra were recorded in fluorescence
mode for As. XAS spectra of Fe and As were normalized, background-
subtracted and least-squares fitted by a linear combination of appro-
priate reference materials spectra using Athena (Ravel and Newville
(2005)). For Fe analyses, the reference materials included goethite,
lepidocrocite, magnetite, siderite and vivianite. Reference materials for
As analyses included numerous As(V) and As(III) adsorbed minerals,
such as goethite, lepidocrocite, magnetite and vivianite.

3. Results and discussion

3.1. Characterization of initial As(V)-associated goethite samples

X-ray diffraction patterns of the initial Gt-As_pH5, Gt-As_pH7 and
Gt-As_pH9 samples were shown in Figure S1. The identical XRD spectra
indicated that these samples were all consist of goethite. Arsenic con-
tents of the initial As(V)-bearing goethite samples ranged from 2.69 to
4.05 g/kg, and Fe contents varied between 615.4–638.5 g/kg (Table
S2). The As/Fe molar ratios of Gt-As_pH5, Gt-As_pH7 and Gt-As_pH9

Fig. 1. Aqueous As concentrations and speciation over time after incubation with strain DJ-3 and DJ-4 at pH 5, 7 and 9. Data represent the mean of triplicate cultures.
Error bars indicate the standard deviation calculated from triplicate experiments. Abbreviations: As(III): arsenite, As(V): arsenate, As(T): total arsenic. Aqueous As
speciation data can be found in Table S3.
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was 0.0049, 0.0037 and 0.0032, respectively. This result is in agree-
ment with the current consensus that As(V) adsorption on goethite is
dependent on pH conditions, with higher As adsorption at lower pH
(Grafe et al., 2001).

3.2. Concentrations and speciation of aqueous As

As(V)-associated goethite was incubated with strain DJ-3, DJ-4 and
without bacterial cells at different pH. Aqueous As concentrations
(Asaq) and speciation data are presented in Fig. 1, S2 and Table S3. In
control groups without bacterial cells, the rapid As release was ob-
served in all samples, with Asaq reached maxima at 24 h and remained
mostly stable thereafter (Figure S2). The increase in Asaq can be at-
tributed to the phosphate-induced partial desorption of arsenate (Kudo
et al., 2013). Phosphate derived from the medium will compete with
arsenate for adsorption sites due to its strong sorption affinity to Fe
minerals (Borch et al., 2007). In control groups, total Asaq in pH 5, 7
and 9 treatments were 7.6, 6.6 and 6.5 mg/L (31, 34 and 40% of total
As) at the end of incubation, respectively (Figure S2 and Table S3). As
(V) accounted for the vast majority of total Asaq, indicating arsenate
was not reduced in the control groups.

After inoculation with As(V)-reducing bacteria, arsenic release was
observed in the early stage of incubation in all treatments. At 0.5 h,
aqueous As concentrations in the bacterial groups were slightly higher
than that of the control groups, the extra released As may be attributed
to the effect of extracellular polymeric substances (EPS), which contain
phosphate and carboxylate groups that could compete with arsenate for
binding sites. Thereafter, arsenic release became more significant, after
deducting the As concentrations in control groups, As(V)-reducing
bacteria caused the release of up to 7.4–8.6%, 18.2–24.0% and
11.2–16.1% of total goethite-associated As in pH 5, 7 and 9 treatment,
respectively. Arsenic release was most prominent at pH 7. Likewise, the
highest microbial As(V) reduction rate was also obtained at pH 7
(Fig. 1), with most of the aqueous As (9.3 and 8.1 mg/L, 86.1 and
83.5% of total Asaq for DJ-3 and DJ-4) reduced to As(III) within the first
48 h. The corresponding aqueous As(III) formation rate by strains DJ-3
and DJ-4 was 4.65 and 4.05 mg/L As(III)aq d−1. However, the microbial
As(V) reduction rate was significantly decreased at pH 9 and 5. Aqueous
As(III) formation rate was 1.50–2.13 mg/L As(III)aq d−1 at pH 9, and
only 0.99–1.66 mg/L As(III)aq d−1 at pH 5. In order to explore the
reasons for the diverse microbial As reduction rate under different pH
treatments, the growth of strains DJ-3 and DJ-4 at different pH was
investigated. Results (Figure S3) indicate the growth of the strains was
optimal at pH 7, moderate at pH 9, and significantly inhibited at pH 5,
which explains why the highest microbial As(V) reduction rate was
obtained at pH 7 while the lowest was obtained at pH 5. Moreover,
strain DJ-3 showed better adaptability at lower pH (Figure S3A), while
strain DJ-4 was more adaptable to higher pH (Figure S3C). This trend is
consistent with the aqueous As results that As(V) reduction rate by
strain DJ-3 was higher at pH 5 but lower at pH 9 as compared to strain
DJ-4.

In addition, the trend in total Asaq over the duration of experiment
also showed contrasting behaviors at different pH (Fig. 1). During the
bacterial incubation, total Asaq reached maxima of 7.9–10.8 mg/L
(corresponding to 39.5–56.3% of total goethite associated As) and then
declined to 0.8–7.5 mg/L (4.2–37.2% of total As) in all treatments ex-
cept for the incubation with strain DJ-4 at pH 5 (hereafter named
pH5_DJ-4). Only pH5_DJ-4 treatment (Fig. 1D) showed continual in-
creases in Asaq, eventually reaching 9.7 mg/L at 192 h. The subsequent
drop in Asaq in five out of six treatments implies readsorption of As onto
(neoformed) Fe(III)-(oxyhydr)oxides (ThomasArrigo et al., 2016). In
addition, solid-phase As concentrations increased up to 1076 mg/kg
between 48 and 192 h (Table S4), which confirmed the readsorption of
As. It is remarkable that in the treatments at pH 7, the majority
(62–93%) of aqueous As was readsorbed onto solid phase (Fig. 1B and
E), resulting in a relatively low Asaq (0.8–3.7 mg/L) at the end of

incubation. However, only 23–31% of total aqueous As was readsorbed
at pH 5 and 9 (Fig. 1A, C and F), the released As was largely remained
in the solution (6–9.7 mg/L).

In summary, these results indicate that although As(V) reduction
and release was more pronounced at pH 7, Asaq was lower in the end
due to the subsequent strong As readsorption. The lack of significant As
release is consistent with previous studies on As mobilization from soil
solid-phase at neutral pH (Ohtsuka et al., 2013; Zobrist et al., 2000).
Conversely, the relatively weak readsorption at pH 5 and 9 left more As
(III) in the solution, thereby increasing the risk of As(III) contamination
in groundwater. The impact of pH conditions on abiotic Fe and As
transformation has been well studied before, however, this study first
document that in reactions between As(V)-reducing bacteria and As(V)-
associated goethite, released As(III) largely remains in solution under
acidic or alkaline conditions, resulting in Asaq values much higher than
those at neutral pH.

3.3. Microbial reduction and release of Fe

Previous studies indicated that the concentration of aqueous Fe(II)
may significantly impact the formation and component of secondary
minerals (Boland et al., 2014; ThomasArrigo et al., 2018; Pedersen
et al., 2005), and thereby affecting the release and readsorption of trace
metal(loid) (Frierdich and Catalano, 2012; Nico et al., 2009). In order
to explore the reasons for different As readsorption at different pH,
aqueous Fe concentrations and speciation were investigated. Aqueous
Fe(II) concentrations (Fe(II)aq) and total aqueous Fe concentrations
(Feaq) during incubation with strain DJ-3, DJ-4 and without bacterial
cells are presented in Fig. 2 and S4. Absolute aqueous Fe concentrations
are presented in Table S5 and S6. In control groups, slight Fe release
was observed in all pH treatments within the first 24 h. Thereafter, Feaq
remained relatively unchanged for the duration of the experiment
(Figure S4). The pH 5 treatment showed higher Feaq (4.4 mg/L) com-
pared to Feaq at pH 7 and 9 (1.6 and 1.1 mg/L, respectively), which is
consistent with increased Fe(III)-(oxyhydr)oxides dissolution at lower
pH. Additionally, studies have shown that at lower pH, the reactivity of
Fe(III)-(oxyhydr)oxides toward Fe(II)/Fe(III) adsorption will decrease
(Reddy et al., 2015; Bhattacharyya and Sen Gupta, 2006), the adsorbed
Fe(III) remaining on the surface of goethite may therefore be released
into the solution at pH 5, which also leads to higher Feaq. Aqueous Fe
existed mainly in the form of Fe(III) in control groups, indicating neg-
ligible Fe reduction by culture medium.

After incubating with As(V)-reducing bacteria, microbial reductive
dissolution of Fe was observed in all treatments, with aqueous Fe(II)
concentrations (Fe(II)aq) far exceeded Feaq in control groups. Fe(II)aq
showed a trend of increasing first and subsequently decreasing in all
treatments except for pH5_DJ-4 (Fig. 2). Only pH5_DJ-4 treatment
(Fig. 2B) showed continual Fe(II)aq increases throughout the incuba-
tion. These trends in Fe(II) release over the duration of experiment
closely resembled those of Asaq, indicating that As mobilization from
goethite was strongly controlled by Fe reduction and mobilization.
From Fig. 2 we can find that the trends in Fe(II)aq and Asaq can be
divided into two stages. In the first stage, when Fe(II)aq was relatively
low, Asaq increased with the increase of Fe(II)aq and eventually reached
1.23–1.74 times the As concentrations in control groups. During this
period, the microbial reductive dissolution of goethite led to arsenic
release. Moreover, since the molar ratio of dissolved As to Fe in the first
stage was 0.22–1.12 (Table S7), which was markedly higher than the
molar As/Fe ratio of initial Gt-As_pH5, Gt-As_pH7 and Gt-As_pH9
samples (3.2–4.9 × 10−3), indicating As release was not only attrib-
uted to goethite reductive dissolution, the increased biomass of As(V)-
reducing bacteria and the microbial reduction of goethite-adsorbed As
(V) also led to As(III) release.

However, after Fe(II)aq increased to a maximum, it started to de-
crease gradually over time, and Asaq decreased with the decrease of Fe
(II)aq in the meanwhile, which was the second stage of Fe(II)aq and Asaq
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trends. This process is likely due to the relatively high Fe(II)aq triggered
goethite recrystallization or transformation to secondary minerals, and
thereafter led to the readsorption of aqueous As. Interestingly, the Fe
(II)aq that triggered mineral transformation was significantly lower in
pH 9 treatments than in pH 5 treatments (Fig. 2), which was consistent
with the current consensus that lower Fe(II) adsorption and Fe atom
exchange at lower pH will decline mineral transformations (Reddy
et al., 2015; ThomasArrigo et al., 2017). Moreover, the As readsorption
rates were strongly related to aqueous Fe(II) concentrations. For ex-
ample, the highest As readsorption rates were obtained in the pH 7
treatments (1.7 and 1.0 mg/L Asaq d−1 for strain DJ-3 and strain DJ-4,
respectively), of which Fe(II)aq were also the highest. While lower As
readsorption rates in the treatments at pH 5 and 9 (0.4−0.7 mg/L Asaq
d−1) was associated with lower Fe(II)aq. This may result from the di-
verse secondary mineralization pathways at different Fe(II)aq. For ex-
ample, at lower Fe(II) concentrations goethite and lepidocrocite may be
prevalent in the secondary minerals, while higher aqueous Fe(II) could
result in the formation of magnetite (ThomasArrigo et al., 2018;
Pedersen et al., 2005; Coker et al., 2006; Piepenbrock et al., 2011;
Hansel et al., 2003). Secondary minerals like magnetite may exhibit
higher affinity for arsenic and thereby accelerating arsenic readsorption
(Dixit and Hering, 2003; Pedersen et al., 2006).

3.4. Mineralogical analyses of the final solid-phase samples

In order to confirm our inference that different mineral transfor-
mation pathways were obtained in different treatments, the final solid-
phase products were analyzed using X-ray diffraction and scanning
electron microscopy coupled with energy dispersive X-ray spectro-
scopy. XRD patterns, SEM images and EDS maps of the final samples
were shown in Fig. 3 and S5. In the treatments at pH 5 and 9, the
diffractograms of reacted As-bearing goethite did not indicate miner-
alogical changes, and the scanning electron micrographs also showed

no visible secondary mineral formation. However, the dissolved Fe(II)
concentrations decreased in later stage of incubation and aqueous As
was slightly readsorbed (Fig. 2), indicating goethite was likely to re-
crystallize in these treatments. This result is in agreement with previous
studies suggesting that the presence of low aqueous Fe(II) could not
induce goethite transformation (Jones et al., 2017; Taylor et al., 2019).
Xiao et al. reported that lepidocrocite was prevalent in secondary mi-
nerals after microbial reduction of Fe-(oxyhydr)oxides by Shewanella
oneidensis MR-1 (Xiao et al., 2018). Although our XRD results did not
show the presence of lepidocrocite, it may formed as X-ray amorphous
clusters (Gebauer et al., 2014), or have been a precursor for goethite
precipitation but was completely consumed over the incubation
(Boland et al., 2014).

In the treatments at pH 7, the XRD patterns of solid-phase samples
incubated with strain DJ-3 and DJ-4 both showed an apparent peak at
∼6.7 Å (Fig. 3A), indicating the formation of vivianite
(Fe3(PO4)2·8H2O). This result was further supported by the SEM images
that revealed the formation of platelet-type mineral phase (Fig. 3C
mineral 2, Figure S5C, D) and the EDS results that showed a much
higher molar P/Fe ratio in the mineral (Fig. 3D, SI Table S8) (Muehe
et al., 2016; Nanzyo et al., 2010). In addition, after incubating with
strain DJ-3 for 192 h, the SEM images of final solid-phase sample also
showed the presence of some small cube minerals (Fig. 3C mineral 3)
that agree well with the morphology of magnetite (Fe3O4). The weak
peak at ∼2.5 Å corresponding to the 311 reflection of magnetite in-
dicates that a small amount of magnetite may be formed in the treat-
ment with strain DJ-3. These results are consistent with the previous
work by Muehe et al., which suggested that goethite was partially
transformed to vivianite and magnetite after reduction by Shewanella
oneidensis MR-1 at neutral pH (Muehe et al., 2013). However, previous
studies only explored the final products of goethite transformation, the
temporal evolution of mineral phase still remain unclear. Since the
mineral temporal evolution pathways play a decisive role in As

Fig. 2. Concentrations of aqueous Fe(II) (bar)
and total As (line) over time after incubation
with strain DJ-3 and DJ-4 at pH 5 (A, B), 7 (C,
D) and 9 (E, F). Data represent the mean of
triplicate cultures. Error bars indicate the
standard deviation calculated from triplicate
experiments. Aqueous Fe(III) concentrations
remained below 0.1 mg/L in all treatments and
were not shown. Absolute Fe(II) concentration
data can be found in Table S5. The dotted line
separates the two stages of Fe(II)aq and Asaq
trends.

X. Cai, et al. Journal of Hazardous Materials 398 (2020) 122886

5



redistribution processes, we therefore further analyzed the solid phase
samples with different incubation times in pH 7 treatments using Fe K-
edge XAS.

3.5. Temporal evolution of mineral transformations: Fe XAS

Normalized Fe K-edge XANES spectra of (un)reacted As-bearing
goethite samples all exhibited a maximum in their first derivatives at
∼7128 eV (Figure S6), implying the predominance of Fe(III) com-
pounds. Fe K-edge EXAFS spectra of the samples and their linear
combination fits are illustrated in Fig. 4A, and the LCF results are
summarized in Fig. 4B and Table S9. After 48 h of incubation, small
proportion of vivianite was detected in the treatments with both strain

DJ-3 and DJ-4 (8 and 7%, respectively), and no other secondary mi-
neral formation was observed, indicating that in the presence of phos-
phate vivianite is the first product of mineral transformation at higher
Fe(II) formation rates, and the formation of other secondary minerals
may be inhibited by high phosphate concentrations (Zachara et al.,
2002). Thereafter, solid-phase samples showed different secondary
mineralization pathways between two strains.

In the treatment with strain DJ-3, the formation of vivianite gra-
dually slowed down between 48 and 96 h, while small quantity (7%) of
lepidocrocite was detected in the meanwhile. Thereafter, the vivianite
fraction remained relatively unchanged for the duration of incubation
(96−192 h), whereas lepidocrocite precipitation continues, accom-
panied by a 6% magnetite accumulation in the end. These results

Fig. 3. XRD patterns of solid-phase samples
that were incubated with As(V)-reducing bac-
terial strains for 192 h (A), scanning electron
micrographs of the initial Gt-As_pH7 sample
(B) and strain DJ-3 reacted Gt-As_pH7 sample
(C). EDS maps for P (D), Fe (E) and As (F) of the
scanning electron microscopy image of DJ-3
reacted Gt-As_pH7 sample. Number “1” in-
dicates the initial goethite, and numbers “2”
and “3” indicate the newly formed secondary
Fe mineral phases after incubation.

Fig. 4. Fe K-edge EXAFS spectra of Fe re-
ference compounds and linear combination fits
of reacted As-bearing goethite samples in pH 7
treatments (A), and the percent fraction of each
reference compound fitted in the LCF analysis
(B). LCF analyses of k3-weighted Fe EXAFS
spectra were performed over a k-range of 2-10
Å−1. Reference compounds were included in
the fit only if they contributed with a fraction
of 5% or more.

X. Cai, et al. Journal of Hazardous Materials 398 (2020) 122886

6



document that upon fast Fe(II) formation, vivianite precipitates rapidly
until the phosphate was exhausted. After vivianite precipitation
stopped, the continuous increase of Fe(II)aq (up to 28.8 mg/L) caused
by microbial reduction triggered the formation of lepidocrocite. No
obvious diffraction peak of lepidocrocite was shown in XRD result, in-
dicating the lepidocrocite formed was nanocrystalline or even consist of
X-ray amorphous clusters under high cellular-derived OM concentra-
tion (Gebauer et al., 2014). In the later stage of incubation, the mag-
netite formation is probably derived from lepidocrocite transformation,
as lepidocrocite was proved to be an intermediary phase (Boland et al.,
2014; Xiao et al., 2018). However, in the treatment with strain DJ-4,
where the microbial Fe reduction rate was relatively low as compared
to strain DJ-3, only vivianite (13%) was determined as mineral-trans-
formation product. For the 192 h sample, including lepidocrocite as a
fitting component in the LCF analysis slightly improved the fits, in-
dicating a small amount of lepidocrocite may be formed in the solid
phase, which is consistent with the decrease in Fe(II)aq after 120 h
(Fig. 2D). However, since the fraction of lepidocrocite was lower than
5%, it was not included in the final fitting result.

Vivianite and magnetite were often found in the final products after
microbial reduction of Fe(III)-(oxyhydr)oxides (Zachara et al., 1998;
Fredrickson et al., 1998; Glasauer et al., 2003), while this study further
illustrates the microbially-mediated temporal evolution of mineral
phase. Results indicate in the presence of phosphate, vivianite is the
first to form at high concentration of microbially derived Fe(II).
Thereafter, the continuously increased Fe(II) may further trigger lepi-
docrocite precipitation, with magnetite accumulates later. These results
could be of great importance in understanding Fe geochemical circu-
lation and As redistribution processes.

3.6. Readsorption of arsenic onto secondary minerals

The elemental semiquantitative analyses of EDS spectra for selected
minerals was shown in Table S8. The As/Fe molar ratio of newly formed
vivianite (mineral 2) was significantly higher than that of initial goe-
thite (0.049 and 0.011 for vivianite and goethite, respectively). The
EDS elemental mapping also showed that the platelet-shaped vivianite
contained a significant amount of As (Fig. 3F), indicating aqueous As
was largely immobilized by vivianite. In addition, it is worth noting
that aqueous arsenic in DJ-3 treatment was almost completely read-
sorbed in 48–192 h, whereas only 62% of total aqueous arsenic in the
DJ-4 treatment was readsorbed. The additional arsenic readsorption in
DJ-3 treatment is likely result from the immobilization of arsenic by
lepidocrocite and magnetite.

In order to explore the solid-phase As speciation changes and dis-
tribution in different secondary minerals, the As K-edge XAS analyses
were conducted. Normalized As K-edge XANES spectra of initial As-
bearing goethite samples (0 h) all exhibited a maximum in their first
derivatives at ∼11,875 eV (Figure S7), which is consistent with As(V)
reference compounds (Figure S8). After incubating with bacterial
strains, spectra exhibited two first-derivative maxima at ∼11,869 and
∼11,875 eV, and the ∼11,869 eV maxima gradually became more
pronounced over time (Figure S7) indicating an increase in the As(III)
proportion. As speciation changes were evaluated by LCF of k3-
weighted As K-edge XANES spectra (Fig. 5A). Arsenate-adsorbed goe-
thite was used as reference compound for Fe-associated As(V), and
arsenite-adsorbed goethite, vivianite, lepidocrocite, and magnetite
served as Fe-associated As(III) reference compounds. Because the
spectra for arsenite-adsorbed vivianite and lepidocrocite are nearly
indistinguishable (Figure S8), only arsenite-adsorbed vivianite was used
to fit Fe-associated arsenite. The LCF results are summarized in Tables
S10, S11 and Fig. 5B. Results indicate that at the end of incubation, the
proportion of As(III) on solid phase was 70–76%, 83–87% and 66% in
pH 5, 7 and 9 treatments, respectively, which is equivalent to 42–53%,
67–83% and 41% of total As. Aqueous As results indicate that in pH 5, 7
and 9 treatments, 0–9%, 31–52% and 12–17% of the total arsenic was

readsorbed onto solid phase in the form of As(III) during the incubation,
which demonstrate that part of the As(V) was directly reduced on the
solid phase.

In the treatments at pH 5, the vast majority of solid-phase As was
still associated with goethite. Microbial reduction of soild-phase ar-
senate by As(V)-reducing bacteria started after 48 h. After incubation
with strain DJ-3 and DJ-4, goethite-associated arsenite accounted for
39–44% of solid-phase As at 96 h, and 66–70% at 192 h. Likewise,
solid-phase As was mainly adsorbed to goethite phase over the duration
of incubation at pH 9. The percentage fraction of goethite-associated
arsenite in solid-phase samples was 41–44% and 55–56% after 96 and
192 h of bacterial incubation, respectively. For some final samples (192
h) in pH 5 and pH 9 treatments, including arsenite-adsorbed lepido-
crocite in the LCF analysis improved R-factor by> 10%, indicating a
small amount of arsenite may be readsorbed on lepidocrocite, which
further supports the argument that X-ray amorphous clusters phase
lepidocrocite might be formed in the final solid products in these
treatments.

Arsenic speciation and distribution in solid-phase samples incubated
at pH 7 was significantly different from other treatments. The obtained
LCF results show that microbial reduction of solid phase arsenate was
significantly faster, the percentage fraction of Fe-associated arsenite
reached up to 42% (x = 38.5%) at 48 h. At the end of incubation, only
a small proportion of As remained as As(V) sorbed to goethite
(13–17%), the 192 h samples not only contained 37–43% of arsenite-
adsorbed goethite but also comprised 40–44% arsenite-adsorbed vi-
vianite (and/or lepidocrocite). Interestingly, in the treatment incubated
with strain DJ-3, vivianite (8%) was the only mineral-transformation
product at 48 h, while the proportion of arsenite-adsorbed vivianite was
22% at that time, which further proved that vivianite possess a strong
readsorption effect on aqueous As(III). However, between 96 and 192 h,
the proportion of vivianite remained unchanged and only lepidocrocite
was continuously formed, the percentage fraction of arsenite-adsorbed
vivianite (and/or lepidocrocite) continued to increase during this
period, indicating the increase in Fe-associated As(III) is probably at-
tributed to the As(III) readsorption by lepidocrocite. In addition, the
LCF result also showed the presence of 6% arsenite-adsorbed magnetite.
These results document that released As(III) was strongly sequestrated
by vivianite, lepidocrocite, and magnetite, and the immobilization of As
(III) by vivianite was stronger than lepidocrocite and magnetite. Muehe
et al. (2013) incubated Fe(III)-reducing bacteria with As(III) and As(V)-
bearing Fe(III)-(oxyhydr)oxides and found that As(V) was effectively
immobilized by secondary mineral like vivianite, while As(III) was
largely released and almost no As(III) readsorption was observed.
However, this study provides the first XAS evidence that vivianite is not
only the first secondary mineral to be formed, but can also readsorb
large amounts of released As(III). In natural environment, excessive use
of chemical fertilizers and pesticides, and arbitrary discharge of in-
dustrial waste or municipal sewage are likely to cause a significant
increase in the concentration of both phosphate and arsenate in soils,
sediments and groundwater (Vikrant et al., 2018; Jayasumana et al.,
2015). This study indicates that in these high-phosphate environments,
vivianite may serve as important sink for As(III) in the reactions of As
(V)-associated soil minerals with As(V)-reducing bacteria.

In pH 7 treatments, significantly different Fe transformation and As
redistribution pathways were observed after incubation with strain DJ-
3 and DJ-4. This difference was mainly attribute to the diverse Fe(III)-
reducing capacities of the two strains. Strain DJ-3 possesses a stronger
Fe(III)-reducing ability. The rapidly generated Fe(II) triggered the for-
mation of several secondary minerals, and aqueous As was almost
completely readsorbed by these minerals. While the weaker reduction
of Fe(III) by strain DJ-4 only induced the formation of vivianite. There
was still 19.3% of the total As remained in the solution at the end of
incubation. The results of this study prove that the growth of As(V)-
reducing bacteria at different pH and their abilities to reduce Fe(III)-
minerals will strongly impact Fe-mineral transformation pathways and
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As solid-solution distribution, which should be considered in future
studies.

4. Conclusions

The coupled processes of microbially-mediated As speciation
changes and Fe-mineral transformation under different pH and bac-
terial conditions were investigated in this study. Results imply that
microbial reduction of solid-associated Fe and As was most significant
at neutral pH condition, owing to the rapid growth of As(V)-reducing
bacteria. However, aqueous As concentration was the lowest at the end
of incubation under this condition, mainly because of the immobiliza-
tion of As(III) by the secondary minerals formed. Our study provides the
first XAS evidence for the comprehensive temporal evolution of mineral
phase and the redistribution of As in different secondary minerals.
Results indicate vivianite will first precipitate in the presence of phos-
phate and effectively readsorb released As(III). Then the additional Fe
(II) may subsequently trigger lepidocrocite and magnetite formation,
which could further sequestrate aqueous As(III). These results docu-
ment the comprehensive time-resolved As redistribution processes, and
proves vivianite can also serve as important sink for As(III), thereby
greatly lowering As(III) mobility under neutral pH conditions.

In addition, the microbially-mediated Fe and As transformation
under different pH conditions was previously ignored. This study first
document that under acidic or alkaline conditions, the growth of some
typical As(V)-reducing bacteria may be inhibited, the corresponding
lower microbially-derived Fe(II) concentrations cannot trigger mineral
transformation and aqueous As readsorption, and thus leaving more As
(III) in the solution. These results imply that under acidic or alkaline
conditions that are not conducive to most As(V) and Fe(III)-reducing
bacterial growth, As-associated Fe(III)-(oxyhydr)oxides may pose
greater risks to groundwater environment and human health and de-
serves greater attention.
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