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Abstract High‐arsenic (As) groundwater is a global environmental concern, with As release largely
governed by microbial reductive dissolution of Fe(III) (oxyhydr)oxides. Dissolved organic matter (DOM) rich
in Fe‐complexing ligands can modify these reactions, yet its influence on Fe(III) (oxyhydr)oxides
transformation and associated As mobility remains poorly constrained. Here, we investigated the microbial
reduction of As‐bearing goethite by Shewanella oneidensis MR‐1 in the presence of the hydroxamate
siderophore desferrioxamine B (DFOB), used as a model strong Fe‐complexing organic ligand, Luria–Bertani
rather than a compositional analogue of bulk DOM. Results showed that DFOB markedly enhanced microbial
Fe(III) reduction, increasing initial reduction rates by up to 70% and total Fe(II) production by 24% relative to
MR‐1‐only controls. This acceleration stemmed from DFOB‐facilitated Fe(III) complexation and improved
electron‐transfer interactions between MR‐1 and goethite. Arsenic release occurred in all treatments and was
positively correlated with the amount of reacted Fe (dissolved plus reduced Fe), indicating coupled Fe‐As redox
cycling. Despite stimulating Fe(III) reduction, DFOB did not promote additional As release, with MR‐1‐DFOB
treatments exhibiting As mobilization similar to MR‐1‐only controls. This constrained As release was likely
associated with DFOB‐mediated redistribution of biogenic Fe(II) into solid‐associated Fe pools and secondary
Fe‐rich phases, including locally observed nano‐magnetite, minor siderite, and possibly poorly crystalline Fe
phases, which may have contributed to As retention through adsorption and coprecipitation. These results reveal
that DOM rich in Fe‐complexing ligands, such as siderophores, can promote the formation of As‐sequestering
Fe‐mineral phases, uncovering an unrecognized control on Fe‐As interactions that may shape groundwater As
mobilization.

Plain Language Summary Arsenic in groundwater is a major threat to drinking water safety in many
parts of the world. It often enters groundwater when microorganisms break down Fe minerals in sediments that
naturally hold As. Organic matter in groundwater can affect this process because it can feed microorganisms and
bind with iron. In this study, we examined how a strong iron‐binding molecule, a hydroxamate siderophore
desferrioxamine B (DFOB), changes As release during these reactions. Using laboratory experiments with an
As‐bearing iron mineral, we found that DFOB helped microorganisms react with the mineral faster and
increased Fe transformation. However, it did not cause more As to accumulate in the water. Instead, some of the
released Fe appeared to be redistributed into Fe‐rich solids, such as locally observed nano‐magnetite, minor
siderite, and possibly poorly crystalline Fe phases, which may have helped retain part of the As. This shows that
organic molecules in groundwater may speed up iron reactions without always increasing As contamination.
The final outcome depends not only on how much Fe is broken down but also on whether newly formed Fe
minerals form and trap As before it can remain in groundwater.

1. Introduction
High arsenic (As) groundwater, frequently exceeding the World Health Organization guideline of 10 μg L− 1,
poses a major global health threat (Mukherjee et al., 2024; Podgorski & Berg, 2020). Arsenic mobilization in
reducing aquifers is fundamentally driven by the microbial reductive dissolution of As‐bearing Fe(III)
(oxyhydr)oxide minerals (Cai et al., 2021; Lopez‐Adams et al., 2021). Dissolved organic matter (DOM) plays a
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critical role in controlling this process through its multifaceted interactions with both microbes and minerals
(Glodowska et al., 2020; Mladenov et al., 2015; Wang et al., 2021).

DOM is a key reactive constituent in aquifers that shapes Fe redox cycling through multiple interacting mech-
anisms. It fuels microbial respiration as an electron donor, mediates electron transfer via redox‐active moieties,
and forms strong complexes with Fe species (Melton et al., 2014; Qiao et al., 2021). For example, humic sub-
stances and aquifer‐derived DOM can enhance Fe(III) reduction by serving as both electron donors and shuttles,
thereby stimulating the release of As from sediments (Cai et al., 2021; Feng et al., 2025). Beyond these redox
functions, the strong complexing capacity of DOM can directly dissolve As‐bearing Fe(III) (oxyhydr)oxide
minerals, promoting the release of Fe(III)‐DOM complexes that are more bioavailable to Fe‐reducing microor-
ganisms (Li et al., 2025; X. Liu et al., 2017). DOM can also stabilize biogenic Fe(II) through complexation,
preventing its sorption onto minerals and altering mineral transformation pathways (H. L. Dong et al., 2023;
Sheng et al., 2024; ThomasArrigo et al., 2018). The overall impact of DOM depends on the balance between
Fe(II) and Fe(III) complexation, which governs whether Fe(II) accumulates, precipitates, or drives further
reduction reactions (H. L. Dong et al., 2023; Urrutia et al., 1999). However, the synergistic effects of organic
ligands and microbial Fe(III) reduction, particularly how ligand‐induced dissolution interacts with microbial
reductive processes to influence mineral transformation and As mobility, remain poorly understood.

In natural aquifers, organic ligands, including microbially secreted siderophores, intersect with Fe and As cycling
through intertwined chemical and biological pathways (Aftabtalab et al., 2022). Siderophores, continuously
secreted by bacteria and fungi (Kramer et al., 2020), persist in porewaters and DOM pools at nanomolar to
micromolar levels (Tomczyk‐Żak et al., 2013), and contribute disproportionately to the Fe‐binding and redox
capacity of DOM (Boiteau et al., 2016). Far beyond their role in microbial Fe acquisition, siderophores actively
mediate Fe speciation and transformation; they chelate Fe(III) from mineral surfaces, enhance electron transfer
through complexation, and partially stabilize aqueous Fe(II) (Cheah et al., 2003; Simanova et al., 2010; Wang
et al., 2015). These processes reshape mineral dissolution‐precipitation equilibria and thereby influence the
coupled mobilization of Fe and As. Yet, despite their ubiquity and thermodynamic strength, the synergistic
coupling between siderophore‐driven complexation and microbial Fe(III) reduction remains unexplored in the
context of As‐bearing minerals. Understanding this interplay is critical for predicting whether organic ligands
accelerate As release through Fe solubilization or promote its sequestration within newly formed Fe(II) minerals.

During microbial Fe(III) reduction, biogenic Fe(II) accumulates in solution and at mineral surfaces, where it
drives secondary mineral formation through several coupled pathways, including precipitation with dissolved
anions, adsorption‐induced interfacial electron transfer, and subsequent dissolution‐reprecipitation or recrystal-
lization of the parent Fe(III) (oxyhydr)oxides. At ambient temperatures, Fe(II)‐bearing phases such as magnetite
and green rust commonly form through dissolution–reprecipitation processes, whereas carbonate‐ or phosphate‐
bearing phases such as siderite and vivianite can form through precipitation with dissolved anions (Y. R. Dong
et al., 2020; Han et al., 2018; O’Loughlin et al., 2013; Usman et al., 2018). These secondary Fe(II) minerals
sequester As either through surface adsorption or by incorporation into their crystal structures, thereby influ-
encing its long‐term mobility in groundwater (Jiang et al., 2013; Tufano & Fendorf, 2008). The rate of Fe(III)
reduction controls the crystallinity and stability of secondary Fe(II) minerals: rapid reduction produces metastable
phases such as green rust that transiently retain As, whereas slower reduction forms crystalline magnetite and
siderite that stably sequester As (Amstaetter et al., 2010, 2012; Piepenbrock et al., 2011; Zachara et al., 1998). In
addition, mineralogical factors such as crystal facet reactivity influence these processes (Barrón & Torrent, 1996;
Hua et al., 2022; Klyukin et al., 2018; Livi et al., 2023; Rubasinghege et al., 2010). Facets enriched in singly
coordinated Fe sites, such as the (021) plane of goethite (Klyukin et al., 2018; Zhang et al., 2021), are highly
reactive interfacial sites and serve as hotspots for Fe(II) adsorption and nucleation. The adsorbed Fe(II) catalyzes
lattice reconstruction and magnetite formation (Usman et al., 2013), but this process can be inhibited by organic
ligands that strongly complex Fe(II), suppressing secondary mineral crystallization (ThomasArrigo et al., 2018).
Consequently, the competition between Fe(II)‐ligand complexation and Fe(II)‐induced mineral transformation
dictates whether Fe(III) reduction leads to As release or retention. However, it remains unclear whether a strong
Fe‐binding siderophore can enhance microbial Fe(III) reduction while limiting net dissolved As accumulation by
redirecting biogenic Fe(II) into As‐retentive secondary Fe phases.

This study investigates how ligand complexation modulates microbial Fe(III) reduction kinetics and As mobi-
lization during the interaction between the Fe‐reducing bacterium Shewanella oneidensis MR‐1 and As‐bearing
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goethite. We used the hydroxamate siderophore desferrioxamine B (DFOB) as a model organic ligand repre-
sentative of the Fe‐complexing fraction of DOM. Batch incubation experiments were conducted under anoxic
conditions to quantify microbial Fe(III) reduction, As release, and secondary mineral formation in the presence
and absence of DFOB. High‐resolution Transmission electron microscopy (TEM) and Mössbauer spectroscopy
were applied to characterize the nanoscale mineral transformations and Fe(II) speciation. The combined biotic
and ligand‐controlled systems provide new insights into how organic complexation regulates Fe redox cycling,
secondary mineral formation, and As redistribution. These findings advance the mechanistic understanding of
how Fe‐complexing DOM modulates the coupled microbial and geochemical processes that control As mobility
in groundwater.

2. Materials and Methods
2.1. Goethite Synthesis and Characterization

Goethite was synthesized according to the method of Schwertmann and Cornell (2000). Arsenic‐bearing goethite
was prepared by equilibrating freshly synthesized goethite with As(V) or As(III) solutions, resulting in final As
loadings of 9.3 mg g− 1 (As(V)‐Gt) and 10.9 mg g− 1 (As(III)‐Gt), respectively. Detailed synthesis and adsorption
procedures are provided in the Supporting Information. X‐ray diffraction confirmed the formation of well‐
crystallized goethite with no detectable secondary phases (Figure S1 in Supporting Information S1), while
specific surface area (41.0 ± 0.6 m2 g− 1) and particle morphology were characterized by BET and scanning
electron microscopy (SEM) (Figure S2 in Supporting Information S1), respectively.

2.2. Microbial Fe(III) Reduction Experiments

Shewanella oneidensis MR‐1, a model Fe(III)‐reducing bacterium incapable of reducing As(V), was used in mi-
crobial Fe(III) reduction experiments (Muehe et al., 2013). The strain was grown to late‐log phase in
Luria–Bertani broth at 30°C. The cells were harvested by centrifugation at 6,000 g for 10 min, washed 3 times with
piperazine‐N,N'‐bis(2‐ethanesulfonic acid) (PIPES) buffer (10 mM, pH 7), and resuspended in PIPES buffer before
inoculation.

Batch Fe(III) bioreduction experiments were performed anaerobically at 25°C in triplicate under four conditions:
(a) abiotic control (no Shewanella oneidensis MR‐1 (MR‐1) or desferrioxamine B (DFOB); Gt‐only), (b) DFOB‐
only (Gt‐DFOB), (c) Shewanella oneidensis MR‐1‐only (Gt‐MR‐1), and (d) combined Shewanella oneidensis
MR‐1 with DFOB (Gt‐MR‐1‐DFOB). The abbreviations used to represent different experimental series in the text
are summarized in Table 1. Each 100 mL serum bottle contained 1 g L− 1 mineral, 10 mM PIPES buffer (pH 7.0,
autoclaved), 10 mM sodium lactate (electron donor, filter‐sterilized), and, when applicable, 0.5 mM DFOB (filter‐
sterilized) and Shewanella oneidensis MR‐1 cells (2 × 108 cells mL− 1). The final suspension volume was 50 mL.
All preparations were conducted in an anoxic glovebox (N2/H2, 97.5/2.5 v/v; Coy Laboratory Products, Grass
Lake, MI, USA). Solutions were prepared with deoxygenated Milli‐Q water (18.2 MΩ cm− 1) and purged with N2

prior to use. Serum bottles were wrapped in aluminum foil to prevent photoreduction. At designated time points
(0, 3, 6, 9, 24, 48, 96, 144, and 216 hr), 100 μL of suspension was withdrawn anoxically and added to 0.9 mL of
deoxygenated 2 M HCl for total Fe(II) determination. 2 mL of suspension was withdrawn anoxically, filtered
through 0.22 μm polyethersulfone (PES) syringe filters, and acidified with HCl for analysis of dissolved Fe(II),
total dissolved Fe and dissolved As.

Table 1
Experimental Series and Corresponding Abbreviations Used in This Study

Experimental condition Goethite (Gt) series As(V)‐Gt series As(III)‐Gt series

Control (no Shewanella oneidensis MR‐1 or DFOB) Gt As(V)‐Gt As(III)‐Gt

DFOB‐only Gt‐DFOB As(V)‐Gt‐DFOB As(III)‐Gt‐DFOB

Shewanella oneidensis MR‐1‐only (MR‐1) Gt‐MR‐1 As(V)‐Gt‐MR‐1 As(III)‐Gt‐MR‐1

Shewanella oneidensis MR‐1 + DFOB (MR‐1‐DFOB) Gt‐MR‐1‐DFOB As(V)‐Gt‐MR‐1‐DFOB As(III)‐Gt‐MR‐1‐DFOB
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2.3. Aqueous Chemical Analyses

The total dissolved Fe(II) concentration was measured using the spectrophotometric Ferrozine assay (Stoo-
key, 1970). Accurate quantification of total Fe(II) (including aqueous Fe(II) and structural Fe(II)) using the
1,10‐phenanthroline method in H2SO4‐HF digestates was not feasible in the presence of DFOB (Amonette &
Templeton, 1998), as the DFOB produces strongly reducing hydroxylamine species under acidic and boiled
conditions, leading to substantial overestimation of Fe(II) concentrations (Simanova et al., 2010). Therefore, the
total Fe(II) concentration (including aqueous Fe(II) and structural Fe(II)) was extracted in 2 M HCl and measured
with the Ferrozine assay (J. Liu et al., 2022). However, the HCl extraction did not fully recover all solid‐phase
Fe(II), particularly from more crystalline phases, with an estimated extraction efficiency of approximately
76.5 ± 2.50% (Figure S3 in Supporting Information S1). Total dissolved Fe and As were analyzed with induc-
tively coupled plasma‐optical emission spectrometry (ICP‐OES, Thermo, USA). High‐performance liquid
chromatography‐atomic fluorescence spectrometry (HPLC‐AFS, Jitian Corp., Beijing) was used to determine As
speciation. Dissolved DFOB concentration was measured using the FeCl3 method (Cheah et al., 2003).

2.4. Mineralogical Characterization

XRD was used to determine the mineralogical phase transformations of goethite before and after the microbial
reduction. Scanning electron microscopy and TEM were employed to observe mineralogical changes in mineral
structures and potential associations of As with goethite. TEM and scanning transmission electron microscopy
(STEM) analyses were conducted using a probe corrected Thermo Fisher Titan G2 80–200 to investigate the
morphology and structural features of the bioreduced mineral products. The STEM was equipped with an Energy
Dispersive X‐ray Spectroscopy (EDS) detector (0.7 steradian solid angle) and a high‐angle annular dark field
(HAADF) detector. Imaging was carried out at an accelerating voltage of 200 kV, with a STEM convergence
angle of 21 mrad, and HAADF signals were collected using an inner collection angle of 55 mrad. Elemental
distributions of Fe, As, O, and C were analyzed through EDS elemental mapping in STEM mode. Fast Fourier
transform patterns generated from the HRTEM images were used to determine the d‐spacing. For sample
preparation, the solid samples were suspended with absolute ethyl alcohol and sonicated for 5 min and subse-
quently pipetted onto 200 mesh copper grids coated with an amorphous carbon film. Mössbauer Spectroscopy
was used to further characterize Fe mineral phases and to distinguish among different types of secondary Fe
minerals. For Mössbauer measurements, dried solid powders were prepared in an anoxic glovebox and loaded
into Plexiglas holders with area of 1 cm2, forming a thin disc. Spectra were collected at both 140 and 77 K using a
constant acceleration drive system (WissEL) in transmission mode with a 57Co/Rh source. The X‐ray photo-
electron spectroscopy (XPS) was used to explore the chemical composition and valent state of Fe and As before
and after reduction.

2.5. Statistical Analysis

The initial fast microbial Fe(III) reduction rate was calculated based on the first 48 hr according to previous
studies (Muehe et al., 2013; Zhang et al., 2022). Two‐way ANOVA was used to assess the statistical significance
of differences among treatments, with p < 0.05 considered significant.

3. Results and Discussion
3.1. DFOB‐Enhanced Microbial Reduction and Dissolution of As‐Bearing Goethite by Shewanella
oneidensis MR‐1

The influence of the siderophore desferrioxamine B (DFOB) on the kinetics of microbial Fe(III) reduction was
examined using goethite and As‐bearing goethite under biotic and abiotic conditions. In the absence of Shewa-
nella oneidensis MR‐1, no detectable Fe(II) accumulation occurred in controls with or without DFOB, confirming
that abiotic reductive dissolution of goethite or As‐bearing goethite by DFOB was negligible, which was
consistent with previous studies (Reichard et al., 2007; Wang et al., 2015). In contrast, inoculation with She-
wanella oneidensis MR‐1 led to clear Fe(II) accumulation (Figures 1a–1c), indicating active microbial Fe(III)
reduction. The kinetics of microbial Fe(III) reduction followed a biphasic pattern, with a rapid initial phase during
the first 48 hr followed by a slower stage over the next 168 hr (Figures 1a–1c), consistent with previous reports of
declining Fe(III) (oxyhydr)oxide reducibility over time (Fritzsche et al., 2021; Xu et al., 2025).
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The presence of DFOB markedly enhanced both the rate and extent of microbial Fe(III) reduction (Figures S4 and
S6 in Supporting Information S1). In the goethite series, the initial reduction rate increased from
6.68 ± 0.32 μmol h− 1 g− 1 in Gt‐MR‐1 to 11.04 ± 0.36 μmol h− 1 g− 1 in Gt‐MR‐1‐DFOB (two‐way ANOVA,
p < 0.0001), while cumulative Fe(II) production after 216 hr rose from 399.46 ± 8.20 to 570.13 ± 9.49 μM
(p < 0.0001) (Table S1 in Supporting Information S1). This enhancement reflects the formation of dissolved Fe
(III)‐DFOB complexes that increase Fe(III) bioavailability for microbial reduction (Kuhn et al., 2014). Moreover,
Fe(III) release during the first 24 hr was higher in Gt‐MR‐1‐DFOB than in the abiotic Gt‐DFOB control
(Figure 1j), indicating a catalytic role of biogenic Fe(II) in ligand‐promoted dissolution. It was reported that
micromolar Fe(II), whether biogenic or abiogenic, could act as a redox‐active catalyst by transferring electrons to
surface Fe(III), accelerating the release of Fe(III)‐ligand complexes by 10 ∼ 40 fold (Biswakarma et al., 2019,
2020, 2021; Carrasco et al., 2007). The observed acceleration therefore results from a synergistic interplay be-
tween Fe(III)‐DFOB complexation and Fe(II)‐mediated redox cycling, where DFOB facilitates interfacial
Fe(II)‐Fe(III) electron transfer and sustains Fe(III) bioavailability. Because all experiments were conducted at
circumneutral pH, partial protonation of hydroxamate groups in Fe(III)‐DFOB complexes is expected, which
increases their reduction potential and makes them more susceptible to microbial electron transfer than solid

Figure 1. Time course of total Fe(II), total dissolved Fe(II), total dissolved Fe, and dissolved Fe species during microbial
reduction of (a, d, g, and j) Gt, (b, e, h, and k) As(V)‐Gt, and (c, f, i, and l) As(III)‐Gt by Shewanella oneidensis MR‐1 in the
presence or absence of 500 μM DFOB.
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Fe(III) (Kim et al., 2010). Collectively, these results show that DFOB enhances microbial Fe(III) reduction by
simultaneously increasing Fe(III) solubility and accelerating interfacial redox cycling.

Arsenic speciation exerted distinct effects on microbial Fe(III) reduction by Shewanella oneidensis MR‐1. The
oxidation state of As remained unchanged in both As(V)‐Gt and As(III)‐Gt after microbial reduction. In As(V)‐Gt
series, the initial reduction rate (6.91 ± 0.19 μmol h− 1 g− 1) and total Fe(II) production (423.74 ± 16.07 μM) were
comparable to those in the As‐free goethite series (p > 0.05) (Figures S5, S7 and Table S1 in Supporting In-
formation S1), indicating that As(V) adsorption exerted negligible influence on microbial Fe(III) reduction. This
contrasts with ferrihydrite systems, where As(V) adsorption can inhibit reduction by forming inner‐sphere surface
complexes (L. J. Ding et al., 2022; Majzlan, 2011; Wu et al., 2018). In contrast to As(V), the presence of As(III)
lowered the initial reduction rate but enhanced the overall extent of microbial Fe(III) reduction (Figures S5 and S7
in Supporting Information S1). In the As(III)‐Gt series, the initial reduction rate for As(III)‐Gt‐MR‐1 decreased to
5.43 ± 0.27 μmol h− 1 g− 1, significantly lower than that of Gt‐MR‐1 (6.68 ± 0.32 μmol h− 1 g− 1; p= 0.038) (Table
S1 in Supporting Information S1), whereas the cumulative Fe(II) yield increased from 399.46 ± 8.20 μM in Gt‐
MR‐1 to 478.61 ± 14.25 μM in As(III)‐Gt‐MR‐1 (p = 0.001), indicating a slower yet more extensive reduction
process. The contrasting behavior of As(III) arises from its combined physiological and geochemical effects.
As(III) toxicity suppresses microbial respiration (Shen et al., 2013; Wang et al., 2016), leading to a slower initial
Fe(III) reduction rate. However, the greater extent of reduction likely reflects differences in Fe(II) partitioning,
although total Fe(II) production was similar between As(V) and As(III). The greater Fe(III) reduction extent in the
As(III)‐Gt‐MR‐1 treatment may be related to differences in Fe(II) partitioning and surface passivation. The higher
dissolved Fe(II) fraction in As(III)‐Gt‐MR‐1 than that in As(V)‐Gt‐MR‐1 (64.10 ± 0.09% vs. 51.99 ± 9.56%)
suggests that less biogenic Fe(II) was retained in solid‐associated Fe(II) pools (Figures 1e and 1f). This may have
reduced passivating Fe(II)‐bearing coatings and helped preserve access to reactive Fe(III) sites (Jaisi et al., 2007;
Roden & Urrutia, 2002; Urrutia et al., 1999), although direct mineralogical evidence remains limited. Together,
these results show that As(III) slows microbial kinetics through toxicity but ultimately enhances reduction extent
by preserving Fe(III) accessibility.

When DFOB and As coexisted, the overall extent of Fe(III) reduction remained similar to the DFOB‐only
treatments, with total Fe(II) reaching 555.92 ± 13.06 μM for As(V)‐Gt‐MR‐1‐DFOB (p > 0.05) and
587.62 ± 12.31 μM for As(III)‐Gt‐MR‐1‐DFOB (p > 0.05) (Figure S5 in Supporting Information S1). However,
both As species slowed the reduction kinetics: the initial rate decreased from 11.04 ± 0.36 μmol h− 1 g− 1 in Gt‐
MR‐1‐DFOB to 9.44 ± 0.29 μmol h− 1 g− 1 in As(V)‐Gt‐MR‐1‐DFOB (p= 0.01) and to 7.72 ± 0.49 μmol h− 1 g− 1

in As(III)‐Gt‐MR‐1‐DFOB (p< 0.0001) (Figure S3 in Supporting Information S1). The slight rate decrease in the
As(V)‐Gt system likely reflects a combination of surface‐site competition and ligand‐mediated Fe(III) redistri-
bution. Adsorbed As(V) may compete with DFOB for reactive goethite surface sites and transiently affect surface
accessibility. However, our previous experiments showed that Fe dissolution in the As(V)‐Gt‐DFOB system
exceeded that in the Gt‐DFOB system (Li et al., 2025), indicating that As(V) did not overall inhibit DFOB‐
promoted goethite dissolution. Thus, the slower reduction kinetics in the As(V)‐Gt‐MR‐1‐DFOB system are
unlikely to result solely from a physical barrier effect. Instead, As(V)‐associated Fe(III) may need to be redis-
tributed to DFOB‐accessible forms before microbial utilization, which could transiently delay reduction kinetics
while maintaining overall Fe(III) bioavailability. In contrast, As(III) primarily inhibits reduction through phys-
iological toxicity, disrupting electron transfer rather than Fe(III) speciation (Shen et al., 2013; Wang et al., 2016).
Despite these kinetic effects, similar total Fe(II) yields across treatments indicate that DFOB effectively buffers
Fe(III) availability, sustaining extensive microbial reduction even in As‐bearing systems. These results reveal that
ligand exchange and microbial toxicity jointly regulate Fe(III) bioavailability and reduction dynamics, under-
scoring the role of siderophore‐mediated complexation in buffering Fe‐As interactions in natural environments.

In our experiments, the solution pH was maintained at 7.0 using PIPES buffer, and no appreciable pH change was
observed during microbial reduction. Within the pH range of 2–7, DFOB and Fe(III)‐DFOB complexes are
predominantly present as positively charged H4DFOB+ and FeHDFOB+ species, respectively (Bellotti &
Remelli, 2021; Wang et al., 2015). Proton‐promoted dissolution of goethite occurs under acidic conditions.

3.2. Arsenic Release During Microbial Fe(III) Reduction

Following the observed Fe(III) reduction dynamics, As release from As‐bearing goethite was tracked under
abiotic and biotic conditions, with and without DFOB, to determine how microbial reduction and siderophore‐
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promoted dissolution affect As mobilization. In the abiotic series without DFOB, a rapid initial release of As was
observed (Figure 2), with dissolved As concentrations increasing to 8.88 ± 0.75 μM for As(V)‐Gt and
13.23 ± 0.87 μM for As(III)‐Gt within 48 hr and remaining nearly constant thereafter (Table S2 in Supporting
Information S1). This release is attributed to the desorption of surface‐bound As into the background electrolyte,
consistent with previous reports (Guo et al., 2015; O’Reilly et al., 2001). In contrast, the addition of DFOB
markedly enhanced As release, increasing total dissolved As by 3.7 fold for As(V)‐Gt and 2.9 fold for As(III)‐Gt
relative to the DFOB‐free controls. This enhancement reflects ligand‐promoted dissolution of goethite, in which
Fe(III)‐DFOB complexation accelerates the detachment of Fe‐As surface linkages and facilitates As mobilization,
consistent with our previous findings (Li et al., 2025).

In all biotic series, As release was observed as a consequence of reductive dissolution of As(V)‐Gt and As(III)‐Gt
(Figure 2), since Shewanella oneidensis MR‐1 is not able to use As(V) as a terminal electron acceptor (Jiang
et al., 2009, 2013), exhibiting a biphasic pattern with rapid mobilization during the first 48 hr followed by a slower
phase. In the As(V)‐Gt series, DFOB accelerated the initial rate of As release from 0.76 ± 0.01 μmol h− 1 g− 1 for
As(V)‐Gt‐MR‐1 to 0.86 ± 0.01 μmol h− 1 g− 1 for As(V)‐Gt‐MR‐1‐DFOB (p = 0.049) (Table S2 in Supporting
Information S1), indicating that DFOB facilitated the early dissolution of surface‐bound As(V) through enhanced
Fe(III) reduction. However, DFOB did not affect the overall extent of As(V) release because the final dissolved
As(V) concentrations were comparable to 46.43 ± 0.60 μM for As(V)‐Gt‐MR‐1 and 47.95 ± 1.90 μM for As(V)‐
Gt‐MR‐1‐DFOB (Figure 2a and Table S2 in Supporting Information S1). In the As(III)‐Gt series, DFOB had
limited influences on either the rate or extent of As(III) release, with initial As(III) release rate of
1.22 ± 0.03 μmol h− 1 g− 1 and 1.24 ± 0.05 μmol h− 1 g− 1, and final As(III) concentrations of 70.43 ± 2.15 μM and
73.56 ± 2.35 μM for As(III)‐Gt‐MR‐1 and As(III)‐Gt‐MR‐1‐DFOB (Figure 2b and Table S2 in Supporting In-
formation S1), respectively. Notably, As(III)‐Gt‐MR‐1‐DFOB series exhibited both a higher release rate and a
greater final dissolved concentration than As(V)‐Gt‐MR‐1‐DFOB series. This contrast reflects the weaker
binding affinity and greater lability of As(III) relative to As(V) on goethite surfaces. Previous studies confirmed
that As(III) exhibits weaker adsorption affinity but a larger capacity compared with that of As(V) (Dixit &
Hering, 2003; Huang et al., 2024; Kanematsu et al., 2013). Overall, both MR‐1‐mediated reduction and DFOB‐
induced dissolution individually enhanced As mobilization from As‐bearing goethite. However, although DFOB
promoted microbial Fe(III) reduction in As(V)‐Gt‐MR‐1‐DFOB and As(III)‐Gt‐MR‐1‐DFOB series relative to
their respective MR‐1‐only series, this enhancement in Fe(III) reduction was not accompanied by a corresponding
increase in As release.

To assess how ligand‐promoted dissolution and microbial reduction influenced As release, we compared the
slopes of the relationships between total dissolved As and reacted Fe (dissolved plus reduced Fe) across treat-
ments. For As(V)‐Gt series, the slopes were 0.068 (DFOB‐only), 0.087 (MR‐1‐only), and 0.037 (MR‐1‐DFOB).
For As(III)‐Gt series, the slopes were 0.15 (DFOB‐only), 0.12 (MR‐1‐only), and 0.067 (MR‐1‐DFOB). In both As
(V)‐Gt and As(III)‐Gt series, the MR‐1‐DFOB series exhibited substantially lower slopes, indicating lower As
mobilization per unit of reacted Fe relative to DFOB‐only or MR‐1‐only treatments (Figure 3). To further assess

Figure 2. Arsenic release during microbial reduction of (a) As(V)‐Gt and (b) As(III)‐Gt series by Shewanella oneidensis
MR‐1 in the presence or absence of 500 μM DFOB.
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this discrepancy, the dissolved As concentrations expected for the MR‐1‐DFOB series were estimated using a
simplified additive model derived from the corresponding MR‐1‐only and DFOB‐only treatments. Although
microbial Fe(III) reduction and DFOB‐promoted dissolution were inherently coupled, their individual contri-
butions could not be quantified separately in the combined series. Under this assumption, the predicted As release
(Figure 3, black line) greatly exceeded the observed values in both series. For As(V)‐Gt‐MR‐1‐DFOB, 852 μM
reacted Fe corresponded to a predicted approximately 89 μM As(V), whereas only 48 μM was measured. For
As(III)‐Gt‐MR‐1‐DFOB, the predicted about 148 μM As(III) exceeded the measured 70 μM by more than
twofold. These differences indicate that approximately 40–80 μM As remained associated with the solid phase,
likely sequestered by newly formed Fe(II)‐bearing secondary minerals. This interpretation is consistent with
previous studies showing that As released during microbial Fe(III) reduction can be partly retained by secondary
Fe(II)‐bearing minerals, particularly magnetite, through adsorption or structural incorporation (Tufano & Fen-
dorf, 2008; Wu et al., 2018). However, our results further show that even when DFOB enhanced both Fe(III)
reduction and Fe dissolution, dissolved As did not increase proportionally, suggesting that DFOB may regulate
the redistribution of biogenic Fe(II) into secondary mineral phases and thereby influence As partitioning under
coupled ligand‐microbe conditions. Overall, the results demonstrate that As mobility cannot be inferred solely
from the extent of Fe(III) reduction or ligand‐promoted mineral dissolution. Under coupled ligand‐microbe
conditions, secondary mineral formation exerts strong control over As partitioning, preventing additional As
release despite enhanced Fe(III) reduction.

3.3. Secondary Fe Minerals Formed During Microbial Fe(III) Reduction

To elucidate the mineralogical pathways governing Fe and As redistribution, the morphology and composition of
residual minerals in biotic treatments with and without DFOB were characterized. High‐resolution TEM
(HRTEM) analyses were conducted to examine the morphological changes in goethite following microbial
reduction. The images revealed that dissolution and reprecipitation were spatially heterogeneous and strongly
facet‐dependent. Pristine goethite consisted of well‐defined rod‐shaped crystals (approximately 56 nm wide) with
lattice spacings of 0.26 nm for the (021) facet and 0.43 nm for the (110) facet. After microbial reduction, the (021)
tips became distinctly roughened, consistent with preferential dissolution along these reactive facets enriched in
singly coordinated Fe sites (Figure S9 in Supporting Information S1) (Klyukin et al., 2018; Livi et al., 2017). It
has been revealed that microbial reductive dissolution was facet preferential (Hua et al., 2022). Localized
dissolution generated Fe(II)‐enriched microdomains that served as nucleation centers for secondary mineral
formation.

To investigate the type of secondary Fe(II) minerals generated during microbial reduction, high‐resolution TEM
analyses and Mössbauer spectra were performed. Spherical nanoparticles (5–20 nm) were observed on goethite
tips based on SEM and TEM images (Figures 4a and 4b). FFT patterns derived from representative HRTEM

Figure 3. The relationships between As release and reacted Fe in (a) As(V)‐Gt and (b) As(III)‐Gt series by Shewanella
oneidensis MR‐1 in the presence or absence of 500 μM DFOB. Reacted Fe was defined as total dissolved Fe(III) in the
DFOB‐only series, total Fe(II) in MR‐1‐only series, and the sum of total Fe(II) and dissolved Fe(III) in MR‐1‐DFOB series.
The black calculated lines represent the predicted As release in the MR‐1‐DFOB series under the simplified assumption that
ligand‐promoted dissolution and microbial reduction contributed independently and additively to As release. These lines
were obtained by substituting the experimentally measured total Fe(II) and dissolved Fe(III) concentrations from the MR‐1‐
DFOB series into the regression equations derived from the single‐process (DFOB‐only and MR‐1‐only) series.
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images showed reflections of (220), (311), (422), (533), and (442), confirming the presence of magnetite,
particularly in the As(V)‐Gt‐MR‐1‐DFOB series (Figures 4c and 4d, Table S3 in Supporting Information S1).
Magnetite was preferentially observed at the roughened tips of goethite, particularly in regions associated with the
reactive (021) facets, indicating that these sites were important for secondary mineral formation (Fredrickson
et al., 1998; Lovley, 1991). This spatial association is consistent with Fe(II)‐driven interfacial transformation
during microbial reduction. In addition, magnetite formation may also have involved dissolution‐reprecipitation
processes mediated by cell‐derived organics, including extracellular polymeric substances, which can influence
Fe(II) complexation, labile Fe(III) generation, and the nucleation of secondary Fe minerals (Perez‐Gonzalez
et al., 2010; Sheng et al., 2024). Chelation of Fe(II) by DFOB inhibited crystal coalescence, stabilizing magnetite
at the nanoscale. Complexation of Fe species by DOM is known to modulate Fe(II)‐catalyzed transformations by
binding labile Fe(III) intermediates and altering olation‐oxolation pathways (Y. F. Ding et al., 2024; Sheng
et al., 2020). The formation of Fe(II)‐DFOB complexes likely retarded Fe(II)‐driven recrystallization, delaying
bulk precipitation and maintaining small reactive nanoparticles. The resulting nano‐magnetite possessed high

Figure 4. Scanning electron microscopy (SEM) and HRTEM characterization of secondary nanoparticles formed in the As
(V)‐Gt‐MR‐1‐DFOB series. (a) SEM image showing nanoscale particles associated with the tips and edges of goethite
crystals, indicated by white arrows. (b) HRTEM image of a representative nanoparticle‐bearing region. (c), (d) Fast Fourier
transform patterns derived from the selected regions marked by the red and blue dashed boxes in (b), respectively. The
indexed diffraction features in (d) are consistent with magnetite‐like secondary nanoparticles. Scale bars: 100 nm in (a) and
10 nm in (b).
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surface reactivity and As affinity, with reported sorption capacities of 5.96–16.1 mg g− 1 for As(V) (Gimenez
et al., 2007; C. H. Liu et al., 2015; Yean et al., 2005), and 16.7–29.2 mg g− 1 for As(III) (Tables S5 and S6 in
Supporting Information S1) (Dixit & Hering, 2003; Gimenez et al., 2007; C. H. Liu et al., 2015; Yean et al., 2005),
contributing to As retention despite enhanced Fe(III) dissolution induced by DFOB. However, given its low
abundance, nano‐magnetite is not interpreted here as the sole sink for retained As, but rather as one component of
the newly formed Fe(II)‐bearing secondary phases that contributed to As sequestration in MR‐1‐DFOB series.

Mössbauer spectra collected at 140 and 77 K suggested the presence of an additional Fe(II)‐bearing component in
the DFOB‐amended treatments, which was fitted as siderite (Figure 5). In MR‐1‐only series, spectra were
dominated by goethite sextets (CS = 0.46–0.48 mm s− 1, ε = − 0.13 to − 0.11 mm s− 1, H = 48.2–49.7 T) (Murad &
Cashion, 2004). In contrast, the MR‐1‐DFOB series displayed two goethite sextets along with an additional
doublet assigned to siderite. The goethite sextets in the MR‐1‐DFOB series exhibited broader parameter ranges
(CS = 0.42–0.54 mm s− 1, ε = − 0.21 to − 0.09 mm s− 1, H = 46.5–49.7 T), indicating structural modification
through Fe(II) incorporation, consistent with previous reports of increased ε in Fe(II)‐reacted goethite (Latta
et al., 2012). The stability constants of Fe(III)‐DFOB and Fe(II)‐DFOB were 1032 and 1010.3, respectively
(Boukhalfa & Crumbliss, 2002; Cheah et al., 2003; Spasojević et al., 1999). In the MR‐1‐DFOB series, DFOB
preferentially complexed dissolved Fe(III), leaving a substantial portion of microbially produced Fe(II)
uncomplexed. This unbound Fe(II) readily precipitated as a siderite, facilitated by microbial lactate metabolism
(Pinchuk et al., 2011). The siderite doublet accounted for only 1.2%–1.5% of the total spectral area, which is
consistent with the low amount of solid‐phase Fe(II) in our study. Siderite possesses high surface reactivity and
strong affinity for As through both adsorption and coprecipitation, with reported capacities of 8.4–10.7 mg g− 1 for
As(V) (Guo, Ren, et al., 2013; Yu et al., 2022, 2023), and 5.34–10.2 mg g− 1 for As(III) (Guo et al., 2011, Guo,
Ren, et al., 2013; Yu et al., 2024) (Tables S5 and S6 in Supporting Information S1).

The contrasting detectability of magnetite and siderite across techniques reflects their differing abundance,
crystallinity, and formation pathways during microbial reduction. Magnetite was identified primarily from
HRTEM observations of nanoscale particles associated with goethite tips, whereas a distinct magnetite
component was not resolved in the Mössbauer fits. This suggests that magnetite was present at low abundance or
in a nanoscale heterogeneous form below the quantitative resolution of bulk Mössbauer fitting in these samples
(Kuzmann et al., 2003). Previous studies have shown that magnetite can serve as a precursor to siderite formation
during microbial Fe reduction (H. L. Dong et al., 2000; Han et al., 2024). Mössbauer spectroscopy clearly
detected siderite, but it was not readily resolved in TEM images, most likely due to its low abundance and poor
crystallinity. Siderite formed as fine, dispersed precipitates in carbonate‐enriched microenvironments, whereas
magnetite nucleated directly on goethite surfaces, producing well‐crystallized nanoparticles readily captured by
TEM. XPS results showed an increase in carbon content on the solid after reduction, which was likely attributed to
the formation of siderite (Figure S10 in Supporting Information S1). Siderite is also more susceptible to alteration
or electron‐beam dissolution, while magnetite remains structurally stable. Previous studies demonstrated that
magnetite often serves as a transient Fe(III)‐bearing intermediate and precursor for siderite formation (H. L. Dong
et al., 2000; Fredrickson et al., 1998). The coexistence of nanoscale magnetite, siderite and possibly other poorly
crystalline Fe(II)‐bearing phases thus reflects a dynamic balance between Fe(II) generation, mineral trans-
formation, and As retention. The persistence of aqueous Fe(II)‐DFOB complexes likely delayed mineral matu-
ration, sustaining fine‐grained, amorphous Fe(II) phases with high As affinity. Adsorption of DFOB on goethite
may have further modified Fe(II) gradients and interfacial electron transfer, shaping the sequence of mineral
transformation. The resulting assemblage of nanomagnetite, siderite, and amorphous Fe(II) nanoparticles pro-
vided multiple sorption and coprecipitation sites for As, effectively counterbalancing DFOB‐enhanced Fe(III)
dissolution.

No change in As speciation was observed in either the As(V)‐Gt or As(III)‐Gt systems following microbial
reduction, as indicated by XPS As3d spectra (Figure S11 in Supporting Information S1), indicating that She-
wanella oneidensis MR‐1 neither reduced As(V) nor oxidized As(III) under the experimental conditions (Jiang
et al., 2009, 2013). Accordingly, As mobilization was controlled by desorption and redistribution associated with
Fe(III) dissolution and secondary mineral formation, rather than direct microbial As redox transformation.
HAADF‐STEM‐EDS mapping revealed close spatial overlap between As, Fe, and O (Figure S12, S13 in Sup-
porting Information S1), confirming that As was associated with Fe‐bearing phases rather than discrete pre-
cipitates. Facet‐specific dissolution and localized Fe(II) nucleation created highly reactive surfaces that favored
As retention. At circumneutral pH, DFOB‐promoted dissolution can release As from reactive As‐bearing goethite
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Figure 5. Mössbauer spectra of solid residues after microbial reduction, including residual plots and fitted spectra. Residuals,
calculated as data minus fit, are shown in the upper panels, and the corresponding raw spectra with fitted components are
shown in the lower panels. Spectra are shown for (a) Gt‐MR‐1, (b) Gt‐MR‐1‐DFOB, (c) As(V)‐Gt‐MR‐1, (d) As(V)‐Gt‐MR‐
1‐DFOB at 140 K and (e) As(III)‐Gt‐MR‐1 and (f) As(III)‐Gt‐MR‐1‐DFOB at 77 K. Fitted hyperfine parameters and relative
areas of each site are provided in Table S4 in Supporting Information S1.
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surfaces, while accumulated Fe(II) may interact with residual goethite surfaces and alter As partitioning.
Therefore, retained As is more likely associated with a broader Fe‐rich solid pool, including Fe(II)‐modified
residual goethite, associated Fe‐rich surfaces, and newly formed Fe(II)‐bearing secondary phases. At the end of
microbial reduction, the difference between predicted and observed As concentrations indicated that approxi-
mately 40.7 μM As(V) was retained in the solid phase (Section 3.2). Comparison of this retained As with the
formed solid‐phase Fe(II) pool, estimated as the difference between total Fe(II) and dissolved Fe(II), yielded an
As/Fe ratio of 0.07. This ratio was consistent with values reported for As incorporated into biogenic magnetite and
siderite (C. H. Liu et al., 2015; X. Liu et al., 2015), validating that these nano particles possess sufficient sorptive
capacity to account for the missing As and explaining the observed decoupling between Fe(III) reduction and As
release in the MR‐1‐DFOB series.

In conclusion, these findings reveal the coupled mineralogical and geochemical processes governing Fe‐As in-
teractions during microbial Fe(III) reduction in the presence of DFOB. The siderophore DFOB enhanced mi-
crobial Fe(III) reduction by increasing Fe(III) bioavailability and facilitating electron transfer. Although DFOB
also stimulated As release, the MR‐1‐DFOB treatments exhibited substantially greater Fe(III) reduction without a
proportional increase in As mobilization compared to MR‐1‐only treatments. This decoupling indicates that
secondary mineral formation, particularly nanoscale magnetite and minor siderite, played a critical role in limiting
As release by providing additional solid‐phase sinks. These findings provide mechanistic insight into As mobility
in reducing aquifers, where DOM transformation, microbial Fe(III) reduction, Fe mineral transformation, and As
enrichment often occur concurrently (Glodowska et al., 2020; Mladenov et al., 2015). The effect of individual
siderophores may be attenuated because their concentrations in groundwater are typically low (Kim et al., 2009;
Tomczyk‐Żak et al., 2013). However, DOM contains diverse organic ligands, including humic substances, low‐
molecular‐weight organic acids, and functional groups with strong Fe‐binding or redox‐active properties. These
compounds may influence Fe(III) mineral dissolution, Fe(II) complexation, microbial Fe reduction, and sec-
ondary mineral formation. Moreover, sediments from many high‐As aquifers contain multiple Fe(III) (oxyhydr)
oxides, such as ferrihydrite, goethite, and hematite (Guo, Liu, et al., 2013; Li et al., 2023). These minerals may
transform through different pathways and generate a range of secondary phases, including magnetite, siderite,
vivianite, green rust, and Fe sulfides (Y. R. Dong et al., 2020; Han et al., 2018). These secondary minerals may
either sequester As through adsorption or structural incorporation or release As when mineral transformation is
incomplete or sorption sites are limited. Therefore, although our model system does not directly reproduce the full
complexity of natural aquifers, it highlights a key mechanism by which Fe‐binding organic ligands may enhance
Fe cycling without necessarily causing proportional As mobilization.

4. Conclusions
This study demonstrates that strong Fe‐complexing organic ligands can decouple microbial Fe(III) reduction from
arsenic mobilization during the bioreductive dissolution of As‐bearing goethite. The hydroxamate siderophore
desferrioxamine B (DFOB) substantially enhanced both the rate and extent of Fe(III) reduction by Shewanella
oneidensisMR‐1 through ligand‐promoted Fe(III) complexation and improved microbe‐mineral electron transfer.
Arsenic release was closely linked to the amount of reacted Fe, confirming Fe‐As redox cycling during microbial
reduction. However, despite strongly stimulating Fe(III) reduction, DFOB did not increase As mobilization
relative to MR‐1‐only series. This behavior was attributed to the DFOB‐induced redistribution of biogenic Fe(II)
into secondary Fe‐rich phases, such as locally observed nano‐magnetite, minor siderite, and possibly poorly
crystalline Fe(II)‐bearing phases, which may have contributed to As retention via adsorption and coprecipitation.
These findings highlight a previously underappreciated role of Fe‐binding organic ligands in promoting the
formation of As‐sequestering mineral phases, thereby limiting As mobility under reducing conditions. The results
provide new insight into the complex role of DOM in regulating Fe‐As interactions and improve our under-
standing of As behavior in redox‐active groundwater systems.
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