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A B S T R A C T

Antimony (Sb) is a toxic environmental contaminant, whose environmental behaviour is tightly linked to 
sorption or co-precipitation reactions with iron(III) (oxyhydr)oxides. These nanoparticulate minerals are sus
ceptible to reductive dissolution via the activity of dissimilatory Fe(III)-reducing microorganisms (DIRB), thereby 
potentially mobilizing associated Sb. However, the impacts of Sb (generally in the form of Sb(V)) associated with 
iron(III) (oxyhydr)oxides of different particle sizes on microbial Fe(III) reduction, as well as on subsequent Sb 
speciation and distribution, remain poorly understood. In this study, we synthesized Sb(V)-containing goethite 
and hematite of varying particle sizes and characterized them using micro X-ray diffraction (µ-XRD), scanning/ 
transmission electron microscopy (S/TEM), 57Fe Mössbauer spectroscopy, extended X-ray absorption fine 
structure (EXAFS) spectroscopy, and wet chemical extractions. We then examined their reductive dissolution by 
Shewanella oneidensis MR-1. Our findings reveal that (i) Sb(V) was incorporated into nanoscale iron(III) (oxyhydr) 
oxides to varying extents (Sb: Fe ratios ranging from 2:100 to 8:100), with no clear correlation between the 
extent of coprecipitation and mineral type or particle size. (ii) The presence of Sb(V) significantly inhibited both 
the extent and kinetics of microbial Fe(III) reduction across all samples of varying particle sizes, with suppression 
extent ranging from 25 to 80%. (iii) Sb release was limited (<10% of total Sb for goethite and <4% of total Sb for 
hematite), exhibited incongruence with the reductive dissolution of Fe, and showed only negligible Sb(V) 
reduction to Sb(III) across all sample conditions. These collective results indicate that the incorporation of Sb(V) 
into goethite and hematite may enhance the stability of these iron(III) (oxyhydr)oxides and serve as an effective 
sink for Sb immobilization. This stabilization persists even under reducing conditions, highlighting the potential 
for long-term Sb sequestration in Fe-rich environments.

1. Introduction

Antimony (Sb) has been declared as a priority environmental 
pollutant, with chronic exposure associated with cancer and lung, heart, 
and gastrointestinal diseases (Cooper and Harrison, 2009; Herath et al., 
2017). Despite its hazardous nature, Sb is used in numerous products in 
our daily life, including plastic, batteries, and glassware (Filella et al., 
2020). Due to the rapid growth in its industrial use, the global 

production of Sb is expected to remain high until 2050 (Zhou et al., 
2015). This results in a steadily growing legacy of environmental Sb 
contamination, which is often exacerbated by unmonitored release of Sb 
into aquatic ecosystems (Filella et al., 2002a; Filella et al., 2009; Fu 
et al., 2023).

In natural aquatic environments, Sb occurs mainly in the +III and +V 
redox states. Under oxic to slightly reducing conditions, Sb(V), mainly as 
Sb(OH)6

- , is the dominant Sb species, while Sb(III) is more stable under 
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strongly reducing conditions (Filella et al., 2002b; Wilson et al., 2010; 
He et al., 2019). The environmental behaviour of both Sb species has 
been shown to be tightly linked to sorption or co-precipitation reactions 
with iron(III) minerals (Yan et al., 2022a; Wang et al., 2024; Jang et al., 
2025). Among these minerals, goethite and hematite (hereafter referred 
to as iron(III) (oxyhydr)oxides) are two of the most abundant and 
geochemically significant iron(III) minerals present in soils and sedi
ments (Journet et al., 2014), and are frequently found in Sb-impacted 
regions, such as the Ichinokawa Sb mine (Japan), Beaver Brook Sb de
posit (Canada), and Xikuangshan mining area (China), where they play a 
major role in controlling the long-term sequestration and mobility of Sb 
(Mitsunobu et al., 2010; Radková et al., 2020; Zhou et al., 2024). For 
example, Sb(V) cannot only undergo surface sorption with goethite and 
hematite in both laboratory and natural samples (Guo et al., 2014; Qiu 
et al., 2018), but can also be structurally incorporated into those ther
modynamically stable solid phases (Mitsunobu et al., 2010; Mitsunobu 
et al., 2013).

Despite the clear environmental relevance of such processes, the 
early-stage behavior of Sb(V)- coprecipitated iron(III) (oxyhydr)oxides 
under different redox conditions remains poorly understood. Only a few 
studies have investigated the behavior of Sb in Sb-bearing ferrihydrite, a 
poorly crystalline and metastable iron(III) mineral, under reducing 
conditions using dissimilatory Fe(III)-reducing bacteria and abiotic 
aqueous Fe(II) (Burton et al., 2019; Zegeye et al., 2021; Xie et al., 2023; 
Jang et al., 2025). Sb-coprecipitated goethite is sometimes formed as a 
secondary mineral product in these studies. However, no study to date 
has systematically investigated the reduction behavior of Sb-bearing 
goethite and hematite (which are commonly closely associated with 
Sb species), nor characterized the Sb mobility and resulting secondary 
minerals under microbial reducing conditions. Furthermore, depending 
on the environmental conditions, the formed iron(III) (oxyhydr)oxides 
may vary in size from nanometer to micrometer scale (Hochella Jr. et al., 
2008). Nanoparticles behave remarkably differently from their larger 
counterparts, resulting in enhanced roles in the biogeochemical cycling 
and fate of trace elements and contaminants via redox reactions (Borch 
et al., 2010; Mansor and Xu, 2020; Kappler et al., 2021). For example, 
iron(III) (oxyhydr)oxide minerals are susceptible to microbial Fe(III) 
reduction under anoxic conditions, with the extent and rate of reduction 
increasing with smaller particle size, but not predictable from particle 
mineral characterization alone (Yan et al., 2008; Echigo et al., 2012; Liu 
et al., 2016; Xu et al., 2025). Therefore, accurately determining the ef
fects of particle size on reduction behaviour of Sb-containing goethite 
and hematite require further systematic investigation.

While reductive dissolution of iron(III) (oxyhydr)oxides may release 
associated Sb into solution, the higher sorption capacities of smaller 
particles may compensate for this effect via re-adsorption of the released 
Sb (Borch et al., 2010; Xu et al., 2025). In addition, Sb may itself 
participate in electron transfer reactions: Sb(V) may undergo reduction 
to Sb(III) under reducing conditions, either abiotically by Fe(II)-bearing 
minerals or via microbial activity (Kirsch et al., 2008; Mitsunobu et al., 
2008; Zhang et al., 2022). This is particularly significant because Sb(III) 
adsorbs more strongly to iron(III) (oxyhydr)oxides and is more toxic to 
ecosystems than Sb(V) (Filella et al., 2002a). Collectively, the net effect 
of these complex reaction networks on the fate of Sb remains uncertain.

In this study, we systematically investigated the reduction behavior 
of Sb-containing iron(III) (oxyhydr)oxides as a function of particle size 
using a microbially mediated reduction approach. The work had three 
specific objectives: (i) To assess the coprecipitation behavior and par
titioning of Sb in goethite and hematite across varying particle sizes. (ii) 
To evaluate the impact of coprecipitated Sb on the reduction kinetics 
and extent of Sb-containing goethite and hematite as a function of 
particle size. (iii) To evaluate the speciation and distribution of copre
cipitated Sb following microbial reduction across samples with varying 
particle sizes. To achieve these objectives, we synthesized the iron(III) 
(oxyhydr)oxides, goethite and hematite, with different particle sizes in 
the presence of Sb, resulting in Sb-Fe-coprecipitates with varying 

concentrations. Then we incubated Sb-containing goethite and hematite 
of varying particle sizes with the Fe(III)-reducing bacterium Shewanella 
oneidensis MR-1. We characterized the samples before and after reduc
tion using micro X-ray diffractometry (µ-XRD), scanning/transmission 
electron microscopy (S/TEM), 57Fe Mössbauer spectroscopy, and 
extended X-ray absorption fine structure (EXAFS) spectroscopy, and 
tracked the reduction of Fe(III) using wet chemical extraction tech
niques. The findings of this research enhance our understanding of the 
reduction susceptibility of Sb-containing iron(III) (oxyhydr)oxides and 
the associated geochemical mobility of Sb with varying particle sizes in 
natural environments.

2. Materials and methods

2.1. Synthesis of Sb(V)- coprecipitated and Sb(V)- free iron(III) 
(oxyhydr)oxides

Goethite (Gt) and hematite (Hm) with varying particle sizes were 
synthesized based on our previous methods (Xu et al., 2025). The syn
thesized minerals are referred to as Large Gt, Medium Gt, Small Gt, and 
Large Hm, Medium Hm, Small Hm based on their respective particle 
size. Details regarding the synthesis procedures are provided in the SI, 
Section S1.

Antimony(V)- coprecipitated goethite and hematite were prepared 
via a slight modification of the methods described in the SI (Section 
S1.1). A solution of KSb(OH)6 was initially added to the synthesis so
lution to achieve an Fe(III)/Sb(V) molar ratio of 10:1. This level of Sb(V) 
loading was selected to be representative of the high levels of Sb(V)- 
accumulated particles at natural Sb-contaminated sites (Mitsunobu 
et al., 2010). Sb(V), weakly adsorbed on the synthesized particles and 
associated with poorly crystalline iron(III) (oxyhydr)oxides, was 
removed by washing the samples three times with 1.0 M HCl, followed 
by deionized water, each for 30 min. The final Sb/Fe molar ratio in 
particles was determined by dissolving the solid completely in 6.0 M HCl 
at 50◦C in a water bath.

2.2. Characterization of Sb(V)- coprecipitated and Sb(V)- free iron 
(oxyhydr)oxides

Mineralogy and crystallinity of the synthesized Sb(V)- coprecipitated 
and Sb(V)- free iron(III) (oxyhydr)oxides were determined using micro 
X-ray diffraction (μ-XRD). The freeze-dried samples were mounted onto 
XRD sample holders and analyzed on a Bruker D8 Discover GADDS 
XRD2 micro-diffractometer equipped with a standard sealed tube with a 
Co-anode at parameters of 30 kV/30 mA. The total time measurement 
was 240 sec at two detector positions, 15◦ and 40◦.

Mineralogy and solid-phase iron redox speciation were examined via 
57Fe Mössbauer spectroscopy. The freeze-dried sample powder was 
loaded into 1 cm2 Plexiglas holders. Holders were inserted into a closed- 
cycle exchange gas cryostat (Janis Cryogenics, USA) under a backflow of 
He to minimize exposure to air. Spectra were collected at 77 K using a 
constant acceleration drive system (WissEL, Germany) in transmission 
mode with a 57Co source in an Rh matrix. Analysis was carried out using 
the Recoil software (University of Ottawa) and the Voigt Based Fitting 
(VBF) routine (Lagarec and Rancourt, 1997). The Lorentzian linewidth 
was fixed at 0.123 mm/s during fitting, as this value was the linewidth 
measured on the spectrometer using a 57Fe foil with an ideal thickness.

Morphologies and elemental distributions of samples were charac
terized using scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). For SEM analysis, samples were placed onto 
an aluminum stub using carbon adhesive tape, followed by a deposi
tional coating of gold. The samples were then investigated using a Zeiss 
Crossbeam 550 L Focused Ion Beam scanning electron microscope (SEM) 
(Zeiss, Germany) with an acceleration voltage of 2.0 kV. For TEM 
analysis, samples were dispersed onto carbon-support films om copper 
mesh TEM grids and examined using a 200 kV field emission gun (FEG) 
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high-resolution analytical scanning transmission electron microscope 
(STEM; Thermo Fisher Spectra 300, USA).

Zeta potentials (ZP) of Sb(V)- coprecipitated samples, which repre
sent the surface charge of samples, were determined using a Malvern 
Zetasizer Nano ZS (Malvern Instruments). The mineral suspension con
sisted of Sb(V)- coprecipitated iron (oxyhydr)oxides (5 mM), HEPES 
buffer (15 mM, pH = 7), and NaCl (10 mM). An aliquot of 1 mL sus
pension was transferred into disposable folded capillary cells and placed 
into the Zetasizer. Each measurement was performed in triplicate to 
ensure reproducibility. The zeta potential was obtained from the elec
trophoretic mobility by the Smoluchowski equation (Lowry et al., 2016).

2.3. Microbial Fe(III) reduction experiments

To study the effect of microbially mediated reductive dissolution and 
antimony mobility of Sb(V)- coprecipitated iron(III) (oxyhydr)oxides, 
we performed cell suspension experiments using the fermentative Fe 
(III)-reducer Shewanella oneidensis MR-1. The cells were revived from a 
frozen stock culture maintained in the Geomicrobiology laboratory 
(University of Tübingen, Germany). A pre-culture was grown under oxic 
conditions using Luria-Bertani (LB) liquid medium that contains 10 g/L 
peptone, 5 g/L yeast extract, and 10 g/L NaCl. The pre-culture was 
incubated for 24 h at 28◦C. Following incubation, cells were harvested 
by centrifugation at 4300 × g for 10 min and washed twice using HEPES 
buffer solution to remove residual LB medium. Cell pellets were resus
pended in N2-flushed, autoclaved buffer solution, and the resulting cell 
suspension was quantified by measuring the optical density (OD) at 600 
nm, where an OD value of 1.5 corresponded to a cell concentration of 
109 cells/mL. The cell suspension was then added into batch reactors to 
achieve a final concentration of 5 × 108 cells/mL. The microbial Fe(III) 
reduction experiments were carried out in triplicate using serum bottles 
filled with 25 mL of anoxic buffer solution (HEPES 15 mM, pH 7). So
dium lactate (5 mM) and [Sb(V)- coprecipitated] iron(III) (oxyhydr) 
oxides (10 mM) were used as electron donors and acceptors, respec
tively, and AQDS (20 μM) was employed as an electron shuttle to mimic 
natural redox-active mediators such as natural organic matter (NOM) 
and extracellular polymeric substances (EPS). Serum bottles were sealed 
by sterilized butyl rubber stoppers and crimped with aluminum caps to 
maintain anoxic conditions. The bottles were incubated statically at 
28◦C in the dark for up to 7 days, although sampling was performed only 
during the first 75 h, when Fe(II) production showed measurable 
changes.

2.4. Determination of HCl-extracted dissolved Sb and Fe phases

During the microbial Fe(III) reduction experiments, serum bottles 
were transferred into a N2-filled glovebox (MBraun Unilab Workstation, 
100% N2 atmosphere) for geochemical sampling. The suspension was 
periodically collected (at 3, 6, 12, 25, 35, 50, 75 h) under anoxic con
ditions inside the glovebox using sterile needles and syringes. An aliquot 
of the suspension (0.2 mL) was sampled and centrifuged to separate the 
aqueous and solid phases (12100 × g, 15 min). The concentration of 
dissolved Fe and Sb was determined from the supernatant, which was 
stabilized by 1 M HCl. Another aliquot of the suspension (0.2 mL) was 
sampled and mixed with 0.5 M HCl (30 min at 25◦C in a glovebox) to 
extract aqueous Fe and Sb species as well as those bound to poorly 
crystalline iron(III) (oxyhydr)oxides. Afterwards, aqueous and solid 
phases were separated by centrifugation (12100 × g, 15 min) and 
reactive Fe and Sb were determined from the supernatant. In addition, 
an aliquot of the suspension (0.1 mL) was sampled and completely 
dissolved in 6 M HCl (8 h at 60◦C in an oven inside the glovebox) to 
determine total Fe and Sb concentrations.

Based on the above acid extraction, the concentration of different Fe 
(II) fractions was quantified using the ferrozine assay (Stookey, 1970; 
Hegler et al., 2008). Corresponding fractions of Sb were determined by 
inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7900) 

after acidification to a final concentration of 2% HNO3, with standard 
deviations < 10% for all Sb measurements.

2.5. Characterization of remaining Sb and Fe solid phases

The speciation of Fe in the remaining solid phase after reduction was 
examined via 57Fe Mössbauer spectroscopy as described above, while 
the redox speciation of Sb in the solid phase was quantified using Sb K- 
edge X-ray absorption near-edge structure spectroscopy (XANES). Sb K- 
edge was recorded in fluorescence mode on diluted powders (0.2% Sb in 
cellulose) at cryogenic temperatures at the BioXAS beamline at Cana
dian Light Source (CLS) using a Si (220) monochromator. Reference 
standards included Sb2O3, KSb(OH)6, tripuhyite (SbFeO4; synthesized 
by heating equimolar amounts of Fe2O3 and Sb2O3 for 12 h at 973℃ 
(Martinelli et al., 2002)), Sb(V) and Sb(III) adsorbed to goethite and 
hematite. The diluted samples and standards were pressed into pellets 
(7 mm diameter) and mounted on the sample holders. Data were 
recorded in fluorescence mode using two 32-element Ge detectors with a 
Zr-filter and Soller slits placed between the detector and the sample to 
enhance the signal-to-noise ratio. An Sb metal foil (30,491 eV) located 
downstream of the sample was used for energy calibration, and an Al foil 
was used to filter the background Fe fluorescence signal. Three replicate 
spectra were collected per sample. Raw Sb K-edge XANES spectra were 
merged and exported with the corresponding reference foil spectra. 
Normalization and background subtraction were performed using the 
ATHENA software (Ravel and Newville, 2005). The redox state of Sb was 
determined via linear combination fitting (LCF) of normalized Sb K-edge 
XANES spectra, using Sb2O3 (Sb(III)) and tripuhyite (Sb(V)) as reference 
standards. Fourier transforms of normalized Sb k3-weighted χ(k) data 
were calculated over a k-range of 3 to 12.5 Å− 1, using a Kaiser − Bessel 
window function with dk = 1. Least-squares fittings of k3-weighted 
extended X-ray absorption fine structure (EXAFS) spectra were per
formed using Artemis (Ravel and Newville, 2005), with theoretical 
phase-shift and amplitude functions calculated using the ab initio FEFF6 
code (Ankudinov et al., 1998). Scattering paths used to model Sb K-edge 
EXAFS spectra were extracted from the structures of tripuhyite 
(Berlepsch et al., 2003). Details regarding Sb K-edge XAS analysis are 
provided in the SI, section S2.

3. Results

3.1. Characterization of Sb(V)- coprecipitated goethite and hematite 
nanoparticles

To determine the impact of Sb(V) coprecipitation on microbial 
reduction of iron(III) (oxyhydr)oxides as a function of particle size, we 
synthesized goethite and hematite with a range of different sizes in the 
presence of Sb(V). The identity of the synthesized phases was confirmed 
using μ-XRD and 57Fe Mössbauer spectroscopy.

Reflections indicative of pure goethite and hematite in the presence 
and absence of antimony were identified in the μ-XRD patterns (Fig. 1). 
However, Sb(V) coprecipitation led to broadened μ-XRD reflections, 
which were more pronounced with decreasing sizes. Additionally, the 
presence of pure goethite and hematite phases was confirmed by 57Fe 
Mössbauer spectroscopy (Fig. 2 and SI, Fig. S1, Tables S1-S2). Differ
ences in Mössbauer fitting parameters between Sb-coprecipitated min
erals and their corresponding Sb-free counterparts (SI, Tables S1-S2) 
revealed slight variations in magnetic properties of samples, indicating 
either distortion in the crystal lattice or decreases in particle sizes. 
Furthermore, most spectra of Sb-containing goethite and hematite 
exhibited two or three sextets, each corresponding to characteristic 
signals of goethite or hematite (Murad and Cashion, 2004; Schwertmann 
and Cornell, 2008). The presence of multiple sextets may be indicative of 
a distribution of crystallinities within samples. Notably, a collapsed 
phase accounted for over 20% of the area in Sb-Small Gt and Sb-Small 
Hm samples, which has been hypothesized to represent a mixture of 
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poorly crystalline and/or trace element-substituted phases (Murad and 
Schwertmann, 1983; Latta et al., 2012). Collectively, the coprecipitation 
of Sb led to a lower crystallinity and distorted lattice, with relatively 
small changes in mineral identity.

Particle sizes were determined based on the average size of (Sb- 
coprecipitated) goethite and hematite particles observed in STEM and 
SEM images (Figs. S2-S5, Table S3). The Sb(V)-free iron(III) (oxyhydr) 
oxide minerals synthesized in this study were characterized as Large Gt 
(acicular nanoparticles with a mean length ± width of 1950 ± 360 nm), 

Medium Gt (acicular nanoparticles, 90 ± 10 nm), and Small Gt (acicular 
nanoparticles, 30 ± 10 nm); as well as Large Hm (pseudo-hexagon 
platelets with a mean diameter of 330 nm), Medium Hm (pseudo- 
hexagon platelets, 40 nm), and Small Hm (pseudo-hexagon platelets, 8 
nm) (Xu et al., 2025). The corresponding Sb(V)-coprecipitated minerals 
exhibited notably different particle sizes: Sb-Large Gt (acicular nano
particles, 800 ± 150 nm), Sb-Medium Gt (acicular nanoparticles, 120 ±
10 nm), and Sb-Small Gt (acicular nanoparticles, 20 ± 10 nm); and Sb- 
Large Hm (pseudo-hexagon platelets, 50 nm), Sb-Medium Hm (pseudo- 

Fig. 1. XRD patterns of the synthesized goethite (A) and hematite (B) in the presence (absence) of antimony (Sb(V)) as a function of particle size. Reference patterns: 
standard goethite (ICDD entry 96–900-3078) and standard hematite (ICDD entry 96–900-0140). The XRD reflections broaden with decreasing particle sizes and 
coprecipitation with Sb(V), indicating a decrease in crystallinity.

Fig. 2. Mössbauer spectra of the synthesized goethite and hematite in the presence of antimony (Sb(V)) at 77 K. Sb-Large Gt (A); Sb-Medium Gt (B); Sb-Small Gt (C); 
Sb-Large Hm (D); Sb-Medium Hm (E); Sb-Small Hm (F). Symbols represent experimental raw data, fit curves represent the total fit, and the shaded sextet represents 
the hyperfine field distribution (HFD).
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hexagon platelets, 30 nm), and Sb-Small Hm (pseudo-hexagon platelets, 
9 nm). It is important to note that the terms “large” “medium” and 
“small” are relative within each mineral type, and do not imply that the 
Large Gt and Large Hm samples have comparable absolute particle sizes. 
In addition, Sb(V) coprecipitation affected particle size differently: it 
decreased particle size in some cases (e.g., Large Gt: from 1950 to 800 
nm; Large Hm: from 330 to 50 nm; Small Gt: from 30 to 20 nm), 
increased particle size in others (e.g., Medium Gt: from 90 to 120 nm), 
and had relatively little effect in some hematite samples (e.g., Medium 
Hm and Small Hm). Nevertheless, the Sb-Large, Sb-Medium, and Sb- 
Small labels are assigned based on the corresponding Sb-free particle 
size produced under identical synthesis conditions to facilitate direct 
comparison.

3.2. Determination of Sb(V) distribution and coprecipitation extent

To determine the extent of Sb(V) coprecipitation with iron(III) 
(oxyhydr)oxides and its distribution, we performed HCl extraction and 
STEM-Energy Dispersive X-ray Spectroscopy (EDS) measurements. It is 
commonly assumed that the 1 M HCl-extractable fraction represents Sb 
(V) that is weakly adsorbed or coprecipitated with poorly crystalline 
iron(III) (oxyhydr)oxides, such as ferrihydrite (Vithana et al., 2018). 
Therefore, we first washed coprecipitated minerals with 1 M HCl and 
deionized water for 30 min each to remove those sorbed and poorly 
crystalline phases. The Sb/Fe molar ratio in highly crystalline particles 
was determined after complete dissolution in 6 M HCl, with the results 
summarized in Table 1. We prepared an initial Sb/Fe molar ratio of 1:10 
for all coprecipitated systems. The highest extent of Sb(V) coprecipita
tion was observed for Sb-Medium Hm (8.32%), while the lowest was 
found in Sb-Medium Gt (2.32%). In all cases, the Sb/Fe molar ratios in 
the coprecipitates were lower than 10%. Overall, the extent of Sb(V) 
coprecipitation showed no clear correlation with particle size. However, 
hematite exhibited a relatively greater capacity for Sb(V) coprecipita
tion than goethite.

The morphology of coprecipitated particles, along with elemental 
distribution of Fe and Sb, is displayed in representative STEM images 
and corresponding EDS maps (Fig. 3). Sb-Large Gt and Sb-Medium Gt 
exhibited the uniform needle-like morphology typical of goethite, 
whereas Sb-Small Gt displayed a shorter, rod-like morphology (Fig. 3C). 
In the case of hematite, the typical cubic morphology was observed in 
Sb-Medium Hm and Sb-Small Hm. In contrast, Sb-large Hm showed a 
more heterogeneous morphology, featuring both typical cubic and 
elongated plate-like structures (Fig. 3D). In terms of chemical distribu
tion, Fe and Sb displayed strong spatial correlation, indicating Sb 
coprecipitation with iron minerals. Notably, the Sb-Large Hm (Fig. 3D) 
displayed heterogeneous particle morphology and an uneven Sb distri
bution, suggesting possible structural distortion caused by the incorpo
ration of Sb. In addition, Sb-Large Gt (Fig. 3A) and Sb-Medium Hm 
(Fig. 3E) displayed Sb enrichment at their particle edges, whereas other 
samples displayed comparatively uniform Sb distribution throughout 
the particles (Fig. 3B-C, D, F). Overall, Sb can coprecipitate with iron(III) 

minerals without altering their mineralogy and morphology, except in 
the case of Sb-Large Hm. Moreover, Sb was observed to be either 
enriched at the surface edges of mineral particles or uniformly distrib
uted within the mineral structure.

3.3. Microbial reduction of Sb-coprecipitated iron(III) (oxyhydr)oxides

3.3.1. Impact of Sb coprecipitation on microbial Fe(III) reduction dynamics
To investigate the impact of Sb coprecipitation on the size-dependent 

reduction behavior of Sb-containing and Sb-free iron(III) (oxyhydr)ox
ides, we tracked the production of total Fe(II) over time (Fe(II)total) 
(Fig. 4A and B). For all samples, Fe(II)total concentrations increased over 
the first 20 h, followed by a constant Fe(II)total concentration, indicating 
the cessation of microbial Fe(III) reduction. With decreasing particle 
sizes, the reduction extent increased for both goethite and hematite, 
regardless of the Sb content. Fe(II)total production from Sb-containing 
minerals was consistently lower than from their Sb-free counterparts, 
indicating that Sb coprecipitation with both goethite and hematite 
inhibited microbial Fe(III) reduction. The suppression effect was found 
to vary from 31 to 72% for goethite and from 24 to 80% for hematite, 
relative to the corresponding Sb-free samples (Fig. 4C). The strongest 
suppression was observed in the Sb- Large Gt (72%) and Sb-Medium Hm 
(80%) samples for goethite and hematite, respectively. The suppression 
effects were found to have no clear correlation with either Sb copreci
pitation extent or particle mineralogy. However, larger particles 
generally exhibited more pronounced suppression.

Rate constants (k’) for microbial Fe(III) reduction were derived using 
a pseudo-first-order kinetic model (Fig. 4), which provided a highly 
reliable fit to the experimental data (R2 > 0.99 for all samples) (SI, 
Section S1.3). Rate constants increased with decreasing particle sizes for 
both goethite and hematite (Table S4), consistent with the observed 
trend in the reduction extent. In addition, the suppression of reduction 
kinetics in Sb-containing samples paralleled the reduction extent, with 
rate constant decreases ranging from 25 to 82% for goethite and from 29 
to 84% for hematite. The most pronounced suppression was consistently 
observed in the Sb-Large Gt and Sb-Medium Hm. Collectively, these 
results demonstrate that Sb coprecipitation significantly influences not 
only the extent of microbial Fe(III) reduction but also its kinetics.

3.3.2. Impact on Sb partitioning and mobility
To investigate the partitioning behavior of Sb during microbial Fe 

(III) reduction, we quantified the Sb content in multiple fractions using 
acid extractions. In this study, the aqueous dissolved Sb was defined as 
the mobilized fraction, representing Sb readily released into solution. 
The Sb content extracted using 0.5 M HCl was considered as the reactive 
fraction, reflecting Sb that was either freely available or bound to poorly 
crystalline iron(III) (oxyhydr)oxides and thus potentially bioavailable. 
Sb retained within the mineral structure via coprecipitation was classi
fied as the immobilized fraction, representing Sb that is less susceptible 
to mobilization under reducing environmental conditions. The total 
amount of Sb initially coprecipitated with iron minerals during synthesis 
was referred to as total solid-phase Sb.

To determine the mobility of coprecipitated Sb during microbial 
reduction, we quantified the dissolved Sb concentrations in the aqueous 
phase throughout the experiment (Fig. 5, Fig. S6). Aqueous dissolved Sb 
increased by varying amounts with different mineral particles during the 
initial 20 h but remained relatively constant thereafter. Sb-Large Gt and 
Sb-Medium Hm, which contained the highest Sb content in their 
respective mineral phases, released the greatest amounts of Sb into so
lution, with ~10 and ~3% of total solid-phase Sb mobilized, respec
tively. In contrast, the other minerals released <1.4% of total Sb, 
suggesting their strong retention capacity and stability as Sb sinks under 
anoxic conditions.

To further evaluate the mobilization potential of Sb during microbial 
Fe(III) reduction, the proportions of mobilized and reactive Sb fractions 
relative to total solid-phase Sb were evaluated as a function of the 

Table 1 
Elemental composition for solids precipitated from the iron (oxyhydr)oxide 
synthesis procedure.

Minerals Sb/Fe molar ratio (%)

Synthesis solutiona Precipitated solidsb

Sb-Large Gt 10 3.12 ± 0.06
Sb-Medium Gt 10 2.35 ± 0.11
Sb-Small Gt 10 4.22 ± 0.07
Sb-Large Hm 10 4.72 ± 0.09
Sb-Medium Hm 10 8.32 ± 0.44
Sb-Small Hm 10 3.86 ± 0.07

a Initial Sb/Fe molar ratio in the original synthesis solution.
b Molar % based on Sb/Fe (triplicate analysis).
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proportion of released Fe(II) relative to total Fe (Fig. 6). In all cases, the 
reactive fractions of Sb and Fe(II) were consistently higher than their 
mobilized fraction alone, suggesting rapid re-adsorption of released Sb 
and Fe(II) onto residual mineral surfaces or the formation of weakly 
bound Fe(II)-Sb compounds.

Two distinct Sb release patterns were observed. In the Sb-Large Gt, 
Sb-Large Hm and Sb-Medium Hm, reactive Sb fractions exceeded the 
stoichiometric dash line (1:1 release for Sbfractions/Sbtotal and Fefractions/ 
Fetotal), suggesting preferential partitioning of Sb relative to Fe into the 
combined aqueous and weakly bound phases. This may be related to the 
initially uneven distributions of Sb within the mineral structure (i.e., 

enriched Sb rims on Sb-Large Gt and Sb-Medium Hm) (Fig. 3A and E) or 
different particles with heterogeneous Sb contents (e.g., Sb-Large Hm) 
(Fig. 3D). These uneven variations in Sb spatial distribution would 
facilitate Sb release during early-stage mineral dissolution. These find
ings align with our previous STEM/EDS observations showing Sb 
enrichment at mineral surfaces and edges in Sb-Large Gt and Sb-Medium 
Hm (Fig. 3A, E), as well as the heterogeneous morphology and uneven 
Sb spatial distribution in Sb-Large Hm (Fig. 3D). Conversely, in the Sb- 
Medium Gt, Sb-Small Gt, and Sb-Small Hm systems, the reactive Sb 
fractions remained below the stoichiometric dash line, indicating pref
erential Sb retention by iron(III) (oxyhydr)oxide minerals during 

Fig. 3. Representative STEM images and corresponding EDS maps showing the morphology and Fe-Sb elemental distribution of synthesized Sb-Large Gt (A), Sb- 
Medium Gt (B), Sb-Small Gt (C), Sb-Large Hm (D), Sb-Medium Hm (E), and Sb-Small Hm (F) nanoparticles.

Fig. 4. Total Fe(II) production by microbial reduction of goethite (A) and hematite (B) and total reduced Fe(III) concentration after 70 h (C) as a function of particle 
size. The solid symbols denote Sb(V)-coprecipitated iron(III) (oxyhydr)oxides, the empty symbols represent Sb(V)-free iron(III) (oxyhydr)oxides, and the empty 
samples with a cross inside indicate the abiotic controls, near the zero line. The dashed or dotted lines denote the fit based on pseudo-first-order kinetics. The dark 
yellow and red bars denote Sb(V)-free iron(III) (oxyhydr)oxides, while the light yellow and red bars represent Sb(V)- coprecipitated iron(III) (oxyhydr)oxides. Error 
bars indicate standard deviations. Experimental conditions: 10 mM Fe(III) of goethite/hematite; 108 cells mL− 1 S. oneidensis MR-1 (no cells in abiotic controls, shown 
as symbols without fitting lines); 20 μM AQDS; pH 7.

X. Xu et al.                                                                                                                                                                                                                                       Geochimica et Cosmochimica Acta 417 (2026) 135–149 

140 



Fig. 5. Mobilized fraction of Sb (Aqueous dissolved Sb) relative to the total solid-phase Sb (initially coprecipitated Sb) of Sb-Large Gt (A), Sb-Medium Gt (B), Sb- 
Small Gt (C), Sb-Large Hm (D), Sb-Medium Hm (E), and Sb-Small Hm (F) nanoparticles over the course of microbial Fe(III) reduction. The symbols correspond to the 
average of replicates and the error bars indicate standard deviations.

Fig. 6. Mobilized and reactive fractions of Sb relative to total Sb plotted as a function of released Fe(II) relative to total Fe for Sb-Large Gt (A), Sb-Medium Gt (B), Sb- 
Small Gt (C), Sb-Large Hm (D), Sb-Medium Hm (E), and Sb-Small Hm (F) nanoparticles. Empty symbols represent the mobilized fraction, while half-filled symbols 
represent the reactive fraction. Dashed lines denote 1:1 release for Sbfractions/Sbtotal and Fefractions/Fetotal. Data following the dashed 1:1 lines indicate congruent 
release of the respective Sbfractions/Sbtotal and Fefractions/Fetotal during microbial Fe(III) reduction, data above the 1:1 lines labelled in white color indicate preferential 
Sb release in the initial phase of reductive dissolution, data below the 1:1 lines labelled in gray color indicate preferential Fe release. Symbols represent the average of 
replicates, with error bars denoting standard deviations.
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reduction. This enhanced retention may result from either limited Sb 
release due to disproportionate Sb spatial distribution and intense ag
gregation of smaller particles, or increased Sb re-adsorption and 
complexation with Fe minerals due to the higher surface area of smaller- 
sized particles.

3.3.3. Impact on Sb speciation and local coordination environment
To determine the redox speciation of coprecipitated Sb throughout 

microbial Fe(III) reduction, we performed linear combination fitting 
(LCF) of Sb K-edge X-ray absorption spectra using Sb(V) and Sb(III) 
reference samples. The normalized XANES spectra of these samples 
closely resembled that of the pure Sb(V) reference (Fig. 7, Table S5), 
indicating negligible reduction of Sb(V) to Sb(III) following microbial 
reduction across all particle sizes.

Modelling of the Sb K-edge EXAFS spectra revealed Sb coordination 
by a first shell comprising 5.9–6.5 O atoms at an inter-atomic distance of 
1.96–1.98 Å (Fig. 8, Table 2). This is consistent with an octahedral co
ordination of Sb (V) by O, thereby supporting the results of our LCF 
analyses of the XANES spectra (Fig. 7).

The two Sb-Fe distances were in the ranges of 3.06–3.09 Å and 
3.52–3.56 Å for all Sb/Fe ratios (Table 2). The first value corresponds to 
the Sb-Fe distance along the edge-sharing linkage, and the second cor
responds to the Sb-Fe distance along the corner-sharing link (Mitsunobu 
et al., 2010). The coordination numbers (CNs) of both bonds were 
0.5–2.4 and 1.8–5.1, respectively, which are larger than those of Sb-Fe 
for the adsorbed species (Mitsunobu et al., 2010; Mitsunobu et al., 
2013). The larger CNs of the Sb-Fe shells in our samples indicate that Sb 
(V) was incorporated into the structures of goethite or hematite. On the 
other hand, the CNs of the Sb-Fe shells in the samples were smaller than 
those of the Fe-Fe shells in pure goethite and hematite, which follow a 2 
+ 4 (Fe–Fe1/Fe–Fe2) pattern for goethite and a 3 + 4 (Fe–Fe1/Fe–Fe2) 
pattern for hematite. This may be due to (i) the increase of disorder of 
Fe-Fe links in the iron(III) (oxyhydr)oxide structure by Sb(V) incorpo
ration and/or (ii) the mixing of adsorbed species present in Sb(V)- 
coprecipitated iron(III) (oxyhydr)oxides.

Following microbial Fe(III) reduction, the local coordination envi
ronment of Sb, including atomic distances and coordination numbers 
(CNs), exhibited slight variations across samples. While Sb–Fe bond 
distances remained consistent, CNs showed sample-dependent trends, 
including increases, decreases, or minimal changes. Specifically, CNs 
increased in the Sb-Large Gt sample after reduction, remained relatively 
stable in Sb-Small Gt, and decreased slightly in Sb-Medium Hm and Sb- 
Small Hm.

Overall, Sb K-edge EXAFS results (Fig. 8, Table 2) suggest that Sb(V) 
was structurally incorporated into the crystal structures of both goethite 
and hematite through partial hetero-valent substitution of Fe(III). 
However, a more detailed comparison with crystallographic models 
reveals the characteristic Fe backscattering environments (Figs. S7-S8). 
Furthermore, microbial Fe(III) reduction influenced the local coordi
nation environment of Sb, particularly altering the coordination 
numbers of Sb–Fe shells, indicating a subtle redistribution of Sb within 
the host mineral structures.

3.3.4. Impact on mineralogy and morphology of iron(III) (oxyhydr)oxides
Mineralogy and morphology of four samples were characterized after 

reduction treatments. No bulk transformation of Sb-containing goethite 
or hematite into secondary minerals was observed in our microbial 
reduction treatments via Mössbauer spectroscopy (SI, Fig. S9). However, 
the collapsed feature area observed in Sb-Small Hm disappeared 
following microbial reduction (SI, Fig. S9D), suggesting that a fraction of 
the poorly crystalline hematite phase underwent reductive dissolution. 
Similarly, investigation at the nanoscale by STEM/EDS showed no 
obvious secondary mineralization, with no discernible changes in the 
morphology after microbial reduction (SI, Fig. S10). In particular, the 
Sb-enriched edges on Sb-Medium Hm remained clearly visible after 
reduction, indicating limited Sb mobilization. The remaining two sam
ples were not analyzed, as S/TEM observations and our chemical dataset 
indicated no expected mineralogical differences.

To further evaluate potential changes in primary particle size, we 
performed a simple geometric calculation showing that a 1 nm decrease 

Fig. 7. Sb K-edge normalized XANES spectra for goethite (A) and hematite (B) before and after microbial Fe(III) reduction experiments. Black symbols represent 
experimental data, and colored lines denote the best fits. LCF indicated that Sb(III) was negligible in all samples (<2% of the LCF), with the R-factor ranging from 
0.001 to 0.019. “Cop” denotes samples with Sb coprecipitated during iron(III) (oxyhydr)oxide formation. “Red” indicates the same samples following microbial Fe 
(III) reduction. The spectrum of medium Gt Red was collected at ESRF, while the others were collected at CLS, resulting in differences in edge jump and peak features 
due to beamline variations (Details in SI, S2).
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in diameter for a 10 nm spherical particle (a simple representative of the 
Small Hm sample) would result in ~ 27% loss of Fe (detailed calculation 
in Section S3, SI). Because the maximum extent of Fe(III) reduction in 
our experiments was < 15% for the Small Hm particles and ≤ 5% for all 
other systems, the amount of Fe reduced was well below the threshold 
needed to produce a measurable change in particle size. Collectively, 
these observations indicate that microbial Fe(III) reduction is expected 
to play only a limited role in altering mineral transformation, surface 
morphology, and primary particle size.

4. Discussion

4.1. Sb(V) distribution and coprecipitation behavior across iron(III) 
(oxyhydr)oxide mineral particle size

Antimony (Sb) has been found to coprecipitate with multiple types of 
iron(III) (oxyhydr)oxides, including goethite, hematite, lepidocrocite, 
ferrihydrite and feroxyhyte (Mitsunobu et al., 2010; Mitsunobu et al., 
2013; Burton et al., 2019; Hockmann et al., 2021; Migaszewski and 
Gałuszka, 2025). However, the influence of particle size on Sb copreci
pitation with iron(III) (oxyhydr)oxides remains poorly studied to our 
knowledge. Our results indicated that Sb coprecipitation occurred at Sb/ 
Fe molar ratios below 1:10, with no clear correlation to particle size. 
Notably, Sb exhibited a preferential coprecipitation with hematite 
compared to goethite. This finding is consistent with previous obser
vations of antimony enrichment in hematite relative to co-existing 
goethite in natural acid mine drainage environments, as reported by 
Migaszewski and Gałuszka (2025).

Given that the initial Sb-coprecipitated iron(III) (oxyhydr)oxides 
were washed with 1 M HCl, it is assumed that weakly bound Sb and 
poorly crystalline iron(III) (oxyhydr)oxides were effectively removed. 

Consequently, the Sb fraction subsequently extracted with 6 M HCl is 
attributed to Sb associated with highly crystalline precipitated com
plexes, strongly adsorbed phases, or structurally incorporated within the 
mineral matrix. Although no distinct Sb-precipitated phases were 
identified in our µ-XRD measurements (Fig. 1), the potential existence of 
such complexes in limited amounts cannot be entirely ruled out. They 
may exist as an amorphous phase, constitute less than 5% of the total 
mineral content, and/or exhibit peak overlap with the synthesized iron 
(III) (oxyhydr)oxides, making them difficult to distinguish by µ-XRD 
analysis alone.

Antimony(V) is usually coordinated octahedrally with six oxygen 
atoms. Its ionic radius is 0.60 Å, comparable to that of 0.65 Å for Fe(III) 
(Mitsunobu et al., 2010). The similarity of ionic radius could facilitate 
the substitution of Sb(V) for Fe(III) within the iron(III) (oxyhydr)oxide 
lattice, which was supported by previous studies (Mitsunobu et al., 
2010; Mitsunobu et al., 2013; Burton et al., 2019; Karimian et al., 2019) 
and our EXAFS data (Fig. 8, Table 2). Heterovalent substitution gener
ally requires charge compensation, potentially through the loss of pro
tons, as illustrated by the reaction: 

–––Fe(III) + 2H+ = –––Sb(V)                                                                  

The loss of some of the H atoms may not be critical for preserving the 
goethite structure; such loss may instead lead to the collapse of tunnels 
between its double chains (Bolanz et al., 2013). In contrast, the coupling 
of Fe(III)-Sb(V) with H loss appears to be limited or excluded in hematite 
samples. Accommodating a greater amount of Sb(V) within a hematite- 
related structure likely requires cation disordering to prevent face- 
sharing between FeO6 octahedra (Bolanz et al., 2013). These struc
tural modifications result in decreased crystallinity, as evidenced by the 
poorly crystalline features and the presence of collapsed regions in the 
µ-XRD patterns (Fig. 1) and Mössbauer spectra (Fig. 2) following Sb 

Fig. 8. Antimony K-edge k3-weighted EXAFS spectra (A) and the corresponding Fourier Transform magnitude spectra (B) of Sb(V) coprecipitated iron(III) (oxyhydr) 
oxide samples collected before and after microbial Fe(III) reduction. The empty symbols and solid lines show measured data and corresponding shell fits, respectively. 
“Cop” denotes samples with Sb coprecipitated during iron(III) (oxyhydr)oxide formation. “Red” indicates the same samples following microbial Fe(III) reduction.
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incorporation.
The observed variations in Sb(V) coprecipitation with goethite and 

hematite are strongly governed by the synthesis conditions (Table S7, 
Fig. S11). First, pH plays a dominant role because Sb(V) exists primarily 
as the negatively charged Sb(OH)6

− species across pH 4–12 (Filella et al., 
2002a). For Large and Medium goethite, the rapid increase to pH > 12 
during synthesis generates strongly negative surface charges on the 
initial ferrihydrite/goethite precursors (pHpzc ~ 7–9.5) (Xu et al., 2025), 
leading to strong electrostatic repulsion and, consequently, limited Sb 
adsorption and incorporation. In contrast, Large and Medium hematite 

were synthesized at acidic pH (<3), where precursor surfaces are posi
tively charged and electrostatically favorable for Sb(OH)6

− uptake, 
resulting in substantially higher Sb coprecipitation.

Second, Fe(III) concentration influences supersaturation and nucle
ation kinetics. Small goethite (250 mM Fe) and Medium hematite (200 
mM Fe) were synthesized at the highest degrees of supersaturation, 
promoting rapid nucleation and the formation of numerous small nuclei 
with abundant reactive sites. This environment enhances Sb-Fe co- 
complexation and occlusion, yielding relatively high Sb coprecipitation. 
In contrast, Large goethite (50 mM Fe) and Large hematite (20 mM Fe) 
formed under lower supersaturation, producing fewer but larger, better- 
ordered crystals that incorporated less Sb(V).

Third, Sb-Fe complexation during early hydrolysis contributes 
significantly to Sb retention. The formation of outer- or inner-sphere 
Sb–Fe complexes is favored at lower pH, lower temperature, and 
higher nucleation density conditions (Sun et al., 2023), consistent with 
the highest Sb incorporation observed in Small Gt and Medium Hm.

Finally, reaction time affects the degree to which initially adsorbed 
Sb(V) is structurally incorporated during recrystallization (Burton et al., 
2020). Longer aging periods (e.g., 50 days for Small Gt; 7–10 days for 
hematite syntheses) allow more extensive dissolution-reprecipitation 
and atomic rearrangement, facilitating the solid-state diffusion of 
adsorbed Sb into the crystal lattice. In contrast, shorter reaction times (e. 
g., 24 h for Medium Gt; <2h for Small Hm) limit this process, resulting in 
more modest or minimal Sb incorporation.

Together, these factors, pH-dependent surface charge, Fe supersat
uration, Sb-Fe complexation kinetics, and reaction time provide a basis 
for the distinct Sb coprecipitation extents observed across different 
particle sizes and synthesis conditions (Table S7, Fig. S11).

4.2. Inhibition of microbial Fe(III) reduction by Sb-containing minerals

The microbial and chemical reduction of iron(III) (oxyhydr)oxide is 
one of the most important biogeochemical processes on Earth that 
significantly impacts the fate and mobility of nutrients, trace elements, 
and pollutants (Borch et al., 2010; Kappler et al., 2021). Previous studies 
have demonstrated that microbial Fe(III) mineral reduction was influ
enced by multiple factors, such as mineral phase, crystallinity, particle 
size, and trace element substitution (Yan et al., 2008; Bose et al., 2009; 
Cutting et al., 2009; Echigo et al., 2012). However, to our knowledge, 
the present work is the first to investigate Fe(III) reduction kinetics and 
Sb behavior as a function of particle size under microbially mediated 
reducing conditions. Microbial reduction of Sb-containing goethite and 
hematite in our study was inhibited to varying degrees. For goethite, the 
extent of reduction decreased by 31–72%, and the reduction rate con
stant by 24–82% when Sb was present. In the case of Sb-containing 
hematite, the extent of reduction was decreased by 24–80%, and the 
rate constant by 29–62% compared to Sb-free hematite (Table S4, 
Fig. 4).

It was expected that Sb(V) coprecipitation, like other element sub
stitution, would alter the physicochemical properties of the iron(III) 
(oxyhydr)oxides, and consequently affect the kinetics and extent of 
microbial Fe(III) reduction. Here, we considered five factors that could 
have caused the inhibition effects: (1) enhanced stabilization by Sb 
replacement of Fe in the crystal structure, (2) decrease in surface area, 
(3) more negative surface charge that affect the interaction of the 
electron shuttle AQDS with the Fe(III) mineral surfaces (4) occupation of 
reactive surface sites by re-absorbed Fe(II) and Sb(V) ions (5) Sb(V) 
serving as a competing electron acceptor, and (6) potential toxicity of Sb 
species toward microbial cells.

As we discussed above, Sb(V) can structurally substitute for Fe(III) in 
the coprecipitated iron(III) (oxyhydr)oxides, which was supported by 
previous studies (Mitsunobu et al., 2010; Mitsunobu et al., 2013; Burton 
et al., 2019; Karimian et al., 2019) and our EXAFS data (Fig. 8, Table 2). 
In addition, it has been widely reported that Sb(V) coprecipitation and 
sorption can act to stabilize ferrihydrite and the poorly-crystalline Fe 

Table 2 
Antimony K-edge EXAFS shell-fit results for the Sb-containing iron (oxyhydr) 
oxides, before and after microbial Fe(III) reduction, as a function of particle size. 
CN, R, ΔE0 and σ2 denote the coordination number, inter-atomic distance, en
ergy shift and Debye-Waller factor, respectively.a

Sample Path CN 
(− )b

R (Å) ΔE0
c(eV) σ2 (Å2)d R- 

factore

Large Gt Cop Sb-O 6.4 ±
0.6

1.97 ±
0.02

3.9 ±
1.2

0.003 ±
0.001

0.010

Sb- 
Fe1

1.5 ±
0.6

3.09 ±
0.03

​ 0.005 ±
0.002

​

Sb- 
Fe2

3.6 ±
1.3

3.56 ±
0.05

​ 0.005 ±
0.002

​

Large Gt Red Sb-O 6.5 ±
0.7

1.97 ±
0.02

2.5 ±
1.5

0.003 ±
0.001

0.013

Sb- 
Fe1

2.2 ±
0.7

3.09 ±
0.03

​ 0.006 ±
0.002

​

Sb- 
Fe2

5.1 ±
1.6

3.56 ±
0.05

​ 0.006 ±
0.002

​

Small Gt Cop Sb-O 5.9 ±
0.5

1.96 ±
0.03

8.8 ±
1.2

0.001 ±
0.001

0.009

Sb- 
Fe1

0.6 ±
0.3

3.06 ±
0.00

​ 0.002 ±
0.001

​

Sb- 
Fe2

2.0 ±
0.7

3.54 ±
0.06

​ 0.002 ±
0.001

​

Small Gt Red Sb-O 6.4 ±
0.5

1.96 ±
0.02

8.1 ±
0.8

0.003 ±
0.000

0.007

Sb- 
Fe1

0.5 ±
0.2

3.06 ±
0.00

​ 0.003 ±
0.001

​

Sb- 
Fe2

1.8 ±
0.4

3.54 ±
0.07

​ 0.003 ±
0.001

​

Medium Hm 
Cop

Sb-O 6.3 ±
0.5

1.97 ±
0.02

6.3 ±
1.0

0.002 ±
0.001

0.007

Sb- 
Fe1

2.2 ±
0.5

3.06 ±
0.01

​ 0.002 ±
0.001

​

Sb- 
Fe2

2.4 ±
0.5

3.52 ±
0.09

​ 0.002 ±
0.001

​

Medium Hm 
Red

Sb-O 6.1 ±
0.6

1.97 ±
0.02

6.2 ±
1.5

0.002 ±
0.001

0.016

Sb- 
Fe1

1.3 ±
0.5

3.06 ±
0.00

​ 0.003 ±
0.002

​

Sb- 
Fe2

1.9 ±
0.8

3.52 ±
0.09

​ 0.003 ±
0.002

​

Small Hm 
Cop

Sb-O 6.5 ±
0.5

1.98 ±
0.02

4.3 ±
1.0

0.003 ±
0.001

0.006

Sb- 
Fe1

2.4 ±
1.0

3.08 ±
0.02

​ 0.005 ±
0.002

​

Sb- 
Fe2

2.8 ±
0.9

3.56 ±
0.05

​ 0.005 ±
0.002

​

Small Hm 
Red

Sb-O 6.1 ±
0.7

1.97 ±
0.03

9.1 ±
1.5

0.002 ±
0.000

0.023

Sb- 
Fe1

1.5 ±
0.6

3.06 ±
0.00

​ 0.002 ±
0.002

​

Sb- 
Fe2

1.9 ±
0.9

3.53 ±
0.08

​ 0.002 ±
0.002

​

a Fit uncertainties are given for the last significant figure.
b The amplitude reduction factor was set to 0.9 (Yan et al., 2022a), and the 

uncertainty associated with this estimate has been included in the error of CN.
c The energy shift was constrained to a single value for all shells for each 

spectrum.
d For each spectrum, one fitted value for the Debye-Waller factor was allowed 

for near-neighbour oxygens, and another one for metal(loid) scatterers.
e R-factor = Σi(datai-fiti)2/Σi datai.
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(III) oxyhydroxysulfate mineral schwertmannite against proton- 
promoted dissolution (Rastegari et al., 2022; Moghaddam et al., 
2024). The stabilizing effect reflected the greater binding strength of 
SbO6-FeO6 edge and double-corner sharing linkage in Sb(V)- copreci
pitated iron(III) minerals compared with the corresponding FeO6-FeO6 
linkage in Sb-free iron minerals. Although reductive dissolution differs 
from proton-driven dissolution, the enhanced stability of the SbO6-FeO6 
linkage may contribute to the observed suppression of reduction.

Surface area has been identified as a key controlling factor for both 
biotic and abiotic Fe(III) reduction in several studies (Roden and 
Zachara, 1996; Roden, 2003). The observed decrease in reduction ki
netics and extent may be attributed to the decline in accessible surface 
area due to Sb(V) coprecipitation. In goethite, Sb coprecipitation led to a 
notable decrease in surface area (ranging from 4 to 51%) (Table 3), 
likely due to changes in mineral crystallinity and aggregation pattern. 
Although the decline in surface area (4–51%) did not fully correlate with 
the extent of reduction inhibition (31–72%) in Sb-containing goethite 
(SI, Fig. S12), it likely played a substantial role in the overall suppression 
effect. In hematite, Sb coprecipitation led to a substantial increase in 
surface area by 33 and 44% for Large Hm and Medium Hm, respectively, 
while a decrease by 20% was observed for Small Hm. The increase in 
surface area is likely a consequence of multiple factors, including 
changes in particle size, morphology, defects and crystallinity. The 
previous results of µ-XRD patterns, 57Fe Mössbauer spectra, and TEM 
images collectively indicate that Sb-containing Large Hm and Medium 
Hm exhibited decreased crystallinity and smaller particle size, with the 
exclusive development of secondary morphologies in the Large Hm 
samples (Fig. 3D).

To further quantify the extent to which surface area changes 
contributed to the observed suppression in Fe(III) reduction, we 
normalized the reduction rate constant (k′) by specific surface area (SSA) 
to isolate other intrinsic reactivity effects (e.g., surface charge). This is 
due to the Sb coating around the minerals, which also influences their 
surface charge (Fig. S13), as discussed in detail in the following section. 
We defined an index: 

I =
(kʹ/SSA)Sb

(kʹ/SSA)noSb 

An I = 1 indicates that differences in Fe(III) reduction rate between Sb- 
coprecipitated and Sb-free minerals are primarily attributable to 

surface-area changes associated with Sb coprecipitation. Values of I ∕= 1 
indicate that other factors discussed in this section could play an 
important role.

As shown in Table 3, the I values for Sb-Small Gt, Sb-Small Hm, and 
Sb-Medium Gt are close to 1, suggesting that their reduction behavior is 
largely governed by surface area changes induced by Sb coprecipitation. 
In contrast, the I values for Sb-Large Gt, Sb-Large Hm, and Sb-Medium 
Hm deviate substantially from 1, indicating that other differences, 
rather than surface area alone, control their reduction behavior. 
Collectively, these results show that Sb-induced changes in surface area 
primarily explain the suppression of Fe(III) reduction in the Small Gt, 
Small Hm, and Medium Gt samples, but only partially in the Large Gt, 
Large Hm, and Medium Hm samples.

The potentially inhibitory adsorption of AQDS on Sb-coprecipitated 
iron(III) (oxyhydr)oxides may also contribute to the observed differ
ences in reduction. Negatively charged AQDS was employed as an 
electron shuttle between Fe(III)-reducing bacteria and minerals in our 
systems, to mimic natural redox-active mediators such as NOM and EPS 
(Lovley et al., 1996; Bai et al., 2020). The zeta potential measurements 
under experimental conditions, as shown in SI, Fig. S13, indicate that Sb 
(V) coprecipitation either produces no significant changes (Medium and 
Small Gt, Small Hm) or decreases the surface charge of iron(III) (oxy
hydr)oxides (Large Gt and Large and Medium Hm). Specifically, Sb-free 
iron(III) (oxyhydr)oxides exhibit a positive surface charge of ~ 30 mV, 
whereas Sb-Large Gt and Sb-Medium Hm show a reversal to − 30 mV, 
while Sb-Small Hm decreases slightly to 25 mV. Therefore, this potential 
inhibitory effect is pronounced for Large Gt and Medium Hm, where the 
surface charge shifts from positive to negative, most likely due to the Sb- 
enriched edges observed in STEM images (Fig. 3A, E). It has been 
extensively shown that negatively charged organic molecules adsorb on 
iron(III) (oxyhydr)oxide via electrostatic interactions (Parikh and Cho
rover, 2006; Fang et al., 2012). Thus, Sb-coprecipitated minerals, which 
exhibit less positively charged surfaces than their pure mineral coun
terparts at pH 7.0, may provide lower electrostatic attraction to AQDS. 
Consequently, this could inhibit the Fe(III) reduction of Sb coprecipi
tated minerals. Notably, the two negatively charged Sb-coprecipitated 
minerals exhibited the greatest degree of reduction suppression among 
minerals of the same type.

Occupation of reactive surface site by re-adsorbed Fe(II) and Sb(V) 
may play a role in inhibiting microbial Fe(III) reduction. It has been 
reported that Fe(II) bound to surfaces of Fe(III) minerals may block 
reactive surface sites, thereby inhibiting their further reduction (Liu 
et al., 2001; Roden and Urrutia, 2002; Xu et al., 2025). In our experi
ments, both released Fe(II) and Sb(V) were found to re-adsorb onto 
mineral surface, as indicated by the consistently higher reactive frac
tions (sorbed + aqueous species) of Fe(II) and Sb(V) relative to their 
mobilized (aqueous) fractions (Fig. 6). This interpretation was further 
supported by the decrease in the average CNs of Sb-Fe paths observed in 
Sb-Small Hm and Gt samples, suggesting that a fraction of the struc
turally incorporated Sb(V) was transformed into a weakly bound, 
adsorbed form (Fig. 8, Table 2). Moreover, the re-adsorbed Fe(II) and Sb 
(V) likely form surface complexes that further occupy reactive sites on 
the mineral surface, a process consistent with previous studies showing 
that divalent metal ions can form ternary complexes with Sb(V) on iron 
mineral surface (Fan et al., 2016; Kumar et al., 2025). Collectively, these 
results indicate that re-adsorbed Fe(II) and Sb(V) likely block reactive 
mineral surface sites accessible to AQDS and thereby contribute to the 
observed inhibition of microbial Fe(III) reduction.

In addition to the physicochemical alterations in Sb-containing iron 
(III) (oxyhydr)oxides, the coprecipitated Sb(V) may serve as a competing 
electron acceptor with Fe(III), potentially contributing to the observed 
variations in microbial Fe(III) reduction behavior. Several studies have 
reported that Sb(V) can undergo reduction to Sb(III) on the surface of 
magnetite, green-rust, mackinawite and nontronite, which are common 
Fe(II)-bearing phases in subsurface environments (Kirsch et al., 2008; 
Mitsunobu et al., 2008; Ilgen et al., 2012; Zhang et al., 2022). However, 

Table 3 
Reduction rate constants of goethite and hematite normalized by BET-derived 
surface area.

Minerals Rate 
constant

BET SA Minerals Rate 
constant

BET SA I a

h− 1 

(×10− 3)
m2/g h− 1 

(×10− 3)
m2/g

Large Gt 0.90 ±
0.03

18.2 ±
1.3

Sb-Large 
Gt

0.16 ±
0.02

8.9 ±
1.3

0.36

Medium 
Gt

2.55 ±
0.24

125.8 
± 7.1

Sb- 
Medium 
Gt

1.80 ±
0.07

121.1 
± 1.4

0.73

Small Gt 6.13 ±
0.09

200.8 
± 9.1

Sb-Small 
Gt

4.60 ±
0.61

145.3 
± 7.1

1.04

Large Hm 0.43 ±
0.05

44.1 ±
0.1

Sb-Large 
Hm

0.17 ±
0.06

58.5 ±
1.3

0.29

Medium 
Hm

1.00 ±
0.06

54.6 ±
3.0

Sb- 
Medium 
Hm

0.17 ±
0.12

78.5 ±
7.6

0.12

Small Hm 5.13 ±
0.16

134.8 
± 6.9

Sb-Small 
Hm

3.64 ±
0.53

108.1 
± 5.8

0.89

a I = (kʹ/SSA)Sb/(kʹ/SSA)no Sb. I = 1 indicates that the observed reduction rate 
difference results primarily from indirect changes in surface area or particle size 
caused by Sb co-precipitation. I ∕= 1 indicates that other factors, rather than 
surface area alone, control observed differences in reduction behavior.
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our Sb K-edge XANES data clearly show that Sb remained exclusively in 
the pentavalent state throughout all experiments (Fig. 7), allowing us to 
rule out Sb(V) reduction as a competing electron-accepting pathway in 
our systems. The absence of Sb(V) reduction can be attributed to (i) the 
lack of known metabolic pathways and reductase in S. oneidensis MR-1 
for direct enzymatic Sb(V) reduction, (ii) the absence of magnetite 
and green rust, minerals known to reduce Sb(V), as transformation 
products in our experiments (Mitsunobu et al., 2008; Zhang et al., 2022), 
and (iii) the limited ability of biogenic, surface-bound Fe(II) on goethite 
and hematite to transfer electrons to Sb(V) at circumneutral pH (Burton 
et al., 2020).

The final potential inhibiting factor in our experiments may be 
attributed to Sb toxicity. Previous studies have reported that Sb can 
decrease metabolic activity in the environment (An and Kim, 2009; 
Wang et al., 2021; Moreno-Andrade et al., 2023). Notably, Moreno- 
Andrade et al. (2023) demonstrated that the concentrations causing a 
50% decrease in bacterial luminescence (IC50), relative to the Sb-free 
control, were 57.3 and 104.2 mg/L for Sb(V) and 11.2 and 12.2 mg/L 
for Sb(III) in methanogenic and fermentative microbial communities 
under anaerobic conditions, respectively. In our experiments, the role of 
Sb toxicity is therefore considered minor for two reasons. First, Sb(III) 
was not detected in any treatment, eliminating the most toxic species. 
Second, aqueous Sb(V) concentrations remained low, with values lower 
than ~ 5 mg/L in all mineral systems (Fig. S10), which were well below 
the previously reported inhibitory thresholds for Sb(V) (Moreno- 
Andrade et al., 2023).

Collectively, to explain the observed inhibitory impacts on microbial 
Fe(III) reduction, we propose six potential hypotheses: (1) enhanced 
structural stabilization; (2) decreased surface area (primarily affecting 
the Small Gt, Small Hm, and Medium Gt samples); (3) increased negative 
surface charge (most pronounced for Large Gt and Medium Hm); (4) 
occupation of reactive surface sites by re-adsorbed Fe(II) and Sb(V) ions; 
(5) Sb(V) acting as a competing electron acceptor; and (6) potential 
toxicity of Sb species to microbial cells. Based on our experimental ob
servations, we conclude that the first four assumptions are the dominant 
contributors to the observed inhibition, whereas electron acceptor 
competition and microbial toxicity likely play only minor roles under 
the conditions investigated.

The suppression effect of trace elements on microbial Fe(III) reduc
tion has been reported by previous work on goethite and ferrihydrite. 
Specifically, Bousserrhine et al. (1999) found that aluminum (Al) and 
chromium (Cr) substitution in goethite dramatically decreased their 
bacterial reduction. This inhibition was attributed to the accumulation 
of Al and Cr on the goethite surface, which likely impeded bacterial 
access to reactive sites. Zegeye et al. (2021) reported that the rate of 
ferrihydrite reduction decreased by approximately 50% in the presence 
of Sb(V) loadings, while the overall extent of reduction was only slightly 
inhibited (~10%) compared to bio-reduction of pure ferrihydrite. 
However, no previous work has specifically determined the effect of Sb 
coprecipitation on microbial Fe(III) reduction of nanoscale goethite and 
hematite. Building on previous findings and our current observations, it 
is evident that the suppression of microbial Fe(III) reduction is influ
enced not only by the type of trace element incorporated into the 
structure, but also by the specific mineral phase and particle size.

4.3. Retention and mobility of Sb during microbial Fe(III) reduction

We conducted microbial reduction experiments of Sb(V)- 
coprecipitated iron(III) (oxyhydr)oxides to assess the partitioning of 
Sb under reducing conditions. Concurrent with reductive dissolution, 
coprecipitated Sb was released into both aqueous and surface-bound Sb 
fractions. We observed incongruent release behavior between Sb and Fe 
fractions: i) reactive fractions of Sb were released at a higher rate rela
tive to corresponding fractions of Fe, or ii) reactive fractions of Sb were 
released at a lower rate relative to corresponding fractions of Fe (Fig. 6). 
These observed behaviors occurred without correlation to the mineral 

particle sizes, mineral types and Sb coprecipitation contents.
Several potential processes may be responsible for driving the 

observed redistribution of Sb in mobilized and reactive Sb fractions. 
First, the presence of reactive Fe(II) or Fe(III)-reducing microorganisms 
may trigger the reduction of Sb(V) to Sb(III), which has a greater ten
dency to adsorb onto iron(III) (oxyhydr)oxides than Sb(V) (Leuz et al., 
2006). However, the Sb K-edge XANES data indicate this assumption 
was of negligible importance, since Sb(V) persisted across all experi
mental treatments for all samples (Fig. 7).

Second, Sb(V) initially coprecipitated with iron(III) (oxyhydr)oxides 
exhibited a heterogeneous distribution within the mineral matrix in 
some cases, which may control the subsequent partitioning behavior. 
Most Sb(V) is likely structurally substituted for Fe(III) within the mineral 
structure due to their similar ionic size and bond distances in Sb-O 
(1.97–2.00 Å) and Fe-O (1.98–2.00 Å) octahedra. This structural 
incorporation was supported by previous studies (Mitsunobu et al., 
2010; Mitsunobu et al., 2013) as well as our EXAFS data (Fig. 8, Table 2). 
Intriguingly, Sb exhibited enrichment at the edges of Sb-Large Gt and Sb- 
Medium Hm and displayed a disproportionate distribution in Sb-Large 
Hm (Fig. 3). This heterogeneity correlated with relatively high mobi
lized Sb concentration (Fig. 5) and an enhanced Sb release relative to 
corresponding Fe (Fig. 6). The localized enrichment of Sb at mineral 
edges suggests that a portion of Sb(V) may be weakly associated rather 
than structurally substituted within the iron(III) (oxyhydr)oxide matrix. 
As a result, these loosely bound Sb species are more susceptible to 
mobilization during reductive dissolution, leading to an enhanced Sb 
release compared to Fe. This is further confirmed by the increase in the 
average CNs of Sb–Fe paths observed in the Sb-Large Gt sample after 
microbial reduction, indicating the release of a fraction of weakly bound 
Sb(V) into solution, while the remaining Sb(V) was predominantly 
incorporated or strongly retained within the mineral structure (Fig. 8, 
Table 2). Furthermore, these minerals exhibit comparatively lower 
surface areas, fewer reactive sites and negative surface charges, limiting 
Sb(V) re-adsorption onto the remaining mineral surfaces. These com
bined effects of high Sb release and low Sb adsorption likely contribute 
to the overall increased Sb mobilization observed in the system.

In contrast, Sb displayed comparatively homogenous distribution in 
Sb-Medium Gt, Sb-Small Gt and Sb-Small Hm (Fig. 3), despite exhibiting 
decreased Sb release relative to corresponding Fe (Fig. 6). This incon
gruent release behavior of Sb may be attributed to multiple factors: (i) 
Mobilized Sb existed predominantly as negatively charged species Sb 
(OH)6

- in experimental suspensions at circumneutral pH, which may 
outcompete mobilized Fe2+ for adsorption sites on the remaining posi
tively charged mineral surfaces (SI, Fig. S13); (ii) The presence of 
mobilized Fe2+ may promote the sorption capacity of Sb(V) through 
electrostatic interactions and the formation of amorphous precipitates 
or inner-sphere surface complexes (Yan et al., 2022b). This was sup
ported by the decrease in the average CNs of Sb-Fe paths observed in Sb- 
Small Hm, suggesting that a fraction of the structurally incorporated Sb 
(V) was transformed into a weakly bound, adsorbed form (Fig. 8, 
Table 2). The mechanisms were also supported by previous studies 
showing that aqueous Fe(II) can enhance Sb(V) sorption onto soils and 
goethite (Fan et al., 2016).

4.4. Environmental Implications

This study investigated the effect of Sb(V) on the microbial Fe(III) 
reduction of nanosized goethite and hematite and the resulting Sb 
repartitioning under controlled laboratory conditions, which contrib
utes to a broader understanding of Sb(V) behavior in natural mining- 
impacted soils. Antimony is widely reported to be closely associated 
with natural iron(III) (oxyhydr)oxides, which have been identified in 
various Sb-contaminated sites, including the Ichinokawa Sb mine, Japan 
(Mitsunobu et al., 2010), the Beaver Brook antimony deposit, Canada 
(Radková et al., 2020), the Xikuangshan mining area (Zhou et al., 2024), 
and the Macleay River catchment, Australia (Johnston et al., 2020a). 
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Seasonal fluctuations in the water table driven by rainfall or irrigation 
can establish alternating oxic-anoxic conditions. Under reducing con
ditions, Sb(V) that is sorbed to or structurally incorporated within iron 
(III) (oxyhydr)oxides may affect microbial Fe(III) reduction, thereby 
affecting the environmental mobility and geochemical fate of Sb(V).

Our findings demonstrate that the structural incorporation of Sb 
significantly inhibited both the extent and kinetics of microbial Fe(III) 
reduction in goethite and hematite, with a decrease ranging from 25 to 
80%. Hence, the reductive susceptibility of iron(III) (oxyhydr)oxides is 
markedly influenced by the presence of trace element substitutions. In 
short, Sb incorporation increases the stability of goethite and hematite 
by a factor of 1.3 to 4.5, with a more pronounced effect observed in 
larger particles. Here, we define the “stabilization factor” as the ratio of 
the Fe(III) reduction extent in the unmodified (pure) mineral to that in 
the Sb-substituted counterpart. This stabilization factor quantifies the 
decrease in mineral bioavailability as electron acceptor resulting from 
Sb incorporation and is a more straightforward term that can be used as 
guidelines for environmental management. It also has significant im
plications for accurately modeling redox processes in natural environ
ments, especially in systems subject to fluctuating redox conditions such 
as mining-impacted soils.

In addition, our results indicated that under microbially mediated 
reducing conditions, a maximum of approximately 10% of structurally 
incorporated Sb(V) was released from iron(III) (oxyhydr)oxide matrices. 
A portion of this mobilized Sb was likely re-adsorbed onto the mineral 
surfaces, further limiting its mobility. These combined findings suggest 
that structural incorporation of Sb within goethite or hematite may 
serve as an effective and stable sink for Sb in the environment, even 
under redox-dynamic conditions. When extrapolating our results to 
longer time periods, we caution that our work focused on the short term 
and aimed to investigate if and how Sb is mobilized during periods of 
anoxia. Hence, Sb mobility and speciation may evolve differently over 
extended periods in natural systems. Long-term laboratory and field 
studies have shown that multiple oxic-anoxic cycling in paddy soils and 
mining-impacted environments can substantially alter Sb behavior, 
including enhanced mobilization during oxic phases and partial Sb(V) 
reduction or sulfide-associated sequestration under prolonged anoxic 
conditions (Ye et al., 2020; He et al., 2024). Seasonal temperature os
cillations have also been shown to influence redox metabolism and the 
mobility of As and Sb (Johnston et al., 2020b). Although investigating 
these long-term and environmentally fluctuating conditions is beyond 
the scope of the present work, future studies can build on the insights 
gained here and incorporate extended redox cycling and field relevant 
conditions to ascertain Sb stability across a broader range of geochem
ical settings.

5. Conclusions

This study investigated the microbially mediated Fe(III) reduction 
behavior of Sb-containing iron(III) (oxyhydr)oxide minerals, focusing on 
the influence of particle size and the resulting mobility and fate of Sb. 
Our findings revealed that: 

• Sb incorporation: Sb can be structurally incorporated into nano
scale goethite and hematite particles of different sizes at molar per
centages of up to 8%, though the extent of coprecipitation displayed 
no clear correlation with mineral type or particle size.

• Inhibition of Fe(III) reduction: The presence of Sb inhibited both 
the extent and kinetics of microbial Fe(III) reduction across all 
samples with varying particle sizes, with suppression ranging from 
25 to 80%.

• Low and incongruent Sb release: Sb release under reducing con
ditions remained low (<10% of total Sb for goethite and < 4% of 
total Sb for hematite) and did not correspond to reductive release of 
Fe, indicating incongruent release behavior.

These findings suggest that Sb incorporation into goethite and he
matite can act as an effective sink for Sb immobilization, while also 
enhancing the stability of iron(III) (oxyhydr)oxides under microbially 
reducing conditions.
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