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A B S T R A C T

Antimony (Sb) is a priority environmental pollutant, with mobility and fate that are tightly linked to sorption 
reactions with iron(III) (oxyhydr)oxide minerals. However, the impact of particle size and co-existing cations (e. 
g., Ni2+, a representative divalent cation commonly present in Sb-mining-impacted environments) on Sb(V) 
adsorption capacity and retention mechanisms remains poorly understood. In this study, we synthesized goethite 
and hematite of varying particle sizes, performed batch Sb(V) adsorption and Ni2+–Sb(V) co-sorption experi
ments, and characterized samples using micro X-ray diffraction (μ-XRD), scanning and transmission electron 
microscopy (SEM/TEM), 57Fe Mössbauer spectroscopy, and extended X-ray absorption fine structure (EXAFS) 
spectroscopy. Our findings reveal that (i) Sb(V) adsorption capacities ranged from 2.5 to 55.7 mg/g, with higher 
affinities observed for smaller particles and for goethite relative to hematite, even after accounting for surface 
area, (ii) the presence of Ni2+ markedly enhanced Sb(V) adsorption onto both goethite and hematite, with 
adsorption capacities increasing by 16–89% as particle size decreased, and (iii) the retention mechanism for Sb 
(V) adsorption changed from being dominated by edge-sharing inner-sphere complexes to enhanced electrostatic 
interactions and the likely formation of ternary surface complexes in the presence of Ni2+. These findings 
demonstrate that nanoparticulate goethite and hematite minerals possess even higher potential for Sb(V) 
removal in complex multi-pollutant systems than previously suggested. Moreover, the dominance of inner-sphere 
binding and the likely formation of ternary surface complexes suggest that the adsorbed Sb(V) is relatively stable, 
favoring long-term sequestration in Fe-rich environments.

1. Introduction

Iron(III) (oxyhydr)oxides (a term used here to collectively refer to 
goethite and hematite) are ubiquitous in a diverse range of environ
mental, geological, planetary, and technological settings (Hochella Jr 
et al., 2008; Navrotsky et al., 2008; Von Der Heyden et al., 2019). 
Depending on environmental conditions during formation, the formed 
iron(III) (oxyhydr)oxides display a broad distribution of particle sizes, 
from nm-scale to mm-scale (Hochella Jr et al., 2008). Across this size 
spectrum, mineral reactivities and physicochemical properties can vary 
with size even without a phase transformation (Hochella Jr, 2002; 

Gilbert and Banfield, 2005). These variations are due to differences in 
surface to area ratios, crystal shape, surface topography, and bonding 
environments as well as quantum mechanistic effects (Hochella Jr et al., 
2008). Therefore, the reactivity of nanoscale iron(III) (oxyhydr)oxides, 
such as surface sorption behavior, is difficult to predict based on com
parison with their bulk counterparts.

Antimony (Sb) has been declared as a priority environmental 
pollutant by both the United States Environmental Protection Agency 
and the European Union, due to its chronic toxicity (Filella et al., 2002a; 
Filella et al., 2009a). In natural aquatic environments, Sb occurs mainly 
in the +III and +V redox states. Under oxic to slightly reducing 

* Corresponding authors at: Department of Geosciences, University of Tübingen, 72076 Tübingen, Germany; Swiss Federal Institute for Forest, Snow and Landscape 
Research, 8903 Birmensdorf, Switzerland.

E-mail addresses: muammar.mansor@uni-tuebingen.de (M. Mansor), prachi.joshi@wsl.ch (P. Joshi). 

Contents lists available at ScienceDirect

Chemical Geology

journal homepage: www.elsevier.com/locate/chemgeo

https://doi.org/10.1016/j.chemgeo.2026.123428
Received 10 December 2025; Received in revised form 9 April 2026; Accepted 14 April 2026  

Chemical Geology 712 (2026) 123428 

Available online 15 April 2026 
0009-2541/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:muammar.mansor@uni-tuebingen.de
mailto:prachi.joshi@wsl.ch
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2026.123428
https://doi.org/10.1016/j.chemgeo.2026.123428
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2026.123428&domain=pdf
http://creativecommons.org/licenses/by/4.0/


conditions, Sb(V), mainly as Sb(OH)6
− , is the dominant redox Sb species 

(Filella et al., 2002b; Wilson et al., 2010; He et al., 2019). The envi
ronmental behavior, mobility and fate of Sb species have been shown to 
be tightly linked to sorption or co-precipitation reactions with iron(III) 
(oxyhydr)oxides (Sun et al., 2023; Burton et al., 2019; Guo et al., 2014; 
Ritchie et al., 2013). For example, Guo et al. (Guo et al., 2014) reported 
that Sb(V) adsorption capacities on goethite and hematite at pH 7 range 
from 7.5 to 11.1 mg/g, while Sun et al. (Sun et al., 2023) observed a 
similar capacity of 6.9 mg/g for Sb(V) retention on goethite. Beyond the 
absolute adsorption capacity, the type of surface complexes formed also 
plays a critical role in Sb(V) retention, as some surface complexes are 
associated with weaker bonding environments and thus easier release of 
Sb to the aqueous phase compared to other complexes. Sun et al. (Sun 
et al., 2023) identified nine distinct Sb(V) surface complexes on various 
goethite crystal planes. Similarly, Yan et al. (Yan et al., 2022) revealed 
that Sb(V) adsorption depend on both Sb(V) concentration and hematite 
surface facets, which together control the molecular Sb(V) surface 
complexes on hematite. Despite extensive studies on Sb(V) adsorption at 
macro- and microscale levels, the influence of particle size of the sor
bents on Sb(V) adsorption capacity and retention mechanisms remains 
insufficiently understood; often, the size is not reported or differences in 
sizes have not been investigated, thus warranting systematic investiga
tion. Size-dependent reactivity has been shown to play critical roles in 
reduction, adsorption and oxidation reactions (Xu et al., 2025; Madden 
et al., 2006; Madden and Hochella Jr, 2005). For example, nanoscale 
iron(III) (oxyhydr)oxides exhibit enhanced adsorption affinity and 
altered binding mechanisms for Cu2+ and Cr(VI) (Madden et al., 2006; 
Xiao et al., 2015). Without understanding how Sb(V) retention varies as 
a function of particle size, predictions of Sb mobility, bioavailability, 
and long-term stability in natural and contaminated environments 
remain poorly constrained.

While abundant studies have investigated the adsorption capacity 
and retention mechanisms of individual Sb(V), antimony rarely exists by 
itself in natural systems, limiting the environmental relevance of such 
investigations. Instead, it commonly co-occurs with other dissolved ions, 
including cationic species (e.g., Zn2+, Pb2+, Ca2+, Ni2+) and anionic 
species (e.g., AsO4

3− , CO3
2− ) (Khan et al., 2019; Jurkovič et al., 2019; 

Palmer et al., 2015; Trois et al., 2007; Barker et al., 2020; Majzlan et al., 
2011). Specifically, Jurkovič et al. (Jurkovič et al., 2019) reported that 
highly contaminated soils with pH ranges of 3.5–7 and high metal(loid) 
load, such as antimony (Sb), arsenic (As), lead (Pb), and zinc (Zn), were 
observed at the abandoned Sb-deposit in eastern Slovakia. Similarly, 
Khan et al. (Khan et al., 2019) revealed that increased metal mining in 
the Arctic region has resulted in elevated loads of arsenic (As), antimony 
(Sb), and nickel (Ni) to recipient surface or groundwater systems. 
Although the coexistence of contaminants in the environment is ex
pected, there have been only a few studies examining how coexistence 
affects overall adsorption capacity and underlying mechanisms (Kumar 
et al., 2025; Song et al., 2022; Shi et al., 2021). For instance, Song et al. 
(Song et al., 2022) and Jiang et al. (Jiang et al., 2019) demonstrated that 
Ca2+ enhances Sb(V) adsorption on goethite and TiO2, either increasing 
the proportion of bidentate corner-sharing complexes through electro
static interactions or forming Ca–Sb(V)–TiO2 ternary complexes, 
respectively. To date, the combined effects of particle size and co- 
existing cations (specifically Ni2+ in our study, a representative diva
lent cation that commonly co-occurs with Sb in mining-impacted envi
ronments and does not form precipitates with dissolved Sb species) on 
Sb(V) adsorption capacity and retention mechanisms have received little 
attention.

In this study, we systematically investigated the adsorption capacity 
and retention mechanisms of Sb(V) on goethite and hematite as a 
function of particle size using a combination of batch adsorption and co- 
sorption experiments. The work had three specific objectives: (i) To 
assess the adsorption capacity and behavior of Sb(V) on goethite and 
hematite across varying particle sizes, (ii) To evaluate the influence of 
the co-existing divalent cation Ni2+ on the adsorption capacity and 

behavior of Sb(V) as a function of particle size, (iii) To investigate the 
(molecular scale) mechanisms underlying the retention of Sb(V) in the 
absence and presence of Ni2+ and as a function of particle size. To 
achieve these objectives, we synthesized goethite and hematite with 
different particle sizes in the nanometer to micrometer range. Then, we 
conducted batch Sb(V) adsorption and co-sorption experiments in the 
absence and presence of Ni2+. We characterized the solid-phase samples 
using micro X-ray diffractometry (μ-XRD), scanning/transmission elec
tron microscopy (SEM/TEM), 57Fe Mössbauer spectroscopy, and 
extended X-ray absorption fine structure (EXAFS) spectroscopy, and 
quantified the concentrations of Sb and Ni through inductively coupled 
plasma mass spectrometry (ICP-MS). The findings of this study advance 
our understanding of the adsorption capacity and retention mechanisms 
of Sb(V) on iron(III) (oxyhydr)oxides across varying particle sizes, with 
implications for their behavior in natural environments.

2. Materials and methods

2.1. Synthesis and characterization of iron(III) (oxyhydr)oxide minerals 
with varying particle sizes

Goethite (Gt) and hematite (Hm) with varying particle sizes were 
synthesized following on our previous methods (Xu et al., 2025; Xu 
et al., 2026). Particle size was controlled through hydrolysis and aging 
methods under different pH, temperature, initial Fe(III) concentration, 
and reaction time conditions, with detailed procedures provided in the 
SI, Section S1. The synthesized minerals are referred to as Large Gt, 
Medium Gt, Small Gt, and Large Hm, Medium Hm, Small Hm based on 
their respective particle size. The mineralogy of the synthesized iron(III) 
(oxyhydr)oxides were determined using micro-X-ray diffraction (μ-XRD) 
and 57Fe Mössbauer spectroscopy. The morphologies and particle size 
distributions of the iron(III) (oxyhydr)oxides were characterized using 
scanning electron microscopy (SEM) and transmission electron micro
scopy (TEM). The (hydrodynamic) size and surface charge of the iron 
(III) (oxyhydr)oxides were measured by dynamic light scattering (DLS, 
Malvern Zetasizer Nano ZS). Details regarding the characterization are 
provided in the SI, Section S1.

2.2. Adsorption and co-sorption experiments

Antimony adsorption onto goethite and hematite in the presence and 
absence of Ni2+ was studied in batch experiments. First, iron(III) (oxy
hydr)oxide suspensions (1 g/L) were prepared in a solution containing 5 
mM NaHCO3 as buffer (pH 6.5) and 10 mM NaCl, and equilibrated 
overnight to stabilize the pH. On the following day, the suspensions 
were readjusted to pH 6.5 using 0.1 M HCl or NaOH, if necessary. We 
selected pH 6.5 to simulate the circumneutral conditions typical of 
natural water bodies contaminated with Sb (Filella et al., 2009b). 
NaHCO3 was used as a carbonate buffer representative of the carbonate- 
rich environments often associated with Sb ores (Filella et al., 2009b). 
After pH adjustment, 15 mL of the suspension was transferred into 25 
mL serum bottles. Stock solutions of Sb (as KSb(OH)6) were first added 
to the suspensions, followed immediately by Ni (as NiCl2) in case of co- 
sorption, to achieve target concentrations ranging from 10 to 1200 μM 
Sb(V) and 0 to 600 μM Ni(II), maintaining a 1:1 Sb:Ni molar ratio in the 
co-sorption systems. Ni was chosen due to its common co-occurrence 
with Sb in mining sites (Khan et al., 2019; Jurkovič et al., 2019; 
Palmer et al., 2015; Trois et al., 2007). The selected concentration 
ranges and fixed molar ratio are environmentally relevant to contami
nated waters and soils in Sb mining-impacted regions (Khan et al., 2019; 
Jurkovič et al., 2019; Palmer et al., 2015; Trois et al., 2007; Majzlan 
et al., 2011). In addition, the systems remain undersaturated with 
respect to Ni(OH)2, NiCO3, and potential Ni–Sb precipitates under the 
experimental concentrations (Arai, 2008; Hummel and Curti, 2003). The 
bottles were sealed with rubber stoppers and aluminum caps, and the 
suspensions were allowed to react for 48 h. During this period, the 
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bottles were placed on a rolling shaker at 65 rpm and covered with 
aluminum foil to minimize photochemical reactions. At the end of the 
reaction period, the final pH of the quiescent suspensions was measured 
and found to be stable within ±0.3 pH units. The suspensions were 
centrifuged at 12,100 ×g for 10 min, and the supernatants were filtered 
through 0.22 μm mixed cellulose ester (MCE) membrane syringe filters. 
Total Sb and Fe concentrations in the supernatants were analyzed by 
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, 
USA) following acidification to 2% HNO3. The standard deviation of all 
element measurements was <10%.

In this study, Sb(V) was used to represent the aqueous and mineral- 
associated antimonate species, while Ni2+ and Ni(II) were used to 
denote the divalent nickel species in the dissolved and mineral- 
associated phases, respectively. Under the initial reaction conditions 
in the presence of Ni2+, the co-sorption systems were undersaturated 
with respect to Ni(OH)2 (am), β-Ni(OH)2, and NiCO3 based on solubility 
calculations using the thermodynamic solubility constants (log Ksp: 
− 12.89, − 10.8, and − 11.2, respectively) (Arai, 2008; Hummel and 
Curti, 2003).

2.3. Adsorption models

In this study, Sb(V) adsorption on goethite and hematite was 
modeled using both the Langmuir and the Freundlich isotherms.

The Langmuir model was used to simulate the monolayer adsorption, 
as shown in the following equation (Langmuir, 1918): 

qe =
qmKLCe

1 + KLCe
(1) 

where qm (mg/g) is the maximum monolayer adsorption capacity; KL (L/ 
mg) is the adsorption equilibrium constant; and qe (mg/g) is the amount 
adsorbed at equilibrium concentration Ce (mg/L).

An important parameter related to the Langmuir model is the sepa
ration factor or equilibrium parameter, denoted as RL, which is used to 
check if adsorption is favorable or unfavorable (Gunawardene et al., 
2021; Hall et al., 1966). Mathematically, it can be shown as: 

RL =
1

1 + KLCo
(2) 

where KL and Co are the Langmuir adsorption equilibrium constant and 
the initial concentration of Sb(V), respectively. In general, RL < 1 in
dicates that adsorption is favorable; RL~0 indicates that adsorption is 
irreversible; RL = 1 indicates that the adsorption isotherm is linear, and 
RL > 1 corresponds to unfavorable adsorption.

The Freundlich equation is an empirical adsorption model that can 
be expressed as the following equation (Freundlich, 1907): 

qe = KdCe
1/n (3) 

where qe and Ce were defined earlier, Kd is Freundlich constant, and 1/n 
is the adsorption intensity or surface heterogeneity. When 0 < 1/n < 1, 
adsorption is considered favorable. Unfavorable adsorption occurs when 
1/n > 1 and is irreversible at 1/n = 1.

2.4. Sb K-edge XANES and EXAFS analysis

The redox speciation of adsorbed Sb in the absence and presence of 
co-existing Ni2+ was quantified using Sb K-edge X-ray absorption near- 
edge structure spectroscopy (XANES). Sb K-edge was recorded in fluo
rescence mode on diluted powders at cryogenic temperatures (80 K) at 
the BioXAS beamline at Canadian Light Source (CLS) using a Si (220) 
monochromator. Reference standards included Sb2O3, KSb(OH)6 and 
tripuhyite (SbFeO4; synthesized by heating equimolar amounts of Fe2O3 
and Sb2O3 for 12 h at 973 ◦C (Martinelli et al., 2002)). 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 soft
ware (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 KSb(OH)6 (Sb(V)) as reference stan
dards. 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 hanging window 
function with dk = 1. Least-squares fittings of k3-weighted extended X- 
ray absorption fine structure (EXAFS) spectra were performed 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 S3.

3. Results and discussion

3.1. Characterization of goethite and hematite nanoparticles

To study the size-dependent adsorption and co-sorption behavior of 
goethite and hematite toward Sb(V), we synthesized goethite and he
matite with a range of different sizes (30–2000 nm for goethite and 
10–300 nm for hematite). The identity of the synthesized phases was 
confirmed using μ-XRD and 57Fe Mössbauer spectroscopy, while size 
distributions were determined by measuring individual particles in SEM 
and TEM images.

Reflections indicative of pure goethite and hematite were identified 
in the μ-XRD patterns (SI, Fig. S1). Widths of the reflections in the μ-XRD 
patterns increased with decreasing sizes, indicating a lower crystallinity, 
which was consistent with our previous study (Xu et al., 2025). Addi
tionally, the presence of pure goethite and hematite phases was 
confirmed by 57Fe Mössbauer spectroscopy (SI, Fig. S2 and Table S1). 
Differences in Mössbauer fitting parameters between different-sized 
nanoparticles revealed slight variations in magnetic properties of sam
ples, indicating distortion in the crystal lattice and/or a decrease in 
particle size. Furthermore, the presence of multiple sextets may be 
indicative of a distribution of crystallinities within samples (Murad and 
Cashion, 2011). Collectively, the smaller particle size resulted in lower 
crystallinity and a distorted lattice, with relatively minor changes in 
mineral identity.

Particle sizes were determined based on the average size of goethite 
and hematite particles observed in TEM and SEM images (SI, Fig. S3 and 
Fig. S4). The iron(III) (oxyhydr)oxide minerals synthesized in this study 
are referred to heretofore as Large Gt (acicular nanoparticles with a 
mean length ± width of 2000 ± 350 nm), Medium Gt (acicular nano
particles, 90 ± 10 nm), and Small Gt (short rod-like nanoparticles, 30 ±
10 nm); as well as Large Hm (pseudo-hexagon platelets with a mean 
diameter of 300 nm), Medium Hm (pseudo-hexagon platelets, 40 nm), 
and Small Hm (pseudo-hexagon platelets, 10 nm).

3.2. Size-dependent individual Sb(V) adsorption

Macroscopic adsorption results of individual Sb(V). To investi
gate the size-dependent adsorption capacity of goethite and hematite for 
Sb(V), batch adsorption experiments were conducted using iron(III) 
(oxyhydr)oxide particles of varying sizes at pH 6.5. The amount of Sb(V) 
adsorbed by the iron(III) (oxyhydr)oxides in the experiments gradually 
increased with increasing initial Sb concentration and eventually 
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reached a plateau within 48 h incubation (Fig. 1A, C). Notably, the 
adsorption capacity of the smaller particles was consistently higher than 
that of the larger particles, regardless of the mineral type. The adsorp
tion data are better fit by the Langmuir model (Table S2; R2 = 0.95–0.99 
for goethite, 0.67–0.98 for hematite) than the Freundlich model 
(Table S2; R2 = 0.89–0.95 for goethite, 0.65–0.94 for hematite). This 
suggests that Sb(V) adsorption predominantly occurs on homogeneous 
surfaces with monolayer coverage, which is supported by previous work 
(Guo et al., 2014; Xi and He, 2013). In addition, it is believed that RL 
values lying between 0 and 1 indicate a favorable adsorption process, 
whereas RL > 1 suggests an unfavorable process, and RL ~ 0 corresponds 
to irreversible adsorption (Gunawardene et al., 2021; Sari et al., 2007). 
As shown in SI, Fig. S5, all calculated RL values fall within the 0–1 range, 
confirming that the adsorption of Sb(V) onto the iron(III) (oxyhydr) 
oxides is thermodynamically favorable under the tested conditions. 
Furthermore, the Freundlich constant 1/n values were consistently less 
than 1, which also implies the favorable and effective sorption of Sb(V) 
on these iron(III) (oxyhydr)oxides.

The maximum adsorption amount (Fig. 1B, D) was expressed as the 
surface area-normalized adsorption capacity, obtained by dividing the 
Langmuir-derived maximum adsorption capacity (qm) by the BET sur
face area (SI, Table S4). The adsorption capacity of Sb(V) ranged from 
1.13 to 2.28 μmol/m2 for goethite and from 1.31 to 1.81 μmol/m2 for 
hematite. These values were comparable to the previous reported value 
of 0.5 to 2.3 μmol/m2 for goethite and 0.7 to 4.5 μmol/m2 for hematite 
at the identical pH conditions (Sun et al., 2023; Guo et al., 2014; Xi and 
He, 2013). In contrast to previous work, however, here we can directly 
relate the adsorption capacity to the particle size, which was missing till 
now. In addition, a clear trend of increasing adsorption capacity with 
decreasing particle size was observed, consistent with previous studies 
reporting enhanced adsorption of other trace elements onto smaller 
particles even after accounting for surface area differences (Madden 
et al., 2006; Barton et al., 2011). This observed size-dependent 
adsorption capacity may be attributed to differences in nanoparticle 
related intrinsic properties, such as surface charge, defect sites, and 
undercoordinated Fe vacancies (Hou et al., 2022; Notini et al., 2018). 
Additionally, Medium and Small Gt exhibited higher adsorption ca
pacities for Sb(V) compared to Medium and Small Hm. The Large Gt and 
Hm exhibited similar adsorption capacities. This trend was supported by 

the Langmuir affinity constant (KL). The tendency for preferential 
adsorption on goethite may be attributed to the abundance of hydroxyl 
functional groups, as well as specific mineral edges and defect sites 
known to enhance surface reactivity (Liu et al., 2014).

Surface charge and aggregation pattern for individual Sb(V) 
adsorption. In order to discern if surface charge and/or aggregation 
patterns could explain the surface-area independent higher adsorption 
by smaller particles, we conducted zeta potential and dynamic light 
scattering (DLS) measurements. The points of zero charge (PZC) of the 
synthesized iron(III) (oxyhydr)oxides, determined from zeta potential 
measurements (SI, Fig. S8), were 9.2, 8.5, and 8.2 for Large, Medium, 
and Small Gt, and 9.2, 9.0, and 8.0 for Large, Medium, and Small Hm, 
respectively. These values indicate that all surfaces, in principle, were 
positively charged at the experimental pH of 6.5. Since Sb(V) exists 
predominantly as the anion Sb(OH)6

− under our tested condition (Kumar 
et al., 2025), electrostatic attraction between the negatively charged 
antimonate and positively charged mineral surfaces likely contributes 
significantly to Sb(V) adsorption.

In addition, intensity-weighted size distributions of goethite and 
hematite suspensions at pH 3 and 6.5 are shown in Fig. 2. At pH 3, far 
from their point of zero charge (8.0–9.2; see above), the suspensions 
were relatively well-dispersed, representing sizes close to the primary 
particle. In contrast, under the experimental pH of 6.5, the hydrody
namic diameters increased substantially, by up to an order of magnitude 
for Small Gt and Small Hm, indicating extensive aggregation. While such 
aggregation can influence the reactive surface area, it does not fully 
account for the observed size-dependent adsorption trends after surface- 
area normalization. It is important to note that DLS provides only hy
drodynamic diameters of aggregates, without information on aggregate 
morphology or compaction (i.e., loose vs. dense packing), both of which 
can significantly influence the accessibility of surface sites. Therefore, 
while electrostatic interactions and aggregation likely contribute to the 
observed behavior, the consistently higher uptake by smaller particles 
may also be attributed to their inherently greater surface reactivity, 
possibly associated with abundant defect sites (Notini et al., 2018) and 
undercoordinated Fe vacancies (Hou et al., 2022), as supported by the 
observed structural disorder and lattice distortion in our Mössbauer 
spectra and XRD patterns (Fig. S1 and S2). The detailed discussion is 
provided below in Section 3.4, which addresses the mechanisms un
derlying the size-dependent adsorption and co-sorption behavior.

XAS analysis of Sb(V) surface complexation. To investigate the 
influence of particle size on Sb(V) binding mechanisms on the iron(III) 
(oxyhydr)oxides, we performed Sb K-edge XAS measurements with 
XANES and EXAFS analysis. The redox state of adsorbed Sb throughout 
adsorption was determined by linear combination fitting (LCF) of Sb K- 
edge X-ray absorption spectra using Sb(V) (KSb(OH)6) and Sb(III) 
(Sb2O3) reference samples. The normalized XANES spectra of these 
samples closely resembled those of the pure Sb(V) reference (SI, 
Fig. S10, Table S6), confirming that Sb remained in the pentavalent state 
during adsorption. This result, consistent with the oxic experimental 
conditions and the stability of Sb(V) on iron(III) (oxyhydr)oxide sur
faces, validates that subsequent EXAFS analyses reflect the local coor
dination of Sb(V).

Morlet Wavelet transformations (WT) were employed to resolve the 
centers of the backscattering wave functions in both k-space (Å− 1) and 
R-space (Å), providing an effective tool for distinguishing different 
atoms within a single atomic shell which are difficult to discriminate by 
shell-by-shell fitting (Funke et al., 2005). The absence of distinct fea
tures in the higher-k and R region (k > 12 Å− 1 and R + ΔR >3 Å) implies 
a lack of Sb–Sb backscattering paths in the individual Sb(V) adsorption 
samples (SI, Fig. S11).

The k3-weighted Sb K-edge EXAFS spectra and the corresponding 
Fourier Transform magnitude spectra for individual Sb(V) adsorption 
onto different-sized iron(III) (oxyhydr)oxides are shown in Fig. 3 and 
Table S7. The first peak of the EXAFS oscillations is observed at 1.5 Å 
(phase-shift uncorrected) in each plot (Fig. 3B). This peak was derived 

Fig. 1. Adsorption isotherms and maximum adsorption amount per unit surface 
area for Sb(V) on goethite (A, B) and hematite (C, D) with varying particle sizes. 
The solid lines in panel A and C represent the fit by the Langmuir model, and 
the dashed lines in panel A and C denote the fit by the Freundlich model. All 
adsorption experiments were conducted by reacting Sb with 1 g/L goethite and 
hematite in a solution containing 10 mM NaCl and 5 mM NaHCO3 at pH 6.5. 
The initial Sb concentrations ranged from 10 to 1200 μM.
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from several O atoms at an average distance of 1.97 Å from the central 
Sb atom according to the shell-by-shell fitting results (Table S7). The 
Sb–O distance of 1.97 Å for Sb sorption samples was consistent with 
previous studies (Burton et al., 2019; Yan et al., 2022; Mitsunobu et al., 
2010). For individual Sb(V) adsorption systems, the fitted coordination 
numbers (CNs) of Sb–O shells were 5.1–6.5, a slight shift from the 
theoretical CNs (6) of Sb–O for the SbO6 hexahedron structure, which 

might arise from the uncertainties associated with the fixed amplitude 
reduction factor (S₀2) during fitting (Sun et al., 2023; Yan et al., 2022). 
Apart from the Sb–O shell, the Sb–Fe1 shell was obtained in every Sb 
(V) adsorption sample. Only one Sb–Fe shell with the distance of 
3.06–3.12 Å which corresponds to the Sb–Fe distance of edge-sharing 
complex (Mitsunobu et al., 2010; Verbeeck et al., 2021) was obtained. 
The coordination numbers (CNs) of the Sb–Fe bond were 0.7–0.9 and 

Fig. 2. Hydrodynamic diameter of different-sized iron(III) (oxyhydr)oxides at pH 3 (red) and pH 6.5 (blue). Each line represents a replicate measurement. Panels: (A) 
Large goethite (Gt), (B) Medium Gt, (C) Small Gt, (D) Large hematite (Hm), (E) Medium Hm, and (F) Small Hm. The data at pH 3 reflect conditions closest to a well- 
dispersed state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Antimony K-edge k3-weighted EXAFS spectra (A) and the corresponding Fourier Transform magnitude spectra (B) for adsorption of individual Sb(V) onto iron 
(III) (oxyhydr)oxide as a function of particle size. The empty symbols and solid lines show measured data and corresponding shell fits, respectively.
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0.3–0.9 for goethite and hematite, respectively, which are comparable 
to previous Sb adsorbed species (Mitsunobu et al., 2010; Mitsunobu 
et al., 2013). Notably, the relatively higher coordination numbers (CNs) 
for goethite relative to hematite, and small particles relative to large 
particles, further support that goethite phase and smaller particles 
exhibit a stronger affinity for Sb(V) adsorption. Overall, under pH 6.5 
conditions, Sb(V) predominantly forms edge-sharing inner-sphere 
complexes on iron(III) (oxyhydr)oxides across all particle sizes and 
mineral types. These configurations represent stronger and more rigid 
bonding environments than outer-sphere adsorption, likely enhancing 
Sb(V) immobilization under fluctuating pH conditions.

3.3. Size-dependent co-sorption of Sb(V) with Ni2+

Macroscopic co-sorption trends of Sb(V) with Ni2þ. To investi
gate the size-dependent co-sorption of Sb(V) with Ni2+ onto goethite and 
hematite, batch co-sorption experiments were conducted at pH 6.5 with 
a fixed Sb(V):Ni(II) molar ratio of 1:1. In the presence of Ni2+, the 
adsorption isotherms were better fitted by Freundlich model (Table S3; 
R2 = 0.94–0.99 for goethite, 0.95–0.99 for hematite) than by Langmuir 
model (Table S3; R2 = 0.92–0.97 for goethite, 0.77–0.91 for hematite). 
The fitting parameters, including RL and 1/n, suggest thermodynami
cally favorable adsorption and strong affinity of iron(III) (oxyhydr)ox
ides for Sb(V) in the presence of Ni2+. The better fit of the Freundlich 
model under co-sorption conditions suggests increased surface hetero
geneity, likely arising from the coexistence of multiple binding envi
ronments. These include direct adsorption onto mineral surface sites, 
electrostatic interactions influenced by Ni2+ adsorption, and the likely 
formation of ternary Ni–Sb–Fe surface complexes. These mechanisms 
are discussed in detail in the following paragraphs.

The maximum adsorption amount of Sb, normalized by BET surface 
area, exhibited a synergetic enhancement when Sb(V) and Ni2+ co- 

existed in the solution (Fig. 4B, D). Specifically, the adsorption capac
ity of Sb(V) increased by 18 and 52% for goethite and 16 and 89% for 
hematite under co-sorption conditions. This observed synergistic 
behavior of Sb(V) in the presence of Ni2+ is likely driven by electrostatic 
interaction and the potential formation of ternary complexes, and in 
some cases may involve surface precipitation as Sb oxides, as reported in 
previous studies (Kumar et al., 2025; Song et al., 2022; Shi et al., 2021; 
Fan et al., 2016). The underlying mechanisms contributing to this syn
ergistic adsorption will be discussed in detail in subsequent sections.

Furthermore, the adsorption isotherms for Ni2+ were well fitted by 
both the Langmuir and Freundlich models (SI, Fig. S6 and Table S5). The 
adsorption capacity and affinity of Ni2+ were consistently lower than 
those for Sb(V), indicating preferential sorption of Sb(V) compared to 
Ni2+. To further interpret Sb(V) and Ni2+ adsorption behavior, the ratios 
of the adsorbed Sb(V)/Ni(II) versus the surface coverage (SI, Fig. S7) 
were plotted. These ratios remained consistently greater than 1, indi
cating that more Sb(V) than Ni2+ was adsorbed onto the mineral sur
faces, thereby confirming the preferential adsorption of Sb(V) at initial 
1:1 molar ratio between the two elements. Moreover, the relatively 
stable ratios across increasing surface coverage suggest that Sb(V) and 
Ni(II) were co-adsorbed in a fixed proportion on the mineral surfaces. 
This stoichiometric partitioning suggests that the underlying adsorption 
mechanisms remained consistent with increasing surface loadings. The 
preferential affinity for anions over cations, such as Sb(V) over Ni2+, 
observed in this study may be attributed to the surface electrostatic 
properties of iron(III) (oxyhydr)oxides, discussed below.

Surface charge and aggregation pattern for co-sorption of Sb(V) 
with Ni2þ. To evaluate whether surface charge and/or aggregation 
could account for the enhanced Sb(V) adsorption capacity in the pres
ence of Ni2+, we performed zeta potential and DLS measurements. 
Under control conditions (no Sb and no Ni), the iron(III) (oxyhydr)oxide 
surfaces exhibited mildly positive zeta potential (ζ) values, ranging from 
+0.6 to +9.1 mV, depending on particle size and mineral phase (Fig. 5). 
Following individual Sb(V) adsorption, the ζ values shifted markedly to 
− 26.5 to − 21.5 mV, indicating a substantial shift to net negative surface 
charge and consistent with the adsorption of Sb(OH)6

− onto the mineral 
surface. In contrast, co-sorption with Ni2+ resulted in a partial restora
tion of surface charge, with ζ values ranging from − 8.8 to +11.5 mV. 
This moderation of surface charge likely results from Ni2+ adsorption 
onto the Sb-modified surfaces, partially neutralizing their negative 
charge. Such electrostatic rebalancing may decrease repulsive forces 

Fig. 4. Adsorption isotherms and maximum adsorption amount per unit surface 
area for Sb(V) on goethite (A, B) and hematite (C, D) in the presence of Ni2+

with varying particle sizes. The solid lines in panel A and C represent the fit by 
the Langmuir model, and the dashed lines in panel A and C denote the fit by the 
Freundlich model. The red and blue with hatched pattern in panel B and D 
represent the maximum adsorption amount of Sb(V) in individual systems, the 
red and blue and with “+ Ni” inside the columns in panel C and D denote the 
maximum adsorption amount of Sb(V) in co-existing systems in the presence of 
Ni2+. Asterisks in panels B and D indicate statistically significant differences 
between the adsorption and co-sorption groups (P < 0.05), as determined by a t- 
test. All co-sorption experiments were conducted by reacting Sb with 1 g/L 
goethite and hematite in a solution containing 10 mM NaCl and 5 mM NaHCO3 
at pH 6.5. Initial Sb concentrations ranged from 100 to 600 μM, with Ni added 
at a 1:1 M ratio relative to Sb. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Zeta potential of iron(III) (oxyhydr)oxides: (i) after 48-h reaction with 
Sb(V) (ii) under control conditions (no Sb) (iii) after 48-h reaction with Sb(V) 
and Ni2+. Adsorption of Sb(V) alone leads to a decrease in zeta potential 
relative to controls, whereas co-sorption with Ni2+ results in a higher zeta 
potential compared to individual Sb(V) adsorption.
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between Sb(OH)6
− and the surface, thereby facilitating further Sb(V) 

uptake, potentially through the likely formation of ternary surface 
complexes involving Sb(V), Ni(II), and the iron(III) (oxyhydr)oxide 
substrate.

In addition, intensity-weighted size distribution of selected goethite 
and hematite at pH 6.5, after 48-h reaction with Sb(V) and Ni2+ or under 
control conditions (no Sb and no Ni) are shown in SI, Fig. S9. Notably, 
minerals reacted with Sb(V) and Ni2+ displayed shifts toward smaller 
aggregate sizes compared to controls. This decrease in aggregate size 
may result in increased exposure of reactive sites and improved acces
sibility of pore throat within aggregates, thereby enhancing Sb(V) 
adsorption capacity.

XAS analysis of Sb(V)-Ni2þ co-sorption complexes. To investigate 
the influence of co-existing Ni2+ on Sb(V) binding mechanisms on the 
iron(III) (oxyhydr)oxides, we performed Sb K-edge XAS measurements 
with XANES and EXAFS analysis. Similar to the individual Sb(V) 
adsorption systems, co-sorption with Ni2+ did not alter the redox state of 
antimony, which remained as Sb(V) across all particle sizes (SI, Fig. S10; 
Table S6).

The Morlet wavelet transform (WT) spectra for the co-sorption of Sb 
(V) with Ni2+ on iron(III) (oxyhydr)oxides displayed features similar to 
those observed for individual Sb(V) adsorption, characterized by 
dominant Sb–Fe scattering paths and the absence of Sb–Sb backscat
tering paths (SI, Fig. S12). Notably, the co-sorption samples exhibited 
comparatively higher fluorescence intensity, suggesting the potential 
involvement of multiple Sb–Fe scattering paths compared to the spectra 
from individual Sb(V) adsorption samples (SI, Fig. S12).

The k3-weighted Sb K-edge EXAFS spectra and the corresponding 
Fourier Transform magnitude spectra for Sb(V) co-sorption with Ni2+

onto different-sized iron(III) (oxyhydr)oxides are shown in Fig. 6 and 
Table S8. Modelling of the Sb K-edge EXAFS spectra revealed Sb coor
dination by a first shell comprising 5.9–7.3 O atoms at an inter-atomic 
distance of 1.97–1.99 Å (Fig. 6, Table S8). This is consistent with an 
octahedral coordination of Sb(V) by O, thereby supporting the results of 
our LCF analyses of the XANES spectra (SI, Fig. S10, Table S6). Two 
Sb–Fe distances were observed in the ranges of 3.03–3.11 Å and 
3.52–3.55 Å for both goethite and hematite (Table S8). The first value 

corresponds to the Sb–Fe distance along the edge-sharing configura
tion, and the second corresponds to the Sb–Fe distance along the 
corner-sharing configuration (Burton et al., 2019; Yan et al., 2022; 
Mitsunobu et al., 2010). The coordination numbers (CNs) of both bonds 
were 0.5–0.8 and 1.3–2.2, respectively, which are larger than those of 
Sb–Fe for the individually adsorbed species (Mitsunobu et al., 2010; 
Mitsunobu et al., 2013). Although incorporation of an Sb–Ni scattering 
path into the EXAFS model is theoretically possible, distinguishing it at 
the Sb K-edge is challenging because Ni and Fe, which are adjacent in the 
periodic table, exhibit nearly identical backscattering amplitudes and 
phase shifts (Ravel and Newville, 2005; Rehr et al., 1991). Furthermore, 
direct Sb–Ni interactions are expected to be limited under the studied 
conditions, as Sb(V) and Ni2+ primarily compete for available adsorp
tion sites on the mineral surface. Consequently, most Sb and Ni species 
are individually bound to Fe–O sites, with only a minor fraction likely 
involved in ternary (Ni-Sb-Fe) surface complexation. Therefore, the in
clusion of Sb–Ni paths in the fitting would not enable unambiguous 
resolution of Sb–Ni contributions. Therefore, the Sb–Fe coordination 
environment was interpreted as representative of the overall local 
structure.

Compared to the individual Sb(V) adsorption samples, the local co
ordination environment of the co-sorption samples, particularly the 
coordination numbers (CNs), exhibited pronounced variations. Notably, 
the presence of Ni2+ facilitated the appearance of a second Sb–Fe shell, 
attributed to the formation of corner-sharing complexes. Concurrently, 
the CNs associated with edge-sharing complexes decreased in the pres
ence of Ni2+. These observations collectively suggest that the adsorption 
mechanism is altered by the presence of co-existing cations, with a 
proportion of Sb(V) shifting from edge-sharing to corner-sharing con
figurations. Such changes are consistent with the likely formation of 
ternary surface complexes, in which Sb(V) and Ni2+ simultaneously 
interact with the iron(III) (oxyhydr)oxide surface, potentially through 
shared coordinating oxygen atoms. This interpretation is further sup
ported by the observed variations in surface potential (Fig. 5), which 
indicate electrostatic reorganization during co-sorption. It is also 
consistent with previous studies reporting the formation of ternary 
surface complexes (e.g., Ca-Sb(V)-goethite and Ca/Mg–Sb(V)–TiO2) on 

Fig. 6. Antimony K-edge k3-weighted EXAFS spectra (A) and the corresponding Fourier Transform magnitude spectra (B) for co-sorption of Sb(V) with Ni2+ onto iron 
(III) (oxyhydr)oxide as a function of particle size. The empty symbols and solid lines show measured data and corresponding shell fits, respectively.
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iron (oxyhydr)oxides and titanium oxide mineral surfaces (Kumar et al., 
2025; Song et al., 2022; Shi et al., 2021; Jiang et al., 2019). Such ternary 
complexation may enhance both the adsorption capacity and structural 
stability of the surface-bound species. However, given the indirect na
ture of the evidence, future studies employing complementary tech
niques (e.g., FTIR spectroscopy and surface charge titration) as well as 
modeling techniques (e.g. CD-MUSIC model) are needed to further 
constrain and verify the formation and structure of these complexes. 
Overall, the results suggest the likely formation of ternary surface 
complexes on both goethite and hematite, irrespective of particle size.

3.4. Mechanisms of size-dependent adsorption and co-sorption behavior

Several studies have investigated the mechanisms of Sb adsorption 
on mineral surfaces using batch sorption experiments and EXAFS spec
troscopy (Sun et al., 2023; Yan et al., 2022; Zhou et al., 2023). However, 
the effects of particle size and co-existing cations on Sb(V) binding 
mechanisms onto iron(III) (oxyhydr)oxide surfaces remain poorly un
derstood. In this study, the integration of size-dependent adsorption and 
co-sorption trends from macroscopic batch experiments (Fig. 1 and 
Fig. 4), along with aggregation state and surface charge characterization 
(Fig. 2 and Fig. 5), provides a comprehensive view of how particle size 
and co-existing cation influence Sb(V) uptake. In combination with the 
identification of Sb–Fe coordination environments from EXAFS ana
lyses (Fig. 3 and Fig. 6), these results reveal the underlying mechanisms 
responsible for enhanced adsorption with decreasing particle size and 
the synergistic effects induced by co-existing Ni2+ (Fig. S13).

3.4.1. Individual Sb(V) adsorption onto goethite and hematite
In the absence of Ni2+, Sb(V) exhibits a higher adsorption capacity 

and stronger affinity toward smaller particles relative to larger particles 
and to goethite relative to hematite. Several factors may contribute to 
these observed differences, including the reactive surface area, surface 
charge, aggregation pattern, surface defects, Fe vacancies, and Sb–Fe 
binding configurations (Hou et al., 2022; Notini et al., 2018; Cwiertny 
et al., 2008; Liu et al., 2021). Among these, surface area has been widely 
recognized as a key factor controlling reactivity toward adsorption and 
reduction in previous studies (Cwiertny et al., 2008). However, after 
normalization by BET surface area, the observed trends persist, indi
cating that BET surface area alone cannot account for the differential 
adsorption capacity. Differences in surface charge may also contribute to 
the observed preferential adsorption capacity. In both the adsorption 
and co-sorption systems, Sb(OH)6

− was the predominant antimonate 
species at the experimental pH of 6.5, as predicted by Sb speciation 
distribution as a function of pH (Kumar et al., 2025). The measured 
points of zero charge (PZC) for the synthesized minerals indicate that all 
surfaces were, in principle, positively charged at pH 6.5 (SI, Fig. S8). 
Previous studies have extensively demonstrated that negatively charged 
organic molecules and anionic species adsorb onto iron(III) (oxyhydr) 
oxide surfaces primarily through electrostatic interactions (Liu et al., 
2021). Consequently, smaller particles, which maintain more positively 
charged surface charge than their larger counterparts at pH 6.5, likely 
provide stronger electrostatic attraction and higher affinity for Sb(OH)6

− , 
partially explaining their higher sorption of Sb compared to larger 
particles.

Although aggregation can influence accessible surface area, our DLS 
measurements (Fig. 2) indicate that it cannot fully account for the 
observed adsorption trends. Even under conditions of extensive aggre
gation, smaller particles consistently exhibited higher surface area- 
normalized adsorption, suggesting that their enhanced reactivity may 
also be attributed to intrinsic surface properties. Previous studies have 
shown that variations in exposed crystal facets can markedly affect the 
observed adsorption capacity and affinity for both contaminants and 
organic matter (Huang et al., 2025; Chen et al., 2025; Iqbal et al., 2024; 
Shen et al., 2020). In our systems, XRD patterns (SI, Fig. S1) revealed 
systematic changes in facet distribution with decreasing particle size. 

Specifically, for goethite, the relative contribution of the (110) facet 
decreases, while the proportion of the (111) facet increases with 
decreasing particle size. For hematite, the relative intensity of the 
dominant (104) facet decreases, whereas other facets such as (110), 
(113), and (116) become more prominent. The shift toward particular 
crystal facets with decreasing size likely enhances Sb adsorption by 
increasing the proportion of more reactive and high-energy surfaces. In 
addition, smaller particles commonly exhibit a higher density of defect 
sites (Notini et al., 2018), a greater abundance of undercoordinated Fe 
vacancies (Hou et al., 2022), and increased surface energy (Navrotsky 
et al., 2008). These characteristics, supported by the structural disorder 
and lattice distortion observed in our Mössbauer spectra and XRD pat
terns (Fig. S1 and S2), may contribute to the enhanced Sb(V) retention 
on nanoparticles.

Similar nanoparticle-driven enhancements in surface reactivity have 
been reported for other trace elements (Madden et al., 2006; Xiao et al., 
2015; Barton et al., 2011; Waychunas and Zhang, 2008). For example, 
smaller hematite nanoparticles exhibit higher adsorption affinity toward 
Cu2+, which is attributed to a greater abundance of structurally dis
torted, high-energy surface sites (Madden et al., 2006). Likewise, Pb2+

sorption to nanohematite shows subtle but distinct size-dependent ef
fects in sorption edges, even after normalization to BET surface area 
(Barton et al., 2011). Collectively, these findings together with our re
sults suggest that surface charge, specific exposed crystal facets, and 
intrinsic size-dependent properties, rather than surface area alone, lead 
to the enhanced Sb(V) uptake by smaller goethite and hematite particles 
in our systems.

3.4.2. Co-sorption of Sb(V) and Ni2+ onto goethite and hematite
The presence of the co-existing cation Ni2+ markedly promoted Sb 

(V) adsorption onto iron(III) (oxyhydr)oxides by 16 to 89%. Similar 
enhancements have been reported in previous co-adsorption studies 
with other chemical species and have been attributed to mechanisms 
such as increased electrostatic interactions, the formation of surface 
precipitates, or the likely development of ternary surface complexes 
(Kumar et al., 2025; Shi et al., 2021; Fan et al., 2016; Liu et al., 2021). 
For instance, Fan et al. (Fan et al., 2016) demonstrated that dissolved 
Fe2+ enhanced Sb(V) adsorption onto goethite through Fe(II)-Sb(V) co- 
precipitation. Likewise, Jiang et al. (Jiang et al., 2019) reported that Sb 
(V) and Ca2+ formed Ca(II)-Sb(V)-TiO2 ternary complexes, facilitating 
Sb(V) removal from tap water. Based on our experimental findings and 
previous reports, we propose that the observed synergistic effect is pri
marily driven by enhanced electrostatic interactions, decreased aggre
gation state, and the likely formation of ternary surface complexes.

In our study, we found that Ni2+ adsorption onto Sb-modified sur
faces partially neutralized the negative surface charge generated by Sb 
(OH)₆− adsorption (Fig. 5). This electrostatic rebalancing would reduce 
repulsion between Sb(OH)₆− and the negatively charged surface, 
thereby facilitating additional Sb(V) uptake. The observed differences in 
surface charge between samples reacted with Sb(V) alone and those 
reacted with Sb(V) and Ni2+ further confirm Ni2+ adsorption and may 
indicate the potential formation of ternary surface complexes. In addi
tion, iron(III) (oxyhydr)oxide reacted with Sb(V) and Ni2+ displayed 
slight shifts toward smaller aggregate sizes compared to their controls 
(SI, Fig. S9). Decreased aggregation may decrease physical occlusion of 
reactive sites and increase pore throat accessibility within aggregates, 
thereby improving Sb(V) adsorption capacity.

EXAFS shell-fitting analysis at the Sb K-edge revealed that co- 
sorption with Ni2+ introduced an additional Sb–Fe shell at longer dis
tances (~3.52–3.55 Å), which were attributed to corner-sharing coor
dination geometry (Burton et al., 2019; Mitsunobu et al., 2010). The 
presence of both edge-sharing and corner-sharing configurations under 
co-sorption conditions suggests a structural rearrangement of Sb binding 
in response to Ni2+. Although an explicit Sb–Ni path could not be 
resolved in the fits due to nearly identical backscattering amplitudes and 
phase shifts of Fe and Ni and the limited sensitivity of Sb EXAFS to Ni 
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neighbors, the combined evidence supports Ni(II) participation in 
ternary complex formation. This evidence includes (i) coordination 
changes observed in EXAFS fits, (ii) partial neutralization of surface 
charge in zeta potential measurements, and (iii) prior reports of divalent 
cation-facilitated ternary complexation (Kumar et al., 2025; Shi et al., 
2021; Fan et al., 2016; Liu et al., 2021). We therefore propose that the 
synergistic enhancement in Sb(V) uptake observed in co-sorption ex
periments is also driven by the likely formation of Ni-Sb-Fe ternary 
surface complexes.

3.5. Environmental implications

Iron(III) (oxyhydr)oxide nanoparticles are ubiquitous in various 
environmental and geological settings (Hochella Jr et al., 2008; Cornell 
and Schwertmann, 2003; Hochella Jr et al., 2019). Their physico
chemical properties, including surface reactivity, are strongly size- 
dependent (Gilbert and Banfield, 2005). In contaminated environ
ments, Sb(V) frequently co-occurs with other cations such as Ni2+, Pb2+, 
and Ca2+, particularly in mining-impacted soils and waters (Khan et al., 
2019; Jurkovič et al., 2019; Palmer et al., 2015). Therefore, elucidating 
the relationships among particle size, mineral type, co-existing cations, 
and sorption mechanisms that govern antimony behavior advances our 
understanding of its long-term retention and potential remobilization 
under dynamic aqueous geochemical conditions.

Our findings show that nanoscale iron(III) (oxyhydr)oxides exhibit 
high Sb(V) adsorption capacities, ranging from 1.1 to 2.3 μmol/m2, 
suggesting that these particles can serve as highly effective sorbents in 
natural waters. Under similar conditions, bentonite, δ-MnO2 and hy
drous Al oxide exhibited lower adsorption capacities (< 1 μmol/m2) 
(Sun et al., 2018; Ilgen and Trainor, 2012; Xi et al., 2011), whereas Mn- 
oxides achieved the highest values, reaching up to 2.6 μmol/m2 (Liu 
et al., 2015). Notably, when size effects are considered, our nanoscale 
iron(III) (oxyhydr)oxide particles still demonstrate adsorption capacities 
comparable to, and in most cases exceeding, those of common mineral 
sorbents. However, contaminant retention models for natural systems 
typically emphasize adsorption capacity of different mineral types, 
without incorporating size-dependent particle distribution and adsorp
tion capacity. To illustrate the importance of particle size effects, Sb(V) 
retention was modeled assuming a total Fe concentration of 10 g/L, 
representative of Fe-rich sediment suspensions in natural aquatic sys
tems (Kappler et al., 2021). The model considered particle size fractions 
of 1–10 nm, 10–100 nm, and > 100 nm, with relative particle number 
abundance estimated using Pareto's power law distribution (Ranville 
and Montano, 2015; Westerhoff et al., 2018). Applying experimental 
adsorption capacities for each size range, we estimated Sb(V) retention 
contributions and found that excluding particles < 0.45 μm (typical size 
separated in field filtration) can lead to substantial underestimation of 
Sb retention, by factors of 35 for goethite and 7 for hematite (SI, 
Fig. S14). Because small nanoparticles are highly mobile and susceptible 
to redox transformations, their presence can facilitate long-distance 
transport and influence the geochemical cycling and mobility of Sb in 
natural environments. These findings highlight the need for advanced 
analytical approaches, such as field-flow fractionation (FFF) and single- 
particle inductively coupled plasma mass spectrometry (spICP-MS), 
which enable more accurate detection and characterization of nano
particles, thereby allowing particle size effects to be explicitly consid
ered in contaminant transport and risk assessment models. It should also 
be noted that the present model is based on a simplified particle size 
distribution and does not explicitly account for particle aggregation or 
competitive adsorption by natural organic matter and other anions (e.g., 
phosphate). These factors may significantly influence the accessibility 
and reactivity of mineral surfaces under natural conditions (Huang 
et al., 2025; Verbeeck et al., 2019). In addition, competitive interactions 
among co-existing anions may alter Sb(V) binding mechanisms and 
surface complexation behavior. Future model development should 
therefore incorporate Sb retention behavior in more complex 

environmental systems, including aggregation dynamics, interactions 
with organic matter, and competitive sorption with co-existing anions, 
to improve predictions of Sb retention and transport in natural and 
engineered environmental settings.

Beyond individual adsorption, co-sorption with Ni2+ significantly 
enhanced Sb(V) retention, likely through synergistic mechanisms 
involving electrostatic interactions and potential ternary surface com
plex formation. This implies that in multi-contaminant systems, cation- 
anion interactions at mineral interfaces could promote stronger 
contaminant retention than predicted from single-element pollution 
models, a factor often overlooked in risk assessment and remediation 
design. Notably, the enhancement induced by Ni2+ was more pro
nounced in smaller particle fractions (Fig. 4), where the high surface 
reactivity facilitates the formation of ternary Ni-Sb-Fe complexes. These 
nanoscale interactions not only increase the overall adsorption capacity 
but also strengthen the binding between Sb(V) and iron(III) (oxyhydr) 
oxide surfaces, thereby decreasing the likelihood of Sb remobilization 
under fluctuating environmental conditions. It is important to note that 
the mechanisms observed here, enhanced electrostatic interactions, 
decreased aggregation, and additional likely ternary surface complex 
formation, are mostly applicable to other redox-inactive divalent cations 
(e.g., Zn2+, Ca2+, Cd2+, Pb2+) that commonly co-occur with Sb in 
mining-impacted settings (Khan et al., 2019; Jurkovič et al., 2019; 
Palmer et al., 2015; Trois et al., 2007). Consequently, incorporating the 
effects of co-existing divalent cations into size-resolved adsorption 
models is essential for accurately predicting Sb partitioning, transport, 
and long-term stability in natural and engineered systems.

In addition, these results support the potential application of nano
particulate goethite and hematite in engineered systems for Sb(V) and 
other trace element removal. In practice, such materials can be intro
duced as sorbent media in wastewater treatment units, permeable 
reactive barriers, or mine tailing remediation reactors, where they 
immobilize contaminants through surface complexation and potential 
co-precipitation. However, environmental deployment warrants 
caution. Seasonal and hydrological variations, such as fluctuating water 
tables, oxic–anoxic cycling, and pH shifts near mining tailings, may 
destabilize adsorbed species, potentially triggering Sb remobilization. 
Future work should therefore investigate the long-term stability of Sb(V) 
adsorbed on iron(III) (oxyhydr)oxides under dynamic geochemical 
conditions, including competition from other anions (e.g., phosphate, 
sulfate), interactions with natural organic matter, and microbially 
mediated Fe(III) mineral reduction. While these factors are beyond the 
scope of the present work, such investigations are essential for predict
ing the in-situ performance and sustainability of iron(III) (oxyhydr) 
oxide nanoparticles in contaminant remediation.
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