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Widespread arsenic contamination in aquatic environments poses a major threat to human health and
ecosystems, underscoring the urgent need for effective and selective remediation strategies. However,
conventional technologies often suffer from reduced efficiency due to strong competition from coexist-
ing anions such as phosphate, limiting their real-world applicability. In this study, we present a pH-
regulated strategy for selective arsenate removal using ferric oxide («-Fe;03), a low-cost, non-toxic, and
naturally abundant material. By integrating batch adsorption experiments, in-situ ATR-FTIR spectroscopy,
two-dimensional correlation spectroscopy, and density functional theory simulations, we demonstrate
that acidic conditions significantly enhance arsenate selectivity by promoting protonation-induced surface
complexation. Protonation strengthens hydrogen bonding and facilitates a transition from monodentate to
bidentate coordination, improving arsenate binding. We further identify the Fe-Fe interatomic distance as
a key structural parameter governing complexation geometry and selectivity: Shorter distances (<3.27 A)
enable dual coordination, while longer distances (~5.10A) restrict it. These mechanistic insights high-
light the pivotal role of surface structure and protonation in dictating competitive adsorption outcomes.
Overall, these findings provide a mechanistic framework for understanding and optimizing arsenate se-
lectivity in multi-anion systems. By leveraging naturally occurring ferric oxide and simple pH adjustment,

this work offers a scalable and practical approach to arsenic remediation in phosphate-rich waters.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Arsenate (As(V)) contamination poses a significant global threat
to water safety and ecosystem health due to its high mobility and
persistence in aquatic environments [1]. It is commonly found in
surface and groundwater systems affected by agriculture, mining,
and industrial activities [2], and is linked to severe health risks
such as skin lesions, vascular diseases, neurological disorders, and
various cancers [3,4]. In many regions, particularly in Asia and
South America, arsenic levels in groundwater exceed the WHO's
recommended limit of 0.01 mg/L, posing long-term risks to mil-
lions of people [1,5]. These realities underscore the urgent need
for effective and practical arsenic remediation strategies that can
operate under the chemically complex and variable conditions of
natural water systems [6-8].

Iron oxide minerals, particularly «-Fe,03, are promising can-
didates for arsenic removal due to their natural abundance, low
cost, and strong affinity for As(V) [9-12]. «-Fe,03 has a rhombo-
hedral crystal structure (space group R-3c), with two-thirds of its
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octahedral sites occupied by Fe3t, and commonly exposes facets
such as (001), (012), and (110) [9,10,13-17]. Among these, the (001)
facet is the most stable and frequently observed in natural settings
[15,17,18]. «-Fe,03 typically crystallizes as hexagonal nanoplates,
where the (001) facets form the basal planes and the (102) facets
comprise the lateral edges [11,19,20].

The adsorption behavior of As(V) on iron oxide has been widely
investigated, with pH identified as a key factor controlling re-
tention. Generally, As(V) adsorption decreases with increasing pH
[7,21-26]. While it is well established that As(V) forms inner-
sphere surface complexes, the dominant coordination modes—
monodentate versus bidentate, protonated versus deprotonated—
remain under debate across different pH ranges. Some studies
suggest that bidentate binuclear complexes dominate at low pH,
while monodentate mononuclear complexes prevail near neutral
pH [11,27,28]. In contrast, attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) analyses indicate that both
protonated and deprotonated bidentate binuclear complexes can
form across a pH range of 4.28-8.90 [29]. Extended X-ray ab-
sorption fine structure (EXAFS) studies have further revealed three
potential complexation modes: bidentate mononuclear, bidentate
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binuclear, and monodentate mononuclear complexes [30-34], with
As(V) predominantly forming bidentate mononuclear complexes at
pH 11 [35]. These inconsistencies may arise from overlooked ef-
fects of crystal facets on surface complexation [11,19,20,36]. For
instance, recent studies combining spectroscopy and density func-
tional theory (DFT) calculations suggest that As(V) forms mon-
odentate mononuclear complexes on «-Fe;03 (001) and bidentate
binuclear complexes on (110) at pH 7 [11].

The presence of phosphate (P(V)) further complicates As(V) re-
moval. As a common oxyanion, P(V) often occurs at much higher
concentrations than As(V) in contaminated waters [37-43]. Due
to its similar tetrahedral structure and acid-base behavior (pKjq,
pPKay, PKai3: As(V) 2.2, 7.0, 11.5; P(V) 2.2, 7.2, 12.3) [44-46], P(V)
competes strongly for adsorption sites, often reducing As(V) re-
moval efficiency. This challenge is further exacerbated in envi-
ronments with variable pH, such as agricultural runoff (pH 6-8),
acidic mine drainage (pH < 4), and industrial wastewater (pH >
10), increasing uncertainty in real-world remediation efforts. While
o-Fe,03 has demonstrated preferential adsorption of As(V) un-
der certain conditions [24,44,47-49], the pH-dependent modula-
tion of this selectivity—especially in terms of adsorption kinetics
and sequence—remains insufficiently understood. Structural differ-
ences in surface complexes are widely recognized as a key factor
governing As(V)/P(V) selectivity [22,44,47,50]. For instance, higher
As(V) loadings can promote the formation of bidentate complexes,
enhancing retention [47]. However, such strategies alone cannot
fully mitigate selectivity loss in pH-variable systems. pH not only
governs surface charge and protonation but also influences the co-
ordination modes of adsorbed species, directly impacting competi-
tive interactions at the mineral-water interface. A deeper compre-
hensive understanding of how pH affects As(V)/P(V) adsorption—
including the roles of protonation, complexation structure, adsorp-
tion kinetics and sequence, and facet-specific behavior—is critical
for advancing mechanistic insights and guiding the design of more
effective remediation strategies for P(V)-rich and chemically com-
plex water systems.

To address these knowledge gaps and advance more effective
remediation strategies, this study investigates the pH-dependent
competitive adsorption of As(V) and P(V) on «-Fe,03. We fo-
cus on how pH regulates protonation states and structural site
accessibility, thereby modulating complexation modes, adsorp-
tion sequences, and overall As(V) retention. Well-defined «-Fe;05
nanoplates exposing (001) and (102) facets were synthesized and
systematically characterized through a multi-scale approach, in-
tegrating batch adsorption experiments, in-situ ATR-FTIR spec-
troscopy, two-dimensional correlation spectroscopy (2D-COS), and
DFT calculations. Our findings reveal that simple pH regulation—
a practical and cost-effective strategy—can significantly enhance
As(V) retention even under P(V)-rich conditions. By elucidat-
ing the molecular-level mechanisms linking interfacial structure,
protonation-driven binding transitions, and anion selectivity, this
work lays a mechanistic foundation for designing improved ar-
senic remediation strategies. These insights provide direct guidance
for improving water treatment performance and reducing arsenic-
related health risks in chemically complex aquatic environments.

Details of «a-Fe,03 nanoplate synthesis, characterization, and
batch adsorption experiments are presented in Supporting infor-
mation. In-situ flow cell ATR-FTIR study and 2D-COS analysis, and
DFT simulations are employed to investigate the selective adsorp-
tion mechanisms of As(V) and P(V) on «-Fe,03 nanoplates, with
full methodological descriptions also included in Supporting infor-
mation.

XRD patterns (Fig. 1a) showed that the synthesized sample was
a well-crystallized «-Fe;03, and no other impurity phases were de-
tected. SEM and TEM images confirmed that the «-Fe,03 exhibit
a typical hexagonal shape with the (001) (78%) and (102) (22 %)
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facets as the main exposed facets [11,19,47,51], with an average
side length of ~80nm and a thickness of ~20nm (Figs. 1b and c)
[19]. The specific surface area was measured at 11.2 m?/g [47].
The clean (001) surface predominantly features two termi-
nations [9,17,18,52,53]: oxygen-terminated (Os;-Fe-Fe-) and iron-
terminated (Fe-Os3-Fe-) (Fig. S1 in Supporting information), with
oxygen termination accounting for ~2/3 and iron termination for
~1/3 of the total surface [15,54,55]. These terminations can coexist
in distinct domains on the same crystal surface, forming terrace-
and-step morphologies [53,56]. The (102) surface primarily exposes
oxygen termination (Fig. S1) [57-59]. In aqueous environments,
both surfaces undergo pH-dependent protonation [47,54,60], where
protonated sites act as complexation sites for oxygen-containing
anions via ligand exchange [27,47,61,62]. It is shown that the oxy-
gen termination of the (001) surface has doubly coordinated hy-
droxyls (=Fe,0H) with a density of 14.2 sites/nm? (Fig. 1d and Ta-
ble S1 in Supporting information), while the iron termination of
the (001) surface has both singly (=FeOH) and triply (=Fe30H)
coordinated hydroxyls, both at 14.2 sites/nm? (Fig. 1e and Table
S1). The (102) surface contains singly (=FeOH), doubly (=Fe,OH),
and triply (=Fe3OH) coordinated hydroxyls, with densities of 6.1,
9.2, and 6.1 sites/nm?2, respectively (Fig. 1f and Table S1). This
study focuses on the =Fe,OH groups on the O-terminated (001)
surface and the =FeOH groups on the Fe-terminated (001) and
(102) surfaces as the primary adsorption sites for As(V) and P(V)
[19,47,53,59,63]. These hydroxyl groups exhibit amphoteric behav-
ior, and their protonation and deprotonation reactions can be de-
scribed by the diffuse layer model (DLM), widely used for acidity
constant and site density calculations in metal (hydr)oxides [61]:

=FeOH <« =FeO~ + HT, logk; (1)
=FeOH, < =FeOH + HT, logk, (2)
=Fe,OH < =Fe,0- + H*, logK; (3)
= Fe,OH, < =Fe,0OH + H', logk, (4)

The total proton concentration (H;) was determined using acid-
base titration [50,64]:

H = GVa—GVy (5)

Vo+Va+V,

where G, and G, (mol/L) represent the concentrations of HCl and
NaOH, respectively, and Vp, V,, and V,, (L) denote the volumes of
the initial suspension, HCl, and NaOH used, respectively.

From acid-base titration experiments, the pHp,c value of o-
Fe,03; nanoplates was determined to be 8.21 (Fig. 2a), which is
consistent with previous findings (pHp,c=8.10 in 0.1 mol/L NaCl)
[47] and falls within the reported range (3.5-9.2) [65]. The Gran
function was used to determine surface site density [61,64]:

For pH < 7:

Gran = (Vo + Vy + V) x 107PH (6)
For pH > 7:
Gran = (Vo + Vi + Vi) x 10PH+1ogkw (7)

A plot of the Gran function versus NaOH titration volume
yielded two linear segments intersecting at Ve, and Vep, (Fig. 2b),
from which the surface site concentration (Hs) was calculated as:

H, = (Vebz*VVem)Cb (8)

0
The surface site density (Ds) was then determined as:

_ Hsx 6.02 x10%
Ds = SxCyx10™ 9)
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Fig. 1. XRD patterns (a), SEM (b) and TEM images (c) of «-Fe,03 nanoplates. Hydroxylation configurations of the Fe-terminated (001) (d), O-terminated (001) (e), and

O-terminated (102) (f) surfaces.
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Fig. 2. (a) Acid-base titration curve of a-Fe,03. (b) Gran’s plot, (c) fitted titration results, and (d) simulated pH-dependent distributions of singly and doubly coordinated

surface groups in 0.01 mol/L NaCl solution.

where S (m2/g) represents the specific surface area, and Cs (g/L)
denotes the concentration of the «-Fe,O3; suspension. The calcu-
lated surface site density (18.9 sites/nm?) is close to the theoretical
value of 12.3 sites/nm? (Table S1).

Acid-base titration data were fitted using Protofit to obtain
acidity constants in 0.01 mol/L NaCl electrolyte solution (Fig. 2c):
logK; and logK, equal to —5.96 and —16.0 for =FeOH, and logK;
and logK, equal to 1.57 and —12.4 for =Fe,OH. These values align
with previous studies [6,66,67], indicating that =FeOH and =Fe,OH
are the dominant surface hydroxyl species over pH 3-11. Further
modeling using MINTEQ simulated the pH-dependent distribution
of surface sites by varying H™ concentrations (Fig. 2d). This in-
formation will be used in subsequent DFT calculations to refine
the understanding of As(V) and P(V) adsorption mechanisms on
«-Fe,03 surfaces. pH-dependent adsorption experiments revealed
that the individual adsorption capacities of As(V) and P(V) on «-
Fe, 03 nanoplates were similar, both decreasing with increasing pH
(Figs. 3a and d), consistent with previous studies [21,27]. However,
in binary systems, «-Fe,O3 nanoplates displayed a pronounced
and consistent preference for As(V) over a broad pH range (3-11;
Fig. 3b). Under acidic conditions, As(V) adsorption was markedly
favored, and the adsorption disparity between the two species

gradually declined with increasing pH. This trend was quantita-
tively supported by binary separation factor (o) analysis, which
showed a linear decrease from 4.0 to 2.5 with rising pH (Fig. 3c),
confirming the pH-sensitive preferential adsorption of As(V). Even
under highly competitive conditions with a 1:10 initial molar ratio
of As(V) to P(V), «-Fe,03 nanoplates maintained high selectivity
(octjc=2.34 - 4.82, n=11, Figs. 3e and f). These findings indicate
that P(V) enrichment does not substantially suppress As(V) uptake
[47]. Compared to widely used adsorbents, including single oxides,
binary oxides, and metal-modified composites—which typically ex-
hibit lower o values (Table S2 in Supporting information)—o-
Fe,03 nanoplates demonstrated superior selectivity across the full
tested pH range. This establishes «-Fe,03 as an effective material
for arsenic remediation in P(V)-rich waters, such as those found in
agricultural and industrial settings. Notably, the total adsorption in
binary systems closely matched the sum of individual As(V) and
P(V) adsorption capacities (Figs. 3a, b, d, and e), suggesting com-
petition for similar surface sites without significant synergistic or
inhibitory effects.

Kinetic experiments further supported the selectivity trend. In
single systems, As(V) and P(V) exhibited nearly identical adsorp-
tion rates (Figs. 4a-c), consistent with their similar capacities. Both
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Fig. 3. pH-Dependent adsorption of As(V) and P(V) in single-solute and binary systems, and the corresponding binary separation factors. (a) Single-solute adsorption of As(V)
and P(V) at an initial concentration of 0.20 mmol/L. (b) Binary-system adsorption at an As(V):P(V) molar ratio of 1:1 (0.10:0.10 mmol/L). (c) Binary separation factor values
corresponding to the binary adsorption shown in (b). (d) Single-solute adsorption of As(V) and P(V) at an initial concentration of 0.11 mmol/L. (e) Binary-system adsorption
at an As(V):P(V) molar ratio of 1:10 (0.10:0.01 mmol/L). (f) Binary separation factor values corresponding to the binary adsorption shown in (e). Experimental conditions:

0.01 mol/L NaCl, 25°C.
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Fig. 4. pH-dependent adsorption kinetics of As(V) and P(V) on «-Fe,05 in single-solute and binary systems, with pseudo-first-order (PFO) and pseudo-second-order (PSO)
model fits and corresponding initial adsorption rates. (a, b) Single-solute (0.20 mmol/L) and binary-system (0.10 mmol/L As(V) + 0.10 mmol/L P(V)) adsorption kinetics at pH
5. (c, d) Single-solute and binary-system adsorption kinetics at pH 7 (reproduced from Ref. [47] with permission from Elsevier, Copyright 2025) and included for comparison
only. (e, f) Single-solute and binary-system adsorption kinetics at pH 9. Experimental conditions: 0.01 mol/L NaCl, 25°C.

followed the PSO kinetic model (Table S3 in Supporting informa-
tion, R > 0.98), suggesting that both external and internal dif-
fusion played a role in adsorption, with rapid uptake occurring
within the first 3 h. However, in binary systems, As(V) exhibited
a significantly higher adsorption rate than P(V), as reflected in the
initial adsorption rate (vg) values (Figs. 4d-f). The vy(As)/vo(P) ratio
decreased from 17.8 to 3.41 as pH increased from 5 to 9, indicating
that acidic conditions substantially enhanced the kinetic selectivity

for As(V) on a-Fe,03 nanoplates.

In-situ ATR-FTIR spectroscopy provided real-time validation of
these findings with higher temporal resolution (Figs. 5a-c). The
PSO model again best fit the adsorption kinetics in individual and

competitive systems (Table S4 and Fig. S4 in Supporting informa-
tion), consistent with batch experiments. The calculated PSO rate
constant (ky) for As(V) was significantly greater than for P(V), es-
pecially under acidic conditions. The k,(As)/k,(P) ratios were 44.2,
46.8, and 1.83 at pH 5, 7, and 9, respectively (Figs. 5d-f), confirm-
ing the pH-driven acceleration of As(V) adsorption. Collectively,
these results demonstrate that o-Fe,03 nanoplates exhibit a strong
pH-dependent preference for As(V) over P(V), influencing both ad-

sorption efficiency and kinetics.

We investigated the pH dependence of As(V) and P(V) ad-
sorption on «-Fe,O3; nanoplates using in-situ ATR-FTIR over the
range of pH 5-9 in both single-solute and competitive systems. In
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Fig. 5. pH-Dependent competitive adsorption of As(V) and P(V) on «a-Fe,05 in a binary system (0.10 mmol/L As(V) + 0.10 mmol/L P(V)). (a-c) In-situ ATR-FTIR spectra
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are reproduced from Ref. [47] with permission from Elsevier (Copyright 2025) and are included solely for comparison. ATR-FTIR conditions: 0.01 mol/L NaCl, flow rate of
0.25 mL/min, room temperature; spectra collected every 5-10 min.
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Fig. 6. Effect of pH (5, 7, and 9) on ATR-FTIR spectra and peak deconvolution of As(V) and P(V) adsorption on «-Fe,03 surfaces in individual and competitive systems. Panels
a, d, g, and j show the ATR-FTIR spectra of As(V) under single-solute conditions and the corresponding peak deconvolution at each pH. Panels b, e, h, and k present the
ATR-FTIR spectra of P(V) under single-solute conditions and their corresponding peak deconvolution results. Panels c, f, i, and 1 display the ATR-FTIR spectra of As(V) and P(V)
under binary-solute conditions along with the peak deconvolution at each pH. Experimental conditions: room temperature, 0.1 mmol/L As(V)+ 0.1 mmol/L P(V), 0.01 mol/L
NaCl.

this range, As(V) and P(V) exhibited absorption bands at 750-900 To resolve specific binding modes, the in-situ ATR-FTIR spec-
cm~! and 900-1250 cm~! (Figs. 6a-c), respectively, correspond- tra were deconvoluted, yielding high-quality fits (R2 > 0.99, Figs.
ing to As-O-Fe and P-O-Fe vibrations indicative of stable inner- 6d-1) with peak assignments summarized in Table S5 (Supporting
sphere complexes, consistent with previous reports [7,11,29,47,68- information). For As(V), two modes at 834-840 cm~! and 874-

73]. Lowering pH from 9 to 5 shifted these bands to higher 882 cm~! were identified, assigned to deprotonated (MH1) and
wavenumbers (Figs. 6a-c), reflecting stronger As-O-Fe interfacial protonated (MHO) monodentate complexes, respectively [29,47].
bonding, consistent with previous observations [74]. This con- P(V) exhibited analogous features at 1035-1040 cm~! and 1108-
firms that acidic conditions enhance the complexation strength 1120 cm~!, likewise attributed to deprotonated and protonated
of both species on «-Fe,03 surfaces, in line with earlier studies monodentate complexes [47,73]. Although the As-O and P-O re-
[29,75]. gions partially overlap, these assignments are consistent with es-
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Table 1
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Adsorption energy (E,) of As(V) and P molecules before and after adsorption on Fe- and O-terminated (001) and (102) surfaces. The table also presents As/P-Fe and Fe-O
bond lengths (A) and their corresponding COHP integral values (ICOHP) for thermodynamically stable inner-sphere configurations after adsorption.

Facets dFe-Fe Complexation reactions Configurations E, dasppre  dpeo (A) ICOHP for Fe-O bonds
(&) (j/mol)  (A) SPIN1 SPIN2
Fe-terminated ~5.102 =FeOH + 3H*+ As0,43- — =FeH,0As0; + H,0 MH2 -169 3.44 2.15 -0.79 —0.48
(001) =FeOH + 2H*+ AsO43" — =FeHOAsO3;™ +H,0 MH1 -139 3.49 2.09 -0.91 —-0.52
=FeOH + H* + AsO43- — =FeOAs03%" +H,0 MHO -127 3.44 2.06 -0.98 —-0.54
=FeOH + 3H* + P0O,43 — =FeH,0P03 + H,0 MH2 -160 3.38 2.19 —-0.70 -0.43
=FeOH + 2H*+ P0O,43- — =FeHOPO3~ + H,0 MH1 -132 3.40 2.12 -0.83 -0.48
=FeOH + H*+ PO43 — =FeOP03% + H,0 MHO -122 3.35 2.08 -0.92 -0.51
O-terminated ~2.86 =Fe,OH + 3H*+ AsO43- — =Fe,H,0As0; + H,0 MH2 -190 3.46 1.97 2.13 -056 -041 -124 -0.81
(001) =Fe,OH 4 2H* + As0,43- — =Fe;HOAsO3™ + H,0 MH1 -143 3.35 1.97 2.10 -0.56 -043 -1.28 -0.89
=Fe;OH + H* 4 AsO43- — =Fe,0As03% +H,0 MHO -103 3.37 1.95 2.11 -055 -043 -130 -0.90
=Fe,OH + 3H*+ PO,4* — =Fe,H,0P0; + H,0 MH2 -179 3.28 1.98 2.17 -052 -037 -116 -0.71
=Fe,OH + 2H*+ P0O,43 — =Fe,HOPO3" +H,0 MH1 -134 3.27 1.97 2.14 -054 -039 -122 -0.78
=Fe,OH + H* 4 PO43 — =Fe,0P03% + H,0 MHO -97 3.28 1.98 2.15 -054 -039 -124 -081
(102) ~3.37 =FeOH + 3H*+ AsO43- — =FeH,0As0; + H,0 MH2 —142 3.44 2.18 -0.78 -0.39
=2FeOH + 3H* + AsO4>" — =(Fe0),AsHO, + 2H,0 BH1 -172 3.20 1.93 2.12 -0.71>  —0.94¢ -1.59 -0.43
=FeOH + 2H* + AsO43"—=FeHOAsO;" +H,0 MH1 -114 3.47 1.99 -1.30 -0.51
=2FeOH + 2H*+ AsO43 —=(Fe0),As0;" +2H,0 BHO -128 3.22 1.91 2.13 -071 -093 -1.67 -042
=FeOH + H*+ AsO43" — =Fe0AsO3% +H,0 MHO —-86 3.47 1.95 —1.42 —0.56
=FeOH + 3H*+ P0O,43" — =FeH,0P03 + H,0 MH2 -137 3.24 2.18 -0.73 -0.36
=2FeOH + 3H*+ P0O,3 — =(Fe0),PHO; + 2H,0 BH1 -159 3.11 1.93 2.13 -067 -089 -1.53 -041
=FeOH + 2H* + P0O,3 — =FeHOPO3" + H,0 MH1 -110 3.34 1.99 -1.24 —-0.50
=2FeOH + 2H*+ P0,43- — =(Fe0),P0," + 2H,0 BHO -121 3.14 1.91 2.16 -068 -085 -1.63 -0.39
=FeOH + H* 4 PO,43 — =FeOP03% +H,0 MHO -82 3.34 1.95 -1.38 -0.54

3 Fe-Fe site distance between adjacent hydroxyl groups.
b.c Different Fe-O bonds within the complexes.

tablished spectral features. At pH 5, both species were dominated
by monoprotonated monodentate complexes, in agreement with
DLM model predictions (Fig. S13 in Supporting information). As pH
increases from 5 to 9, the proportion of MH1 complexes in the sin-
gle As(V) system decreases from 95% to 41%, with MHO species
rising from 5% to 59% (Figs. 6d, g, and j). A similar trend was ob-
served for P(V), with MH1 decreasing from 72 % to 45% and MHO
increasing from 28% to 55% (Figs. 6e, h, and k). In the binary sys-
tem, the MH1 fraction of both ions declined with increasing pH,
accompanied by a corresponding rise in MHO species (Figs. 6f, i,
and 1). These findings suggest that pH governs the selective ad-
sorption of As(V) and P(V) on «-Fe,03 by modulating the protona-
tion state of surface complexes. To further probe this mechanism,
DFT calculations were conducted to simulate their adsorption on
the (001) and (102) facets of «-Fe;0s5.

In aqueous solutions, dissolved As(V) and P(V) exist in various
protonation states depending on pH (Fig. S2). Their primary com-
plexation sites on «-Fe;03 include doubly coordinated hydroxyl
groups on the O-terminated (001) surface, singly coordinated hy-
droxyls on the Fe-terminated (001) surface, and sites on the (102)
surface. Across the pH range of 3-11, ligand exchange reactions
yielded various surface complexation modes, including mono-, bi-
, and deprotonated monodentate complexes; mono- and deproto-
nated bidentate complexes; and outer-sphere complexes (Table 1).

For As(V) adsorption, all surface complexes exhibited negative
adsorption energies, indicating thermodynamic stability (Figs. 7
and 8). The dominant complexation mode varied with pH. On the
(001) surface, monodentate complexes were predominant at most
pH values, consistent with prior findings [11,47]. The Fe-As bond
lengths for monoprotonated (MH1) and deprotonated (MHO) mon-
odentate complexes ranged from 3.22A to 3.47A, in good agree-
ment with EXAFS measurements (~3.27 A at pH 7) [11]. At higher
pH, lower-energy, less protonated monodentate complexes became
more favorable (Fig. 7), in line with experimental observations
showing decreased As(V) uptake with increasing pH (Fig. 3). This
trend was further supported by decreasing logK values derived
from the DLM model (MH2: 30.2; MH1: 28.9; MHO: 23.7; HBO:
10.5; Table S7 in Supporting information). Vibrational frequency

calculations revealed a red shift in As-O-Fe stretching modes with
increasing pH (Figs. S14a and S15a in Supporting information),
reflecting weaker surface interactions, consistent with both com-
puted energies and in-situ ATR-FTIR spectra (Figs. 6 and 7). On the
(102) surface, both monodentate and bidentate complexes formed
under acidic conditions, with the latter showing enhanced stability
(Fig. 8a), corroborating previous findings that bidentate structures
are favored at low pH [27,49]. The As-O-Fe vibrational modes in
bidentate structures appeared at lower frequencies than in mon-
odentate ones (Fig. S16a in Supporting information), attributed to
the reduced symmetry from Cs, to Cy, [7]. At very high pH, outer-
sphere complexes were favored on both surfaces.

P(V) exhibited similar adsorption behavior. All surface com-
plexes showed negative adsorption energies, with monodentate
species on the (001) surface prevailing across most pH conditions,
consistent with previous reports (Fig. 7) [69]. Increasing pH pro-
moted less protonated, lower-energy monodentate complexes (Fig.
7), matching experimental data that showed declining P(V) up-
take with rising pH (Fig. 3). DLM-derived logK values followed a
similar trend (MH2: 30.1; MH1: 28.8; MHO: 23.9; HBO: 9.5; Table
S7). As with As(V), P-O-Fe vibrational stretching modes red-shifted
with increasing pH, indicating weaker surface interactions (Figs.
S14b and S15b in Supporting information). On the (102) surface,
bidentate complexes were more stable than monodentate ones un-
der acidic conditions (Fig. 8), in line with earlier studies [76]. The
lower wavenumbers associated with bidentate P-O-Fe vibrations
indicated a symmetry reduction from Cs, to Cy, (Fig. S16b in Sup-
porting information) [7]. At high pH, both surfaces predominantly
formed outer-sphere complexes. Overall, DFT calculations support
the experimental observation that As(V) and P(V) compete for the
same surface sites on «-Fe,03 surfaces. Their adsorption behaviors
are strongly governed by pH-dependent protonation and complex-
ation structures.

The calculated adsorption energies elucidate the selectivity dif-
ferences observed in batch experiments. Across both terminations
of the (001) surface, all As(V) complexes exhibited consistently
lower (more favorable) adsorption energies than their P(V) coun-
terparts (Fig. 7), confirming «-Fe,03’s preferential affinity for As(V)
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across a wide pH range. These results align with DLM-predicted
logk values and previous experimental observations (Table S7)
[47,48,77]. The energy gap was more pronounced for protonated
monodentate complexes compared to their less protonated forms,
suggesting that protonation enhances As(V) selectivity under P-rich
conditions (Fig. 7). A similar trend was observed on the (102) facet
(Fig. 8). Moreover, bidentate complexes displayed a greater adsorp-

tion energy difference than monodentate complexes, suggesting
that bidentate coordination further enhances As(V) selectivity [48].

Bonding analyses further support these energetic trends (Table
1). As(V) inner-sphere complexes consistently exhibited shorter
Fe-O bond lengths and lower integrated crystal orbital Hamilton
population (ICOHP) values than P(V) complexes, highlighting the
stronger affinity of Fe sites for As(V) (Table 1 and Figs. S5-S8 in
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Supporting information) [48,77]. This difference is attributed to
As(V)’s superior -acceptor ability relative to P(V), which enhances
Fe— As back-donation and strengthens the Fe-O-As bond [77]. No-
tably, protonated monodentate As(V) complexes exhibited greater
variations in Fe-O bond lengths and ICOHP values than P(V), high-
lighting protonation’s role in amplifying As(V) selectivity (Table 1
and Figs. S5-S8). Previous studies have shown that the proportion
of protonated inner-sphere complexes increases with surface load-
ing, which, together with our results [47,73], suggests that higher
surface loading further promotes As(V) selectivity. On the (102)
facet, bidentate As(V) complexes displayed markedly shorter Fe-
O bond lengths and more negative ICOHP values than their P(V)
analogs (Table 1 and Figs. S7 and S8) further confirming the role
of bidentate coordination in enhancing selectivity—consistent with
findings on the (110) surface [47]. Together, these results demon-
strate that while competitive P(V) does not completely dominate
adsorption, protonation-driven surface complexation significantly
influences competitive behavior, highlighting the importance of
complexation structure modulation for improved As(V) retention in
P(V)-rich aqueous environments.

Although Fe-0 bond lengths in surface complexes increase with
protonation (Table 1), this trend primarily reflects hydrogen-bond
modulation rather than weaker metal-ligand interactions. At lower
pH, the ligand proton (As(V)/P(V)-OH) in protonated monodentate
complexes acts as a hydrogen bond donor, forming stronger in-
teractions with surface oxygen atoms (O_surf) than those formed
by surface hydroxyl protons donating to ligand oxygen atoms (Ta-
ble S6 in Supporting information). These interactions are evidenced
by shorter hydrogen bond lengths and lower ICOHP values (Ta-
ble S6 and Figs. S9-S12 in Supporting information). Strengthened
hydrogen bonding slightly elongates the Fe-O bond, weakening
the constraint of surface Fe on the As-O bond and resulting in
higher vibrational frequencies—consistent with trends observed in
our frequency calculations (Figs. S14-S16 in Supporting informa-
tion). Under these conditions, apparent adsorption energy becomes
a more appropriate descriptor for selectivity, as it accounts for both
bonding strength and hydrogen-bonding stabilization effects. This
mechanism offers a molecular-level explanation for the preferential
retention of As(V) over P(V) and provides a theoretical foundation
for differentiating As(V) from other competing oxyanions. For in-
stance, nitrate (pK; ~ -1) and sulfate (pK;; ~ -3; pKa, ~ 1.9) pre-
dominantly exist in deprotonated forms at neutral pH [78], func-
tioning predominantly as hydrogen-bond acceptors. In contrast,
As(V)/P(V) form protonated inner-sphere complexes that benefit
from additional hydrogen bonding with the surface, further stabi-
lizing adsorption. These differences suggest that hydrogen bonding
may enhance As(V) selectivity even in multi-ion systems. However,
this study did not experimentally evaluate the competitive effects
of nitrate, sulfate, or other coexisting anions. Future work will sys-
tematically investigate these systems to quantify their interference
and validate the proposed hydrogen-bonding mechanism.

Crystallographic facet dependence also plays a crucial role in
As(V) selectivity. Differences in adsorption energies, Fe-O bond
length, and ICOHP values between As(V) and P(V) monodentate
complexes are more pronounced on the O-terminated (001) sur-
face compared to the Fe-terminated (001) and (102) facets (Figs.
7 and 8 and Table 1). These facet-specific behaviors are primar-
ily governed by differences in surface structure, particularly the
Fe-Fe distance between adjacent hydroxyl groups (Figs. 7 and 8
and Table 1). On the O-terminated (001) surface, the shorter Fe-
Fe spacing (~2.86A) within the =Fe,0H group enables simultane-
ous coordination to two ligand oxygen atoms, promoting selective
As(V) retention [47]. In contrast, the longer Fe-Fe distance (~5.10A)
between adjacent =FeOH groups on the Fe-terminated (001) sur-
face restricts complexation to monodentate configurations, as pre-
viously reported [20]. The (102) facet, with an intermediate Fe-Fe
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distance (~3.27 A) between adjacent =FeOH groups, supports ini-
tial monodentate complex formation and, under low pH or high
ligand concentrations, transformation into deprotonated bidentate
binuclear complexes [34,47,79,80]. This facet-dependent selectivity
is consistent with previous findings for vanadium and chromium
adsorption on «-Fe,03, where bidentate complexes are favored
on facets with Fe-Fe distances ~3.5A, while monodentate com-
plexes dominate when Fe-Fe spacing exceeds ~5.0A [81]. These
insights highlight that tuning surface properties—especially Fe-Fe
site spacing—can serve as a rational design strategy for engineer-
ing high-performance adsorbents to enhance As(V) removal, par-
ticularly under P(V)-rich conditions.

To investigate the pH-dependent adsorption sequences of As(V)
and P(V) on a-Fe,03 surfaces, a 2D-COS analysis was conducted.
The absorption peaks identified by 2D-COS closely matched those
observed in the ATR-FTIR spectra. In the synchronous spectra at pH
5, 7, and 9 (Figs. 93, ¢, and e), a positive correlation between the
As-0 (800-920 cm~!) and P-0O (950-1200 cm~!) regions indicated
that both species exhibited synchronous increases in adsorption in-
tensity under near-neutral conditions.

Asynchronous spectra provided insight into the relative adsorp-
tion kinetics. At pH 5 (Fig. 9b), positive cross-peaks at 838/1108,
838/1036, 879/1036, 879/1108, and 1108/1036cm™!, suggest that
As(V) species (H,AsO,~ and HAsO,2~) adsorbed more rapidly
than P(V) species (H,POs~ and HPO42~), corroborating batch
kinetic experiments. Following Noda’s rule [82], the adsorption
sequences on the «-Fe,03 were determined as: As(V) monoproto-
nated monodentate complexes (879 cm~!) > As(V) deprotonated
monodentate complexes (838 cm~!) > P(V) monoprotonated mon-
odentate complexes (1108 cm~!) > P(V) deprotonated monoden-
tate complexes (1036 cm~!). At pH 7 (Fig. 9d), a similar sequence
emerged: As(V) monoprotonated monodentate complexes (874
cm~!) > As(V) deprotonated monodentate complexes (840 cm~1)
> P(V) deprotonated monodentate complexes (1035 cm~!) >
P(V) monoprotonated monodentate complexes (1111 c¢cm~1). The
earlier formation of P(V) deprotonated monodentate complexes
at this pH likely reflects the decreased availability of H,PO4~
under slightly alkaline conditions. At pH 9, consistent behavior
was observed (Fig. 9f), with positive cross-peaks at 840/1108,
840/1040, 879/1040, 879/1108, and 1040/1108 cm™!, yielding the
sequence: As(V) deprotonated monodentate complexes (840 cm~1)
> As(V) monoprotonated monodentate complexes (879 cm~1!) >
P(V) deprotonated monodentate complexes (1040 cm~!) > P(V)
monoprotonated monodentate complexes (1108 cm~!). This trend
suggests that elevated pH promotes the formation of deprotonated
inner-sphere complexes, consistent with the increased prevalence
of HAsO4~ and HPO4~. Overall, As(V) adsorption occurred faster
than P(V) adsorption across the pH range studied. The adsorption
sequence was clearly modulated by the protonation states of sur-
face complexes, with lowering pH promoting protonated species
and enhancing As(V)'s kinetic selectivity over P(V). These results
support DFT-based predictions and provide mechanistic insight
into the preferential retention of As(V) in P(V)-rich environments.

This study reveals that the competitive adsorption of As(V) and
P(V) on «-Fe,05 is strongly pH-dependent, with As(V) selectivity
reaching a maximum under acidic conditions and declining with
increasing pH. This behavior is governed by protonation-driven
surface complexation, which enhances the stability and selectivity
of As(V) retention through structural transitions from monodentate
to bidentate complexes. The spatial configuration of Fe-Fe sites on
«o-Fe, 05 surfaces further controls complexation modes and selec-
tivity, providing a new molecular basis for material design.

Importantly, these findings offer a practical and low-cost strat-
egy to enhance arsenic removal in P(V)-rich waters—common in
agricultural runoff (pH 6-8), acid mine drainage (pH < 4), and in-
dustrial effluents (pH > 10). By simply adjusting pH and reaction
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Fig. 9. pH-Dependent two-dimensional correlation spectroscopy (2D-COS) analysis of competitive As(V) and P(V) adsorption on «-Fe;03; in a binary system (0.10 mmol/L
As(V) + 0.10 mmol/L P(V)). The left and right panels show the synchronous and asynchronous 2D-COS spectra, respectively. (a, b) pH 5; (c, d) pH 7; and (e, f) pH 9. Panels
(c) and (d) are reproduced from Ref. [47] with permission from Elsevier (Copyright 2025) and are included solely for comparison.

concentration, As(V) selectivity and adsorption kinetics can be sig-
nificantly improved without relying on advanced materials or com-
plex process modifications. The identified protonation-driven inter-
facial mechanism—mediated by hydrogen bonding and site-specific
coordination—provides a clear framework for optimizing arsenic
capture and guiding the design of next-generation adsorbents.

Furthermore, the observed pH-dependent adsorption behav-
ior suggests a potential pathway for regenerating «-Fe,0O5 after
As(V) uptake. While regeneration is feasible, surface degradation
over repeated cycles may gradually reduce capacity. Spent adsor-
bents can be stabilized through solidification, vitrification, or min-
eral transformation to minimize long-term environmental risk. Be-
yond mechanistic insights, this work advances practical remedi-
ation strategies for complex, multi-anion systems, particularly in
resource-limited or rural settings where simplicity, efficiency, and
cost-effectiveness are paramount.
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