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Poorly-crystalline ferrihydrite is ubiquitous in the environment and contributes to controlling the fate of
arsenic in sediments and soils. Although there is evidence that ferrihydrite has a higher affinity towards
As(III) relative to As(V), little is known about how and why As(III) is readily immobilized by ferrihydrite.
In this study, ferrihydrite was employed to evaluate the As(III) and As(V) adsorption behavior. The prop-
erties of ferrihydrite such as morphology, pore size distribution, arsenic adsorption species, and adsorp-
tion energies of arsenic at different sites were carefully examined using TEM-EDS mapping, positron
annihilation lifetime (PAL) spectroscopy, X-ray absorption spectroscopy (XAS), N2 adsorption isotherms,
and theoretical calculations of density function theory (DFT). Batch adsorption experiments revealed that
the maximum adsorption of As(III) (839.7 lmol g�1) on ferrihydrite, fitted by Langmuir model, was con-
siderably larger than that of As(V) (372.4 lmol g�1). PAL characterization and pore size distribution anal-
ysis demonstrated that ferrihydrite had an abundance of vacancy cluster-like micropores, which
consisted of 10–20 atom deficiencies (V10-20). The calculated hydrated ion size of As(III) species
(4.22 Å) at pH 6.0 was smaller than the size of As(V) (5.90 Å). The higher As(III) adsorption to ferrihydrite
was attributed to its surface adsorption sites as well as its abundant micropore adsorption sites, which
are available only to As(III) due to their size matching well with the size of the ferrihydrite micropores,
thus significantly contributing to greater As(III) immobilization.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Iron (Fe)-bearing (oxyhydr)oxides are common constituents of
sediments and soils. Because of their large surface areas, as well
as their high reactivities, iron (oxyhydr)oxides extensively partici-
pate in biogeochemical processes, including adsorption, oxidation,
and reduction of nutrients and toxic metals (Boland et al., 2011;
Bose and Sharma, 2002; Bylaska et al., 2019; Gim et al., 2007;
Weber et al., 2006). There are numerous types of iron (oxyhydr)ox-
ides (e.g., ferrihydrite, goethite, and hematite) in natural environ-
ments (Cornell and Schwertmann, 2003), and their
microstructures are rather different, which enables them to exhibit
unique reactivity (Parkinson, 2016), thereby significantly affecting
the migration and fate of pollutants, especially for the carcinogenic
element arsenic, a metalloid commonly found in polluted ground-
water and soils (Deschamps et al., 2005; Dixit and Hering, 2003;
Fritzsche et al., 2011; Liu et al., 2015; Neumann et al., 2013; Tan
et al., 2022; Zhu et al., 2017).

Ferrihydrite is a poorly nano-crystalline iron oxyhydroxide that
has an important contribution in controlling the fate of arsenic due
to its large adsorption affinity and high abundance (Grafe et al.,
2002; Huang et al., 2011; Jambor and Dutrizac, 1998; Jia et al.,
2006; Zhao et al., 2011). In general, the oxyanions of arsenite [As
(III), e.g., H3AsO3] and arsenate [As(V), e.g., HAsO4

2� and H2AsO4
�]

are the two common inorganic arsenic species in arsenic polluted
groundwater and pore water in the unsaturated zone, although
their potential bioavailability and mobility have significant differ-
ences. Compared to As(V), As(III) is regarded as being more toxic
and having a weaker affinity to iron (oxyhydr)oxides (Gim et al.,
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2007; Guo et al., 2007; Meng et al., 2002; Tang et al., 2011). Some
researchers have therefore suggested oxidation of As(III) coupled
to the adsorption of the formed As(V) to binary metal oxides
(e.g., Fe-Mn) as a possible strategy for efficient removal of As(III)
from groundwater (Chang et al., 2010; Li et al., 2012; Zhang
et al., 2012, 2007a, 2007b; Zheng et al., 2021, 2020). Nevertheless,
other studies have observed a preferred adsorption of As(III), rather
than As(V), on poorly crystalline ferrihydrite surfaces (Adra et al.,
2016; Grafe et al., 2002; Raven et al., 1998; Zheng et al., 2020;
Zhu et al., 2011). For example, Zhang et al. (2014, 2012) examined
the adsorption performance of ferrihydrite for As(III) and As(V)
removal. They found that the maximum adsorption of As(III) on
ferrihydrite was �2 times larger than that of As(V). Qi and
Pichler (2014) also observed that ferrihydrite showed high As(III)
adsorption capacity relative to that of As(V) in a wide pH range
of 4–10. Several efforts have been made to explore the underlying
mechanism of As(III) and As(V) immobilization on ferrihydrite. For
example, structural incorporation of arsenate and formation of
As3+ clusters were shown to contribute to As(III) and As(V) immo-
bilization (Bolanz et al., 2013; Majzlan et al., 2014; Schindler et al.,
2022). The binding energies of different As-Fe inner-sphere surface
complexes were reported to be different for As(III) and As(V) spe-
cies (Dzade and De Leeuw, 2018), i.e., the formation of bidentate
binuclear (BB) corner-sharing As-Fe complexes was more energet-
ically favorable than that of monodentate mononuclear As-Fe com-
plexes for both As(III) and As(V) species. This observation was in
agreement with the results of extended X-ray absorption fine
structure (EXAFS) analysis (Manning et al., 1998; Ona-nguema
et al., 2005; Waychunas et al., 1993). Moreover, surface
protonation-deprotonation processes affected the adsorption ener-
gies of outer- and inner-sphere complexes of As(III) and As(V) spe-
cies on the (110) surface of ferrihydrite (Dzade and De Leeuw,
2018).

Although the structure of ferrihydrite and the adsorption
behavior of arsenic on ferrihydrite have been extensively investi-
gated in the past decades (Adra et al., 2016; Huang et al., 2011;
Jia et al., 2006; Maillot et al., 2011; Michel et al., 2007; Ona-
nguema et al., 2005; Qi and Pichler, 2016; Tobler et al., 2019;
Waychunas et al., 1996; Weatherill et al., 2016; Zhao et al.,
2011), it is still unclear why As(III), rather than As(V), shows a
higher immobilization potential by ferrihydrite. Elucidating the
underlying mechanism of the different affinities of ferrihydrite
towards As(III) and As(V) is very important for understanding the
migration and fate of arsenic in contaminated soils and groundwa-
ters, which also aids in designing high efficient iron oxide adsor-
bents for treating arsenic-contaminated groundwater.

Herein, poorly crystalline ferrihydrite was employed to evaluate
the adsorption capacity for As(III) and As(V) removal. The proper-
ties of ferrihydrite, including morphology, pore size distribution,
and the identity of adsorbed arsenic species and adsorption com-
plexes were carefully examined. Density function theory (DFT) cal-
culation was used to investigate the bond energies of arsenic
adsorbed on different active sites of ferrihydrite. For the first time,
we combined both theoretical and experimental evidence to
demonstrate that the abundant micropore textures in ferrihydrite
play a vital role in increasing As(III) adsorption, which is attributed
to the efficient access to the micropore sites by the oxyanion of As
(III) (e.g., H3AsO3) due to its small size.
2. Experimental section

2.1. Materials

Arsenic trioxide (As2O3) and Na2HAsO4�7H2O were used to pre-
pare As(III) and As(V) stock solutions. 3-Morphonopropanesulfonic
28
acid (MOPS) was used as buffer in the reaction system. All reagents
were of analytical grade and used without further treatment.

2.2. Mineral preparation

Ferrihydrite was synthesized using a precipitation approach
according to previous studies (Schwertmann and Cornell, 2000;
Zhang et al., 2007b). First, a NaOH solution (1 M) was slowly added
into 500 mL of Fe(NO3)3�9H2O (0.1 M) and mixed using a magnetic
stirrer until the solution pH was stable between 7 and 8. After 2 h,
the precipitate was washed several times until the conductivity
was lower than 20 mS cm�1. Finally, the powder was freeze-
dried and stored at 4 �C. Hematite was described to have almost
no micropores (Wang et al., 2013). Manganese oxide was reported
to have strong oxidation capacity toward As(III) (Manning et al.,
2002; Villalobos et al., 2014). In this study, hematite was therefore
used as reference sample to reveal the effect of micropore sites on
arsenic adsorption, and manganese oxide was employed to observe
the transformation of As(III) to As(V) for comparison. Hematite and
Mn oxide samples were prepared according to methods described
in the literature (Hou et al., 2014; Schwertmann and Cornell,
2000). Further details of mineral preparation procedures are pre-
sented in Text S1 (Supplementary Material).

2.3. Mineral characterization

The structure, morphology, micropore distribution, and surface
elemental species of ferrihydrite before and after reaction with
arsenic were analyzed by X-ray diffraction (XRD), scanning elec-
tronic microscopy (SEM), high resolution-transmission electronic
microscopy (HR-TEM) and energy dispersion spectrum (EDS) map-
ping, N2 adsorption/desorption curves, and X-ray photoelectron
spectrometry (XPS). Speciation of arsenic adsorbed on ferrihydrite
was determined using Fourier transform infrared spectroscopy
(FTIR). The micropore size distribution was analyzed using non-
linear density functional theory (NLDFT) model. Detailed charac-
terization procedures are provided in Text S2.

2.4. Positron annihilation lifetime (PAL) spectroscopy

Positron annihilation lifetime (PAL) spectroscopy experiments
to reveal the micropore structure of ferrihydrite and hematite were
carried out at the University of Science and Technology of China.
The experiments were performed at room temperature using a dig-
ital PAL spectrometer (Techno AP, Japan) with a time resolution of
200 ps in FWHM. The prepared sample powder was pressed into
disc-shaped pellets with a diameter of 8 mm and a thickness of
�2 mm. During PAL experiments, the positron source (22NaCl,
around 30 lCi, sealed by two 7.5-lm-thick Kapton foils) was sand-
wiched between two identical pellets. The sample-source-sample
set was fixed in a vacuum chamber (vacuum better than 10�3 Pa)
which was evacuated by a turbo molecular pump. The PAL spectra
were recorded with a total count of 4 million and decomposed
using the LTv9 software.

2.5. X-ray absorption near edge structure analysis

X-ray absorption near edge structure (XANES) measurements at
the As K-edge of the samples were performed at the 1W1B beam
line of the Beijing Synchrotron Radiation Facility (BSRF, China).
To avoid photo-oxidation of As(III) on the ferrihydrite surface, all
the samples to be tested were stored in the dark before collecting
the As K-edge XAS spectra data. As K-edge XAS spectra were col-
lected using fluorescence mode over the energy range of 11660–
12600 eV in air atmosphere at room temperature. The correspond-
ing monochromator energy was calibrated using As(0)
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(E0 = 11867 eV). XAS data analyses were conducted using IFFEFIT
software package.
2.6. Arsenic adsorption on ferrihydrite

Arsenic adsorption experiments were carried out on a thermo-
static shaker with a velocity of 200 rpm at 25 �C. To avoid photo-
oxidation of As(III) on ferrihydrite surfaces, all batch experiments
were performed in the dark. 3-morpholinopropanesulfonic acid
(MOPS, 5 mM) and NaNO3 were used to adjust the solution pH
and ionic strength to 6.0 and 0.1 M, respectively. Typically, ferrihy-
drite (0.01 g) was added into 100 mL arsenic solution in a 150 mL
Erlenmeyer flask. Initial arsenic concentrations ranged from 26.67
to 160 lM. After 24 h, the suspensions were filtered through a
0.22 lm membrane filter, and the supernatants were collected to
detect residual arsenic concentrations. Actual arsenic-polluted
groundwater has a wide range of As(III) and As(V) ratios. Hence,
further experiments were conducted to examine the adsorption
capacities of ferrihydrite for arsenic removal by setting As(III)/As
(V) molar ratios to 9/1, 7/3, 5/5, 3/7, and 1/9, respectively. The
experimental procedures remained the same as above batch exper-
iments for single As(III) or As(V) adsorption, except for fixing each
arsenic concentrations to the targeted As(III)/As(V) molar ratios. To
investigate the arsenic adsorption on ferrihydrite at different pH,
the pH values of arsenic solution were adjusted using MOPS buffer
to pH values of 4.0, 6.0, 8.0, and 10.0, respectively. Three mixed
arsenic solutions with As(III)/As(V) molar ratios of 10/0, 5/5, and
0/10 were selected. Initial total arsenic concentration for the three
solutions was fixed as 133.3 lM, and ferrihydrite dosage was 0.1 g
L�1. Moreover, As(III) and As(V) adsorption kinetic behaviors on
ferrihydrite samples were evaluated at pH 6.0 with an ionic
strength of 0.1 M. The initial ferrihydrite dosage and arsenic con-
centration were set as 0.1 g L�1 and 133.3 lM, respectively. First,
ferrihydrite (0.2 g) was added to a 2 L arsenic solution
(133.3 lM). At each given interval, 10 mL suspensions were with-
drawn and filtered through a 0.22 lm membrane filter. Super-
natants were collected for quantification of As concentrations
and speciation. All experiments were carried out in triplicates.
2.7. Arsenic desorption experiment

Prior to the desorption experiment, As(III) and As(V) solutions
(100 mL) with different initial concentrations ranging from 26.7
to 400.3 lM were used to react with ferrihydrite (0.1 g L�1) on a
thermostatic shaker with a velocity of 200 rpm at 25 �C. After
24 h, the solids and supernatants were quickly separated through
a 0.22 lm membrane filter. Supernatants were collected to mea-
sure arsenic concentrations for calculating the amount of arsenic
adsorbed on ferrihydrite. The obtained solids were washed several
times to remove arsenic species that were loosely associated with
the ferrihydrite surface. As phosphate strongly competes with
arsenic for sorption on ferrihydrite (Zhu et al., 2011), a Na3PO4

solution was used in this study as an eluent. First, the obtained
solids were added into 100 mL of Na3PO4 solution (183 lmol
PO4

3� L�1) in a 150 mL flask, which was subsequently placed on a
thermostatic shaker with a velocity of 200 rpm at 25 �C. After
24 h, the arsenic concentration in solution remained constant, indi-
cating that the arsenic adsorption-desorption reached equilibrium.
The suspensions were subsequently filtered through a 0.22 lm
membrane filter, and the supernatants were collected for testing
the arsenic concentration. For comparison, an As desorption exper-
iment was also conducted with hematite following the experimen-
tal procedure above. Considering that the hematite sample has a
relatively low specific surface area (38.9 m2 g�1) compared to that
of ferrihydrite (223.6 m2 g�1), the initial dosage concentration of
29
hematite used in this study was 0.57 g L�1 to obtain a similar total
surface area.

2.8. Arsenic detection

Total As (As(T)) in solution was quantified on an AFS-9700
atomic fluorescence spectrometry (AFS, Beijing Haiguang Instru-
ments Co., China) following a previous report (Hong et al., 2018).
L-ascorbic acid and thiourea were used as reductants to transform
As(V) to As(III). A solution of 5% HCl-2% KBH4 was used as carrying
fluid for determining As(T) (Liu et al., 2019). The As(III) and As(V)
speciation in solution were quantitatively analyzed by high-
performance liquid chromatography coupled with atomic fluores-
cence spectrometry atomic fluorescence spectrometry (HPLC-
AFS). The experimental conditions were described as follows. The
As(III) and As(V) species were separated using a Hamilton PRP-
X100 anion exchange column. 15 mmol L�1 phosphate buffer solu-
tion ((NH4)2HPO4) at pH 6.0 was prepared as mobile phase. The
reductant solution was prepared by dissolving 10.0 g KBH4 and
1.75 g KOH in 500 mL deionized water. The detection limitation
of AFS for As(T) and HPLC-AFS for As(III) and As(V) speciation
was 5 lg L�1.

2.9. DFT calculation

Arsenic adsorption on ferrihydrite was investigated using the
plane wave based periodic DFT method as implemented in the
Vienna Ab Initio Simulation Package (VASP). As ferrihydrite con-
tains tetrahedrally and octahedrally coordinated Fe, a (001) ferri-
hydrite surface was therefore modeled to expose two active sites
for As adsorption. The structural parameters of ferrihydrite were
used according to the structural model proposed by Michel et al.
(2007). H3AsO3 and H2AsO4

� species were used for the calculations,
because they are the predominant As(III) and As(V) species in the
pH range from 3 to 7. The electron-ion interaction was described
with the projector augmented wave (PAW) method (Blöchl,
1994; Kresse and Joubert, 1999). The electron exchange and corre-
lation energies were treated within the generalized gradient
approximation in the Perdew- Burke-Ernzerhof function (GGA-
PBE) (Perdew et al., 1996). The plane wave basis was set to
520 eV. A 1 � 1 � 1 Gamma centered grid was used as Brillion zone
K-point sampling for the structural calculations. The energy and
force criterion for convergence of the electron density were set
as 10�6 eV and 0.02 eV Å�1, respectively.
3. Results

3.1. Arsenic adsorption on ferrihydrite

As shown in the adsorption isotherms in Fig. 1, ferrihydrite
exhibited different adsorption capacities towards As(III) and As
(V). The maximum As(III) adsorption capacity of ferrihydrite, fitted
by the Langmuir model, was 973.2 lmol g�1, which was consider-
ably higher than that of As(V) (372.4 lmol g�1) (Fig. 1a and
Table S1) (Supplementary Material). Considering that the empirical
Freundlich model doesn’t constrain the sorption to monolayer
adsorption sites compared to the Langmuir model, the As(III) and
As(V) adsorption capacities of ferrihydrite were further evaluated
by fitting isotherm adsorption curves using the Freundlich model
(Fig. 1b). We found that the As(III) adsorption capacity
(861.6 lmol g�1) of ferrihydrite, obtained from the Freundlich
model, was still larger than that of As(V) (349.7 lmol g�1) when
the equilibrium concentration of solution arsenic was �70 lmol
L�1 (Fig. 1b). Moreover, the isotherm adsorption of ferrihydrite
for mixed As(III) and As(V) solutions with As(III)/As(V) molar ratios



Fig. 1. Arsenic adsorption isotherms curves fitted by Langmuir (a) and Freundlich (b) models at different As(III)/As(V) molar ratios. The total arsenic adsorption capacities of
ferrihydrite at different pH values under the initial As(III)/As(V) molar ratios of 10/0, 5/5, and 0/10, respectively (c): Initial total arsenic concentration was 133 lM and
ferrihydrite concentration was 0.1 g L�1.
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of 1/9, 3/7, 5/5, 7/3, and 9/1 were also investigated (Fig. 1a and b).
The corresponding results fitted by Langmuir and Freundlich mod-
els are listed in Table S1. The data reveals that increasing initial As
(III)/As(V) molar ratios led to a considerable increase in maximum
arsenic adsorption on ferrihydrite. When the As(III)/As(V) molar
ratio increased from 0/10 to 1/9, 3/7, 5/5, 7/3, and 9/1, the maxi-
mum arsenic adsorption on ferrihydrite, fitted by Langmuir model
increased from 372.4 to 466.3, 587.3, 753.3, 838.5, and
839.7 lmol g�1, respectively (Table S1).

To explore the evolution of arsenic adsorption on ferrihydrite as
a function of pH, the arsenic adsorption capacities of ferrihydrite at
pH values of 4.0, 6.0, 8.0, and 10.0 were evaluated. As shown in
Fig. 1c, an increasing pH had a negative effect on the arsenic
adsorption on ferrihydrite, i.e., the total amount of arsenic
adsorbed to ferrihydrite decreased with increasing solution pH
from 4.0 to 10.0. Remarkably, the total amount of arsenic adsorbed
to ferrihydrite with As(III)/As(V) molar ratios of 10/0 was always
larger than in solutions with As(III)/As(V) molar ratios of 5/5 and
0/10 at pH values of acidic (e.g., pH 4), near neutral (e.g., pH 6
and 8), and alkaline (e.g., pH 10) conditions. These results indicated
that arsenic speciation had a significant effect on the total amount
of adsorbed arsenic on ferrihydrite at the same pH, and the higher
the fraction of initial As(III) species was in solution, the higher the
total amount of arsenic adsorbed on ferrihydrite.
3.2. The distribution of arsenic species in solution and solid

The speciation of dissolved arsenic species was examined after
ferrihydrite reacted with different arsenic solutions with As(III)/As
(V) molar ratios ranging from 0/10 to 1/9, 3/7, 5/5, 7/3, 9/1, and
10/0, respectively. As shown in Fig. 2a, after ferrihydrite reacted
with single As(III) (As(III)/As(V) molar ratio of 10/0) at pH 6.0,
30
the arsenic in solution occurred only as As(III) species and no As
(V) was detected. The oxidation state of arsenic adsorbed on ferri-
hydrite after reaction with single As(III) was also investigated
using As K-edge XANES spectroscopy (Fig. 2b). As2O3 and Na3AsO4

powders were used as standard reference samples. After reaction
with As(III), the As K-edge XANES spectra for the reference man-
ganese oxide sample showed a strong peak at �11874.0 eV, which
was similar to those with Na3AsO4, suggesting that As(III) was
completely oxidized to As(V) by the Mn oxide, a strong oxidant
commonly found in natural environments (Gude et al., 2017;
Hou et al., 2018, 2017, 2016; Manning et al., 2002; Villalobos
et al., 2014). In contrast, a strong peak in the K-edge XANES pattern
was observed at �11871.3 eV in the setup in which As(III) inter-
acted with ferrihydrite, which was assigned to As(III) species, as
evidenced by the As K-edge XANES patterns from the As2O3 refer-
ence sample. Moreover, As(III) and As(V) species were observed to
coexist in the mixed As(III) and As(V) solutions (Fig. 2a). The resid-
ual As(III) concentration in the mixed arsenic solutions with initial
As(III)/As(V) molar ratios of 1/9, 3/7, 5/5, 7/3, and 9/1 increased
from 2.6 to 6.5, 16.3, 24.6, 42.1, and 49.3 lmol L�1, respectively,
while that for As(V) concentration decreased from 92.0 to 61.1,
55.3, 32.9, and 11.9 lmol L�1, respectively.

The effect of pH on the distribution of arsenic species in solution
was investigated after ferrihydrite reacted with three arsenic solu-
tions of initial As(III)/As(V) molar ratios of 10/0, 5/5, 0/10, respec-
tively (Fig. S1) (Supplementary Material). For single As(III) and As
(V), the predominant arsenic species in solution were As(III) and
As(V) at any given pH values, respectively. For the mixed arsenic
solutions with an initial As(III)/As(V) molar ratio of 5/5, the resid-
ual As(III) concentrations at pH 4.0, 6.0, 8.0, and 10.0 were 16.5,
16.3, 12.3, and 19.5 lmol L�1, respectively, while the concentra-
tions for As(V) were 54.4, 55.3, 60.8, and 65.2 lmol L�1,
respectively.



Fig. 2. The distribution of solution arsenic species after ferrihydrite reacted with arsenic solutions of As(III)/As(V) molar ratios of 0/10, 1/0, 3/7, 5/5, 7/3, 9/1, and 10/0 at pH
6.0 (a): Initial total arsenic concentration was 133 lM and ferrihydrite concentration was 0.1 g L�1. Normalized As K-edge XANES in As(III) adsorbed and reference samples
(b).
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3.3. Structural evolution of ferrihydrite after reaction with arsenic

XRD patterns of the as-synthesized ferrihydrite exhibited two
broad peaks at �34.4� and �62.1�, which indicated the presence
of 2-line ferrihydrite (Fig. S2a). The Rietveld refinement result of
XRD data revealed a particle size of 1.68 ± 0.20 nm (Fig. S3), which
was close to that reported previously (Wang et al., 2016). After
reaction with single As(III) and As(V), the peak position and inten-
sity of the XRD patterns in ferrihydrite remained approximately
the same compared to that of fresh ferrihydrite (Fig. S2a). No
new mineral phases (e.g., ferric arsenate and scorodite) were
observed in the XRD patterns. Fig. S2b illustrates the Raman spec-
tra of ferrihydrite after reaction with As(III) and As(V). As shown in
Fig. S2b, a strong band at �710 cm�1 and two relatively weak
bands at �370 and �510 cm�1 were observed in the fresh ferrihy-
drite and could be attributed to the characteristic peaks of ferrihy-
drite (Das and Hendry, 2011; Hanesch, 2009). After reaction with
arsenic, these three characteristic peaks still appeared in the
reacted ferrihydrite. Remarkably, a relatively weak peak at
�840 cm�1 was also observed in the ferrihydrite sample after reac-
tion with As(V), as observed previously already (Das and Hendry,
2011; Jia et al., 2006; Muller et al., 2010). Muller et al. (2010)
employed Raman spectroscopy and observed a distinct band at
�840 cm�1 on ferrihydrite after reaction with arsenate. Moreover,
Jia et al. (2007) observed a peak at �845 cm�1 that occurred in the
Raman spectrum of the arsenate-ferrihydrite sorption product at
pH 8. They attributed this new peak at �845 cm�1 to the AsAO
stretching vibration of the bidentate-complexed arsenate on ferri-
hydrite surface. Moreover, two relatively weak peaks at �610 and
�840 cm�1 appeared in the ferrihydrite sample after reaction with
As(III) and were attributed to the AsAO vibration mode of As(III)
species adsorbed on the ferrihydrite surface (Muller et al., 2010;
Sudhakar et al., 2018).

The FTIR spectra profiles of ferrihydrite before and after reac-
tion with arsenic are shown in Fig. S4. After reaction of ferrihydrite
with arsenic, some new characteristic IR peaks appeared in the
range of 700–1000 cm�1, which were attributed before to the char-
acteristic peaks of AsAO bond vibrations (Bhandari et al., 2011;
Guan et al., 2008; Gupta et al., 2009; Jia et al., 2007; Li et al.,
2020). Two IR characteristic peaks at �791 and �882 cm�1 were
observed in ferrihydrite after reaction with As(III), which were
attributed to the vibrations of As(III)AO in the„(FeO)As(III) (mon-
odentate) and „(FeO)2AsO (bidentate) complexes, respectively (Li
et al., 2020). In addition, two IR characteristic peaks at �809 and
�873 cm�1 could be observed in ferrihydrite after reaction with
As(V). These two peaks were assigned to the vibrations of As(V)A
31
O in the monodentate complex of „(FeO)AsO3 and bidentate com-
plex of „(FeO)2AsO2, respectively (Guan et al., 2008; Gupta et al.,
2009; Li et al., 2020). The specific surface area (SSA) of ferrihydrite,
obtained from the Brunauer-Emmett-Teller (BET) model, was 223.
6 ± 3.0 m2 g�1, which was close to the corresponding value
reported in previous studies (Eusterhues et al., 2008; Lan et al.,
2018; Zhu et al., 2011). After reaction with single As(III) and As
(V), the SSA of ferrihydrite changed from 223.6 ± 3.0 to
245.1 ± 7.4 and 219.5 ± 7.4 m2 g�1, respectively.
3.4. Evolution of the ferrihydrite morphology after reaction with
arsenic

Fig. 3 shows the ferrihydrite morphology before and after reac-
tion with As(V) and As(III). SEM and TEM images revealed that
fresh ferrihydrite exhibited an irregular mass morphology contain-
ing aggregates of many small particles (Fig. 3a and b). After reac-
tion with As(V) and As(III) solutions, ferrihydrite still maintained
an irregular morphology consisting of many small particles
(Fig. 3e, f, i, and j). Remarkably, the dispersion of ferrihydrite
nano-crystallites before and after reaction with arsenic was too
poor to readily observe single nanoparticles. This phenomenon
was also observed in previous work (Janney et al., 2000; Wang
et al., 2016). The size of ferrihydrite nano-crystallites before and
after reaction with arsenic, estimated by HRTEM images (Fig. 3c,
g, and k, selected particle in red circles), ranged from 2 to 6 nm,
which is in agreement with previous studies (Villacís-garcía
et al., 2015; Weatherill et al., 2016). The selected-area electron
diffraction (SAED) patterns of fresh ferrihydrite exhibited two
broad rings with the d values of 0.25 and 0.15 nm, respectively
(Fig. 3d), corresponding to 2-L ferrihydrite (Janney et al., 2000).
After reaction with As(V) and As(III), the SAED patterns of ferrihy-
drite showed no obvious changes compared to that of fresh ferrihy-
drite, and no new rings corresponding to new phases such as
scorodite or the product of arsenic polymerization (AsOx) were
observed (Fig. 3f and l).

EDS-mapping analysis showed that arsenic species were evenly
distributed on the surface of the ferrihydrite (Fig. S5). Interestingly,
after carefully examining the As/Fe molar ratio in the reacted ferri-
hydrite, we observed that the As/Fe molar ratio in ferrihydrite after
reaction with As(III) (0.087) was higher than the ratio after reac-
tion with As(V) (0.064) under the same experimental conditions
(Fig. S5). This revealed that the total arsenic content adsorbed to
ferrihydrite after reaction with As(III) was higher than that after
reaction with As(V).



Fig. 3. SEM, TEM, HRTEM images, and SAED patterns of ferrihydrite samples before (a, b, c, and d) and after reaction with single As(V) (e, f, g, and h) and As(III) (i, j, k, and l)
solutions. Initial total arsenic concentration was 133 lM and ferrihydrite concentration was 0.1 g L�1.
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3.5. Pore distribution analysis

The pore size distribution of ferrihydrite was characterized
using N2 adsorption and desorption isotherms. As shown in
Fig. 4a, N2 adsorption on ferrihydrite showed a rapid increase at
relatively low pressures (P/P0 < 0.01). This result indicated that fer-
rihydrite possessed a well-developed micropore structure (<2 nm).
In contrast, hematite had an extremely low N2 adsorption volume
at relatively low pressures (P/P0 < 0.01), suggesting that there were
only very fewmicropores in the hematite precipitate. To accurately
obtain the information on the size of the micropores, non-linear
density functional theory (NLDFT) model (Cracknell et al., 1995;
Suresh et al., 2019) was employed to describe the pore size distri-
bution of ferrihydrite and hematite calculated from the adsorption
isotherms. As shown in Fig. 4b, ferrihydrite exhibited a trimodal
pore distribution with three narrow peaks at �6.6, �12.8, and
Fig. 4. N2 adsorption/desorption isotherms, pore-size distribution, and pore-volume of
were calculated from the adsorption isotherms using the non-linear density functional
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�23.0 Å. However, the pore size distributions of hematite mainly
occurred at �28.9, �74.0, and �221.7 Å, which were obviously lar-
ger than those of ferrihydrite.

Positron annihilation lifetime (PAL) spectroscopy is an extre-
mely sensitive tool for detecting porous and/or vacancy structures
of minerals (Gidley et al., 2006). In this study, PAL experiments
were conducted for further illustrating the micropore structure of
ferrihydrite. Fig. 5 shows the peak-normalized PAL spectra of ferri-
hydrite and hematite samples. We observed that there was a long
lifetime in the PAL spectrum of hematite compared to that of ferri-
hydrite. This result indicated that ferrihydrite had a different sur-
face pore structure than hematite. Based on previous studies, the
PAL spectra were well decomposed into three distinct components,
i.e., s1, s2, and s3 (Table 1). The shortest lifetime component (s1,
209–222 ps) was assigned to the positron annihilation in the
defect-free bulk regions and tiny vacancies (Dutta et al., 2006;
ferrihydrite (a, b) and hematite (c, d). The pore-size distribution and pore-volume
theory (NLDFT) method.



Fig. 5. Positron annihilation lifetime spectra of ferrihydrite (a) and hematite (b)
samples.
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Kong et al., 2011; Liu et al., 2009). The medium lifetime component
(s2, 362–405 ps) could be attributed to the positron annihilation in
large size defects, such as vacancy clusters in materials (Liu et al.,
2009). The vacancy clusters usually consisted of several atom defi-
ciencies (sometimes more than 10 atom deficiencies), and the
longer the lifetime of s2, the larger the size of vacancy clusters.
According to previous work (Nagai et al., 2003), the s2 lifetime at
350–400 ps corresponded to 10–20 atom vacancy clusters (V10-

20), which were large enough to form micropore-like structures
in the ferrihydrite. The longest lifetime component (s3, longer than
1 ns) corresponded to the pick-off annihilation of ortho-
positronium (o-Ps) inside large voids (unoccupied space among
nanograins) in the mineral materials (Dutta et al., 2006; Liu
et al., 2009). From this analysis it can be concluded that vacancy
clusters as well as large voids were the two main sources that con-
tributed to the micropore structure of ferrihydrite. Therefore, the
s2 and s3 components and their corresponding intensity (I2 and
I3) could be used to reveal their relative contributions to the micro-
Table 1
Position lifetime parameters of ferrihydrite and hematite samples.

Sample s1 (ps) s2 (ps) s

Ferrihydrite 209.0 362.5 1
Hematite 222.4 404.8

Fig. 6. Kinetics of As(III) and As(V) adsorption on ferrihydrite at pH 6.0 under room tem
second-order models and (b) by the intraparticle diffusion model, respectively. Initial A
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pores. As shown in Table 1, the I2 in ferrihydrite was as high as
96.3%, which was much higher than I3 (0.2%) in ferrihydrite. The
mean void radius (R) of ferrihydrite and hematite were calculated
according to the semi-empirical equation (Eq. (1)) using the ortho-
positronium (o-Ps) lifetime (s3) (Zhang et al., 2010).

s3 ¼ 1
2
½1� R

Rþ DR
þ 1
2p

sinð 2pR
Rþ DR

Þ�
�1

ð1Þ

where 4R was the fitted empirical electron layer thickness
(0.1656 nm). The calculated mean void radius (R) of ferrihydrite
and hematite was 0.7934 and 0.3720 nm, respectively. As the
molecular kinetic diameter of N2 was 0.362 nm, the characteriza-
tion of N2 adsorption and desorption isotherms also could detect
the large voids in the minerals.

3.6. Arsenic adsorption kinetics on ferrihydrite

Fig. 6 shows the evolution of the amount of arsenic adsorbed on
ferrihydrite as a function of reaction time. As(III) adsorption on fer-
rihydrite was relatively fast within the initial �5 h, while As(V)
adsorption was fast within the initial first hour. To explain the pro-
cess and mechanism of As(III) and As(V) adsorption on ferrihydrite,
pseudo-first order and pseudo-second order models were
employed to fit their corresponding adsorption kinetic data. The
equations of these models are shown in Eqs. (2) and (3), respec-
tively (Simonin, 2016; Revellame et al., 2020).

Qt ¼ Qeð1� e�k1tÞ ð2Þ

Qt ¼
Qe

2k2t
1þ Qek2t

ð3Þ

where Qe and Qt (lmol g�1) were the amount of arsenic adsorbed on
ferrihydrite at equilibrium and at a given time t (h), respectively. k1
(h�1) and k2 (g lmol�1h�1) were the pseudo-first order and pseudo-
second order rate constants, respectively.

The fitting results of As(III) and As(V) adsorption kinetics data
using the pseudo-first order and pseudo-second-order models are
shown in Fig. 6a, and the relevant parameters obtained are listed
3 (ns) I1 (%) I2 (%) I3 (%)

4.10 3. 5 96.3 0.2
3.08 58.1 39.1 2.8

perature. As(III) and As(V) kinetic data fitted (a) by pseudo-first-order and pseudo-
s concentration was 133 lM and ferrihydrite concentration was 0.1 g L�1.
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in Table S2. As shown in Table S2, the coefficient values of determi-
nation (R2) for the pseudo-first order model was slightly higher
than that for the pseudo-second order model, suggesting that the
pseudo-second order model was more suitable for fitting the As
(III) and As(V) adsorption kinetics than the pseudo-second order
model. As the intraparticle diffusion model considered adsorption
processes containing a series of distinct steps, such as film diffu-
sion (external diffusion) and pore diffusion (Maliyekkal et al.,
2009), the adsorption kinetic data of As(III) and As(V) were also fit-
ted using the intraparticle diffusion model. The equation of the
intraparticle diffusion model is described in Eq. (4) (Tan and
Hameed, 2017; Valderrama et al., 2008).

Qt ¼ kpt0:5 þ C ð4Þ

where kp was the intraparticle diffusion rate constant (lmol g�1

h�1/2), and C (lmol g�1) was a constant indicating the thickness
of the boundary layer.

Fig. 6b shows the intraparticle diffusion plot of Qt versus t1/2 for
As(III) and As(V) adsorption on ferrihydrite, respectively. The cor-
responding kinetic parameters are listed in Table S3. Obviously,
the plot for As(III) adsorption on ferrihydrite over the entire reac-
tion was not linear, but could be divided into two linear sections.
In general, the complete processes of adsorption comprise three
steps (Ho et al., 2000; Tan and Hameed, 2017). The first step is
the transport of the adsorptive from the bulk aqueous phase to
the external surface of the adsorbent (external diffusion). The sec-
ond step is the diffusion of the adsorptive from the external surface
into the pore structure of the adsorbent (pore diffusion), while the
third step is attributed to the surface reaction between the adsorp-
tive and internal surface sites of the sorbent. The third step is very
fast compared to the first and second steps, which therefore is not
considered to be a rate-controlling step during the adsorption pro-
cesses (Tan and Hameed, 2017). According to the analysis above,
the first and second linear sections of the As(III) adsorption process
were attributed to the external diffusion and pore diffusion,
respectively. The fitted slope for As(III) at the first and second lin-
ear sections were 182.9 and 92.8 lmol g�1 h�1/2, respectively.
Moreover, we found that the fitted slope for As(V) adsorption at
the first linear section (76.4 lmol g�1 h�1/2) was very close to that
at the second linear section (76.6 lmol g�1 h�1/2). This result indi-
cated that As(V) had obviously different adsorption behavior on
ferrihydrite compared to As(III).
4. Discussion

4.1. Adsorption versus surface precipitation, incorporation, and
polymerization

Adsorption is a common process for As(III) and As(V) immobi-
lization by iron (oxyhydr)oxides (Manning et al., 1998; Ona-
nguema et al., 2005; Raven et al., 1998; Waychunas et al., 1993).
However, surface precipitation (Jia et al., 2006; Jiang et al., 2015),
structural incorporation (Bolanz et al., 2013), and polymerization
(Majzlan et al., 2014; Schindler et al., 2022) of arsenic were also
observed to contribute to the immobilization of As(III) and As(V)
under certain conditions. For example, Jia et al. (2006) provided
experimental evidence for the occurrence of surface precipitation
of arsenate on ferrihydrite at acidic pH of 3–5 a ratio of As/Fe of
�0.125–0.49 and a dissolved arsenic equilibrium concentration of
<0.02–440 mg/L. This result suggested that the relatively low pH
and high ratio of As/Fe were the two key factors inducing the sur-
face precipitation of arsenate. Remarkably, in our study the As/Fe
molar ratios in ferrihydrite after reaction with As(III) (0.087) and
As(V) (0.064), determined by EDS analysis, were obviously lower
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than the required minimum As/Fe molar ratio (0.125) for surface
precipitation on ferrihydrite (Fig. S5). In addition, the set solution
pH for isotherm adsorption experiments in this study was close
to neutral (pH 6.0). This may be the reason why we did not observe
the formation of a ferric arsenate precipitate, as evidenced by the
characterization analysis of XRD, HRTEM, and SAED (Figs. S1 and
3). In addition to this example of As surface precipitation, Bolanz
et al. found that As5+ could enter the structure of an iron oxide,
in this case hematite. However, the structural incorporation of
As5+ into the iron oxide took place at high temperature (200 �C)
within 7 days with an initial As2O5/Fe(NO3)3 reactant molar ratio
of 0.5 (Bolanz et al., 2013). Because our experiments were per-
formed at ambient temperature, As3+ or As5+ species did not enter
into the structure of ferrihydrite - also since all adsorption exper-
iments in this study were carried out at an initial As/Fe molar ratio
far lower than 0.5. Formation of polymerized (AsOx) polyhedra was
also reported to occur in soil and sediment environments (Majzlan
et al., 2014; Schindler et al., 2022). For example, Schindler and co-
authors employed transmission electron microscopy (TEM) and
atom probe tomography (APT) techniques to observe the polymer-
ization of As3+ (AsOx) in areas of the ferrihydrite grain where As
was enriched (Schindler et al., 2022). Majzlan et al. (2014) used
EXAFS analysis to demonstrate arsenic polymerization in extre-
mely arsenic-rich acid mine wastewaters with As concentrations
of up to 80,000–130,000 mg L�1 and a pH value close to 0. These
results suggested that formation of polymerized As3+ polyhedra
need extreme conditions such as strong acid and high arsenic con-
centration. In our study, polymerized As3+ polyhedra such as
arsenolite (As2O3) did consequently not occur in the ferrihydrite
sample after reaction with As(III), as evidenced by the SAED anal-
ysis. Moreover, we also observed that the FTIR spectrum of As2O3

is different from that of As(III) adsorbed on ferrihydrite (Figs. S4
and S6). This suggests that the formation of polymerized As3+ poly-
hedra was not responsible for promoting As(III) immobilization by
ferrihydrite.

4.2. Effect of specific surface area, phase structure, and particle size

The specific surface area (SSA) is an essential parameter deter-
mining the extent of arsenic adsorption on iron (oxyhydr)oxides. In
this study, compared to fresh ferrihydrite, the surface area of sam-
ples after reaction with As(III) increased by �9.6%, while that with
As(V) decreased by �1.6%. To illustrate whether the higher As(III)
adsorption on ferrihydrite was attributed to the change of SSA,
the maximum amounts of arsenic adsorbed on ferrihydrite per unit
surface area at pH 6.0 for single As(III) and As(V) immobilization
were calculated. The calculated maximum adsorption amounts
on ferrihydrite per unit surface area for single As(III) was
3.7 lmol m�2, which was still higher than that for single As(V)
(1.7 lmol m�2), suggesting the surface areas was not the key factor
controlling the arsenic adsorption performance of ferrihydrite.

The type of iron (oxyhydr)oxides also affects the arsenic adsorp-
tion (Farquhar et al., 2002; Gim et al., 2007). Previous studies
showed that the transformation rate of ferrihydrite to well-
crystalline iron (oxyhydr)oxides was controlled by pH and temper-
ature (Das et al., 2011b). XRD and Raman analysis revealed that the
structure of ferrihydrite after reaction with As(III) and As(V)
remained stable, and no new mineral phases such as hematite or
goethite were generated. This observation also was supported by
SAED analysis, i.e., new diffraction rings corresponding to hematite
or goethite in our ferrihydrite sample after reaction with As(III) and
As(V) did not appear. Therefore, our observations could be
explained as follows. The rates of ferrihydrite transformation to
more crystalline minerals ranged from 2.05 � 10�5 to
7.37 � 10�5 h�1 at pH 2–7 in pure suspension systems (Das
et al., 2011b), suggesting that the kinetic rates of crystallization



Fig. 7. Constructed supercell of ferrihydrite for As(III) (left) (a, c) and As(V) (right)
(b, d) adsorption at octahedral and tetrahedral sites, respectively: red for oxygen,
white for hydrogen, green for arsenic, and grey for iron. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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of ferrihydrite are very slow. Moreover, the adsorbed arsenic could
even have retarded the dissolution and/or transformation of ferri-
hydrite (Das et al., 2011a). Therefore, the transformation of ferrihy-
drite was too slow to affect the As(III) and As(V) immobilization in
this study. The particle size was also found to influence the inter-
facial reactivity of ferrihydrite (Wang et al., 2016). However,
HRTEM images revealed that the morphology and particle size of
ferrihydrite did not change after reaction with As(III) and As(V)
compared to that of fresh ferrihydrite. Therefore, changes of mor-
phology and/or particle size could be ruled out as main contribu-
tors to the high As(III) immobilization.

4.3. Effect of arsenic species on As(III) immobilization

Arsenic species analysis showed that As(III) and As(V) were the
predominant arsenic species in solution after ferrihydrite reacted
with As(III) and As(V), respectively (Fig. 2a). Moreover, XANES
analysis revealed that the adsorbed arsenic species on the ferrihy-
drite after reaction with As(III) mainly existed in the form of As(III),
rather than As(V) (Fig. 2b). This result combined with solution
arsenic species analysis confirmed that ferrihydrite did not oxidize
As(III) to As(V). These observations undoubtedly ruled out the pos-
sibility that a change of As(III) species contributed to the relatively
large As(III) adsorption on ferrihydrite. The residual As(III)/As(V)
molar ratios in the mixed As(III) and As(V) solutions were also
carefully examined. Interestingly, the calculated residual As(III)/
As(V) molar ratios in the mixed arsenic solutions with initial As
(III)/As(V) molar ratios of 1/9, 3/7, 5/5, 7/3, and 9/1 were 0.028,
0.11, 0.29, 0.75, 3.54, respectively, which were obviously lower
than their corresponding initial As(III)/As(V) molar ratios, suggest-
ing that ferrihydrite was more prone to adsorb As(III) in the mixed
arsenic solution at pH 6.0. We also calculated the residual As(III)/As
(V) molar ratios in the 5/5 As(III) and As(V) mixed solution at pH
4.0, 6.0, 8.0, and 10.0. The residual As(III)/As(V) molar ratio in the
5/5 As(III) and As(V) mixed solution at pH 4.0 (0.32), 6.0 (0.29),
8.0 (0.28), and 10.0 (0.32) were lower than the initial As(III)/As
(V) molar ratio of 5/5. This result further demonstrated that As
(III) preferably adsorbed on ferrihydrite compared to As(V) at a
pH range of 4–10.

4.4. Adsorption reaction energies of arsenic on ferrihydrite surface

The ferrihydrite structure was found to consist of tetrahedrally
and octahedrally coordinated iron atoms (Michel et al., 2007),
while the tetrahedrally coordinated iron atom sites in ferrihydrite
are commonly unstable (Maillot et al., 2011), which made it hard
to experimentally observe the adsorption behavior of arsenic to
the tetrahedrally coordinated iron atom sites. However, DFT calcu-
lation is an available approach to theoretically investigating the
difference in arsenic adsorption on the tetrahedrally and octahe-
drally coordinated iron atom sites. We therefore employed DFT cal-
culations to investigate the adsorption reaction energies of As(III)
and As(V) at different Fe sites of ferrihydrite to illustrate whether
As(III) and As(V) species have different adsorption behaviors on
the tetrahedral and octahedral Fe sites. FTIR analysis revealed that
monodentate and bidentate complexes simultaneously existed in
ferrihydrite after reaction with As(III) and As(V) (Fig. S4). We calcu-
lated a bidentate adsorption model because the configuration of
bidentate complexes was reported to be more stable than that of
monodentate complexes (Adra et al., 2016). Fig. 7 and S7 illustrate
the two adsorption sites for arsenic adsorption on the supercell of
ferrihydrite. The calculation formula for adsorption reaction energy
(Eads) was described as follows:

Eads ¼ Eslabþarsenic � Eslab � Earsenic
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where Eslab+arseic is the total energy of the supercell with arsenic,
and Eslab and Earsenic represent the energy of the supercell and
adsorbed arsenic.

When As(III) species adsorbed onto the octahedral Fe site
(Fig. 7a), its Eads was �1.40 eV, indicating that As(III) adsorbed on
ferrihydrite was thermodynamically favorable, while for As(V) spe-
cies, its Eads at octahedral Fe site significantly decreased to
�3.39 eV. This result indicated that As(V) was more readily immo-
bilized than As(III) on the surface octahedral Fe sites of ferrihydrite.
Remarkably, the adsorption reaction energy of As(V) (�2.75 eV) on
the tetrahedral Fe site was still lower than that of As(III)
(�0.54 eV). The high adsorption reaction energy of As(III) com-
pared to that of As(V) means that surface adsorption sites of ferri-
hydrite were prone to bind As(V), rather than As(III), which was in
obvious conflict with our batch adsorption experiment results
(Fig. 1). Based on above analysis, except for surface adsorption sites
for As(III) immobilization, we speculated that ferrihydrite may
exist some adsorption sites (e.g., micropores) available only by As
(III).
4.5. Effect of micropores and oxyanion arsenic size on arsenic
immobilization

In general, the sites on the surface and in micropores of (oxy-
hydr)oxides are most likely the predominant factor controlling
the immobilization of arsenic. The sites on the surface can be
directly accessed by ions, while those ions with relatively small
size can favorably enter the pores of minerals (Dai et al., 2016;
Yang et al., 2017). N2 adsorption and desorption curves analysis
revealed that ferrihydrite had a well-developed micropore struc-
ture (Fig. 4) suggesting that ferrihydrite had a high abundance of
micropore adsorption sites available for arsenic immobilization.
The pore size distribution analysis demonstrated that also the
well-crystalline hematite had a few micropores, and the signals
of s2 and s3 components were also present in the hematite sample
(Table 1). Obviously, some micropore structure still existed in
hematite, indicating that PAL analysis was more sensitive to the
micropore characterization than the traditional characterization
of N2 adsorption and desorption isotherms. The intensity of the
s3 component in hematite was 2.8%, suggesting that there was rel-
atively less pores generated from unoccupied space among hema-
tite nanograins. Moreover, HRTEM images showed clear
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aggregation of nanocrystallites in ferrihydrite (Fig. 3a and b),
which was detrimental to the generation of pore spaces between
ferrihydrite nanocrystallites. This explains why we observed a rel-
atively low intensity of s3 in the PAL spectrum of ferrihydrite
(Table 1). In this study, we provided PAL evidence for a vacancy
cluster-like micropore structure in ferrihydrite, which had a dom-
inant contribution to the formation of micropores, as evidenced by
the strong intensity of the s2 component in ferrihydrite (96.3%)
(Table 1). Previous literature had reported that minerals with low
crystallinity could possess a high abundance of vacancy defects
(e.g., oxygen vacancy) (Hou et al., 2014, 2013). Therefore, the high
concentration of large defects (e.g., vacancy clusters) in ferrihydrite
could be better explained by its poorly-crystallite structure.

Of course it has to be evaluated whether the radius of hydrated
arsenic ions match well with the micropore size of ferrihydrite,
otherwise, arsenic ions could not sufficiently utilize the micropore
adsorption sites of ferrihydrite. In general, the radius of ions is
affected by their chemical valence state. According to the Shan-
non’s ionic radius Table, the ion radius of As5+ and As3+ are differ-
ent (Shannon and Prewitt, 1969). The reported ion radius of As5+

was 0.335 or 0.46 Å, which was smaller than that of As3+ (0.58 Å)
(Shannon and Prewitt, 1969). However, it should be noted that
arsenic mainly exists in the form oxyanions (e.g., H3As3+O3, HAs5+-
O4
2�, and H2As5+O4

�) in natural environments, but not as cationic
As5+ and As3+ species. The oxyanion of As(V) is a charged oxygen
anion (e.g., H2AsO4

� and HAsO4
2�) that readily combines with water

molecules to exhibit a large hydrated ionic radius. In contrast, at
neutral pH, the oxyanion of As(III) is a neutral molecule (H3AsO3)
that has weaker interactions with water molecules, thus showing
a smaller hydrated ionic radius. Unfortunately, it was difficult to
find original data for the hydrated ionic radius of As(III) in the lit-
erature, therefore we could not directly compare the sizes between
As(III) and As(V) ions. Some studies reported that the diffusion
coefficients (D) of ions were closely related to their hydrated ions
sizes (Takahashi et al., 2011). The size (diameter, d, Å) of the
arsenic species can be calculated according to the Stokes-Einstein
equation (Eq. (5)) (Takahashi et al., 2011).

d ¼ kBT=3plD ð5Þ
where kB and T represent Boltzmann constant (J K�1) and absolute
temperature (K), respectively. l is the viscosity of the medium
(Pa�s). In this study, we mainly focused on H3AsO3 and H2AsO4

� spe-
cies because they were the predominant As(III) and As(V) species at
pH 6.0 (the pH value used in our batch experiments), respectively.
Leaist, (2007) and Takahashi et al. (2011) reported that the corre-
sponding D values of H3AsO3 and H2AsO4

� were 11.6 � 10�6 and
8.3 � 10�6 cm2 s�1, respectively. The calculated d value of As(V)
(5.90 Å) was obviously larger than that of As(III) (4.22 Å). This result
indicated that the relatively small size of As(III) leads to a higher
probability than As(V) for entering the small micropore sites of
ferrihydrite.

4.6. The underlying contribution of micropores adsorption sites to As
(III) immobilization

We detected relatively fewmicropores in hematite compared to
ferrihydrite. To illustrate the importance of micropore adsorption
sites for arsenic immobilization, the maximum adsorption amount
of As(III) and As(V) on hematite was compared (Fig. S8). The max-
imum As(III) adsorption (51.2 lmol g�1) on hematite was lower
than that of As(V) adsorption (65.3 lmol g�1), which was clearly
different from the data obtained for ferrihydrite. The ferrihydrite
had an overall higher As adsorption performance than hematite,
which may be attributed to its larger surface area. As there were
few micropores in hematite, the relatively high amount of As(V)
adsorption on hematite was attributed to the strong adsorption
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affinity of As(V) on the surface sites of hematite relative to that
of As(III), as evidenced by the result of DFT calculations.

To confirm whether the micropore adsorption sites participated
in As(III) immobilization, As(III) and As(V) adsorption kinetic
behaviors on ferrihydrite were investigated. In this study,
pseudo-first order and pseudo-second order models were firstly
used to fit the As(III) and As(V) adsorption kinetic data (Fig. 3a
and b). Although the pseudo-second order model could be well
used to describe the reaction kinetic behavior of As(III) and As(V)
on ferrihydrite (Table S2), the application of pseudo-second-order
model was limited, since it considered that adsorption was a single
and one-step binding process, which did not distinguish the rate-
limiting steps such as external diffusion and pore diffusion
(Simonin, 2016). Therefore, we subsequently employed the intra-
particle diffusion model to illustrate the rate-limiting steps con-
trolling the entire reaction. The plot of Qt versus reaction time t
for As(III) adsorption showed non-linear curve, indicating that a
multiple rate-limiting process controlled the overall adsorption
rate (Fig. 3c). In general, external diffusion controlled the rate of
adsorption only in the initial period (e.g., 0–5 h), while pore diffu-
sion played a vital role in determining the overall adsorption rate.
The relatively small slope for As(III) at second linear section
(92.8 lmol g�1 h�1/2) compared to that at first linear sections
(182.9 lmol g�1 h�1/2) meant that pore diffusion was the rate-
limiting step controlling the As(III) adsorption on ferrihydrite.
Moreover, we found that the slope for As(V) adsorption at second
linear section (76.6 lmol g�1 h�1/2) was similar to that at first lin-
ear section (76.4 lmol g�1 h�1/2) (Table S3), suggesting that the
plot of Qt versus reaction time t for As(V) adsorption also could
be fitted by a single straight line. According to a previous report,
if the plot of Qt versus reaction time t could be fitted by a single lin-
ear, the intraparticle diffusion (pore diffusion) was the rate-
limiting step (Qiu et al., 2009). Therefore, pore diffusion was the
rate-limiting step for As(V) adsorption on ferrihydrite. Remarkably,
the pore diffusion rate constant of As(III) (92.8 lmol g�1 h�1/2) was
higher than that of As(V) (76.6 lmol g�1 h�1/2). The higher pore dif-
fusion rate constant of As(III) compared to that of As(V) indicated
that the oxyanion of As(III) with a relatively small size could suffi-
ciently utilize the micropore sites for adsorption and consequently
for immobilization.

The As(III) kinetic sorption data was also fitted using the first
order reaction kinetic model (Fig. 8a). Interestingly, the plot of ln
(Co/C) versus time t for As(III) adsorption on ferrihydrite was found
to be divided into two linear sections. According to the result of
intraparticle diffusion model analysis, these two linear sections
for As(III) adsorption could be explained as follows. The first stage
(0–5 h) was a rapid adsorption process that corresponded to the
external diffusion step, i.e., transform of As(III) from aqueous bulk
to the surface sites of ferrihydrite. In this case, the reaction kinetic
constant (kads) of As(III) was as high as 0.0723 h�1 (Table S4). As the
reaction proceeded, As(III) started to utilize the pore adsorption
sites due to a gradual decrease in the surface adsorption sites. In
this case, the reaction rate was controlled by the pore diffusion
step. The As(III) reaction kinetic constant (0.0182 h�1) at the sec-
ond stage (5–24 h) was therefore lower than that at the initial
stage. Due to the relatively large size of the oxyanion of As(V),
the probability of utilization of micropores for As(V) adsorption
became less, as evidenced by its low pore diffusion rate constant
of As(V). Therefore, external diffusion was a predominant behavior
observed in As(V) adsorption on ferrihydrite. This explained why
the reaction kinetic constants for As(V) adsorption in the first
and second linear sections showed no obvious differences.

In principle, arsenic adsorbed in the micropore sites may desorb
slower than that adsorbed on the surface sites due to the limiting
diffusion rate. Therefore, the desorption behavior of arsenic on fer-
rihydrite was examined to further explain the role of micropore



Fig. 8. The first-order reaction kinetic fitting of arsenic adsorption kinetics on ferrihydrite within first (0–5 h, black color) and second (5–24 h, red color) stages (a), and the
curves of arsenic desorption concentration versus the arsenic adsorbed concentration at pH 6.0 (b). Co and Ct (lmol L�1) were the As concentration at initial and given time t.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sites in As(III) adsorption. For comparison, arsenic desorption
behavior on hematite was also evaluated. Fig. 8b illustrates the
amount of desorbed arsenic versus the amount of adsorbed arsenic
on ferrihydrite and hematite. The amount of arsenic desorbed from
the two iron (oxyhydr)oxides exhibited a better linear relationship
with the adsorption amount. The slope could be used as the index
to reflect the mobility of the adsorbed arsenic or the desorption
degree of arsenic adsorbed on iron (oxyhydr)oxides. The larger
the slope, the easier desorption of any arsenic adsorbed. For hema-
tite, the slope for As(III) (0.307) was very close to that of As(V)
(0.313), indicating that As(III) and As(V) had the same desorption
behavior when they were adsorbed on the surface sites of hema-
tite. Interestingly, for ferrihydrite the desorption behavior of As
(III) was different from that of As(V), i.e., the slope for As(V)
(0.162) was larger than that for As(III) (0.111), indicating that As
(III) was more difficult to desorb from ferrihydrite than As(V). This
clearly demonstrated that micropore sites are as important as sur-
face sites in ferrihydrite with respect to As(III) adsorption, thus
considerably enhancing As(III) immobilization.

A previous study employing APT 2-D distributionmaps revealed
the existence of As(III) accumulation in mesopores (diameters
varying from 4 to 20 nm) of the environmental ferrihydrite sam-
ples from a smelter-impacted soil (Schindler et al., 2022). Our
pore-size distribution analysis (Fig. 4) revealed that ferrihydrite
sample also contained mesopores that could participate in the
arsenic immobilization. It should be noted that the size of meso-
Fig. 9. Schematic illustration of the different adsorpt
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pores in ferrihydrite was far larger than those of the oxyanions of
As(III) and As(V), indicating that mesopore sites not only could
be directly utilized for As(III) adsorption, but they also could con-
tribute to As(V) immobilization. Therefore, compared to micropore
sites, the presence of mesopores in ferrihydrite was not the pri-
mary factor that resulted in the different adsorption capacities of
ferrihydrite towards As(III) and As(V). In this study, we provided
experimental evidence revealing the important contribution of
micropore sites in promoting As(III) immobilization. To sum up,
ferrihydrite has a high abundance of micropore sites, which inad-
vertently resulted in obviously different adsorption and immobi-
lization of As(III) and As(V). A schematic diagram of the
difference in adsorption behavior between As(III) and As(V) on fer-
rihydrite particles is shown in Fig. 9. The micropore sites in ferrihy-
drite as well as the size and surface charge of arsenic ions together
determine the difference in adsorption behavior of As(III) versus As
(V).

Ferrihydrite is ubiquitous in soils and sediments and plays an
essential role in controlling arsenic migration in the environment.
In the past, it was widely accepted that As(III) had relatively poor
affinity to iron oxides compared to As(V), therefore showing strong
migration in natural environments. We have now combined both
theoretical and experimental evidence to confirm that As(III),
rather than As(V), exhibits a strong affinity to ferrihydrite. This
phenomenon is clearly different from previous knowledge. The
main reason is that in the past, the focus was not on the contribu-
ion behavior of As(III) and As(V) on ferrihydrite.
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tion of micropore sites for arsenic adsorption. In addition, the dif-
ferences in ion size and charge behavior between As(III) and As(V)
had been considered to a lesser extent before in the literature.
Although the ion radius of As5+ is smaller than that of As3+, the
hydrated ionic radius of the oxyanion of As(V) is larger than that
of the oxyanion of As(III). Therefore, these two reasons together
lead to an obviously different adsorption behavior of As(III) and
As(V) on ferrihydrite.
5. Conclusions

In summary, the adsorption capacities of ferrihydrite for As(III)
and As(V) immobilization were evaluated using batch adsorption
experiments at pH 6.0. The adsorption experiments revealed that
As(III) adsorption on ferrihydrite was obviously larger than that
of As(V). The PAL and pore size distribution analysis confirmed that
poorly-crystalline ferrihydrite had abundant vacancy cluster-like
micropores that provided additional adsorption sites only available
to the oxyanion of As(III) because its size matched well with that of
the micropores in ferrihydrite. Although the binding of As(III) on
ferrihydrite is weaker than that of As(V), the number of available
adsorption sites for As(III) is clearly more than that for As(V),
thereby promoting As(III) immobilization. The findings of this
work provide a novel insight into the understanding of the migra-
tion risk of arsenic species in natural environments, which also
aids in developing more targeted strategies to control arsenic
pollution.
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