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were systematically examined, and the effects of molar of ratios Fe/As were also clarified
using kinetic methods combined with multiple spectroscopic techniques. The results indi-
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cated that As(V) was rapidly adsorbed on minerals during the initial polymerization process,

Fe-As composites

which delayed both the ferrihydrite conversion and the hematite formation. When the Fe/As

Transformation products

molar ratio was 1.875 and 5.66, the As(V) adsorbed by ferrihydrite began to release after 6

Sorption ability

hr and 12 hr, respectively. The corresponding release amounts of As(V) were 0.55 g/L and

Crystallization

0.07 g/L, and the adsorption rates were 92.43% and 97.50% at 60 days, respectively. However,

Aged

the As(V) adsorbed by the transformation products aged for 30 days of ferrihydrite began to
release after adsorbed 30 days. The corresponding release amounts of As(V) were 0.25 g/L
and 0.03 g/L, and the adsorption rates were 84.23% and 92.18% after adsorbed 60 days, for the
Fe/As=1.875 and 5.66, respectively. Overall, the combination of As(V) with ferrihydrite and
aged products transformed from a thermodynamically metastable phase to a dynamically
stable state within a certain duration. Moreover, the aging process of ferrihydrite reduced
the sorption ability of arsenate by iron (hydr)oxide but enhanced the stability of the Fe-As
composites.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In general, 2-line ferrihydrite (hereafter termed as ferrihydrite,
Fh) is a predominant adsorbent with a high surface area and
content of reactive surface groups (Zeng et al., 2012; Hu et al.,
2018) in terrestrial and aquatic systems (Hiemstra, 2015), and
it dictates the resulting form of arsenate (hereafter referred
to as As(V)) through adsorption/desorption and precipita-

∗

tion/coprecipitation processes (Qi and Pichler, 2017; Xu et al.,
2019). However, the structure of ferrihydrite exhibits an asymmetry in terms of the Fe2 coordination (specifically, Fe2 has
three short (1.952 Å) and three long (2.21 Å) Fe-O bonds)
(Pinney et al., 2009) and the loss of H2 O/OH (Hiemstra, 2015;
Bompoti et al., 2017). Hence, ferrihydrite is thermodynamically metastable and transforms to crystalline minerals, such
as hematite (α-Fe2 O3 ) and goethite (α-FeOOH), over time. The
transformation process considerably influences the Fe octahedral structure (Hiemstra, 2013) and the manner and degree of
As(V) binding with ferrihydrite.
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To date, considerable attention has been focused on the
formation, transformation, and stability of Fh-As(V) composites during the transformation process (Pedersen et al., 2006;
Xiu et al., 2018). It has been reported that As(V) is released
from ferrihydrite over time, owing to the decrease in the specific surface area and the lack of surface site density during the crystalline transformation and growth of precipitates
(Pedersen et al., 2006); however, multiple studies reported that
As(V) is more stably immobilized within the crystal lattice of
the transformation products during the crystalline process of
ferrihydrite (Bolanz et al., 2013; Muehe et al., 2016). Due to surface protonation or complexation with As(V) on the adsorption sites (Biber et al., 1994), the delaying influence of As(V)
on the conversion of ferrihydrite has been widely agreed upon
(Jia et al., 2006; Das et al., 2011; Wang et al., 2015) and noted
to depend on the Fe/As molar ratios (Paige et al., 1997). It was
noted that 50% of ferrihydrite was converted to a mineral mixture of goethite or hematite within 8 hr at 70◦ C and a pH of 12
(Das et al., 2011; Lan et al., 2019). However, upon addition of 1
mol% of As(V), the conversion rate of ferrihydrite decreased by
a factor of 20 (Paige et al., 1996). Furthermore, when the molar
ratio of Fe/As was increased from 55.6 to 100, the conversion
rate was increased by two orders of magnitude (Jia et al., 2006).
Until now, numerous studies have focused on the adsorption, fixation and resulting form of As(V) in the context of
pure minerals, e.g., ferrihydrite, hematite or goethite, during
aging (Pedersen et al., 2006; Xiu et al., 2018). However, most iron
(hydr)oxides exist not as pure minerals in soils and sediments
(Stella et al., 2018; Das et al., 2015) but as mineral mixtures
composed of different proportions of ferrihydrite, goethite, lepidocrocite and hematite aged from ferrihydrite over time, and
the proportion of different components in the mixture determines its adsorption ability and stability against As(V). Although ferrihydrite is the most commonly and effectively used
passivator in ameliorating arsenic contaminated soils and waters, considerable application effort, a long preparation period,
and batch preparation are required. Consequently, the transportation and storage from preparation to actual application
require a large amount of time, resulting in the conversion of
a part of ferrihydrite during the application, which influences
the corresponding effect on As(V) fixation to a certain extent.
The objective of this study was to investigate (i) the likely
mechanism of the dynamic interaction of As(V) with ferrihydrite or its transformation products during the crystalline
transformation process via temperature acceleration (75◦ C); (ii)
the underlying mechanisms controlling the redistribution of
As(V) between the solid and liquid phases during the process
of combination of ferrihydrite or its conversion products with
As(V); and (iii) the adsorption ability and stability of As(V) adsorbed by ferrihydrite and mineral mixtures composed of different proportions of ferrihydrite, goethite, lepidocrocite and
hematite, and the corresponding mechanism. The findings are
expected to provide a scientific basis for utilizing ferrihydrite
to repair arsenic contaminated soil and water.

1.

Materials and methods

1.1.

Synthesis of 2-line ferrihydrite

Two-line ferrihydrite was synthesized at 25◦ C according to the
methods reported by Cornell and Schwertmann (Cornell and
Schwertmann, 2003). In particular, a solution of 0.1 mol/L
Fe(NO3 )3 •9H2 O was titrated with 1 mol/L KOH with continuous
stirring until the pH stabilized at 7. The slurry was washed six
times with deionized water and later dialyzed (EC<10 μS/cm).
Subsequently, the materials were freeze dried before being
ground into fine powders and immediately stored at −20◦ C to
minimize the transformation of the ferrihydrite during storage.

1.2.
Synthesis of ferrihydrite–As(V) composites and time
series transformation experiments
Hydrated sodium arsenate (Na3 AsO4 • 12H2 O) was swiftly introduced into the ferrihydrite slurry by titration with rapid mechanical stirring to ensure that Fe/As molar ratios of 1.875 and
5.66 were attained, which correspond to the removal and immobilization of As in hydrometallurgical operations, respectively, and can satisfy the detection limit of As(V) in the instrument of X-ray diffraction (Chen et al., 2009; Das et al., 2011).
Ferrihydrite-As(V) composites (denoted as Fh-As) were incubated in a water bath maintained at 75◦ C and mixed by vortexing for 1 min, 3 times each day. Slurry samples were collected at
the following time points during the adsorbed process: 1, 6, and
12 hr, and 1, 4, 8, 15, 30, and 60 days. The pH of the samples was
determined (Thermo Orion, Orion 4 Star, USA) in the aqueous
phase. All the samples were centrifuged (5000 r/min, 10 min)
and filtered through a membrane with a thickness of 0.22 μm to
measure the Fe(III) and As(V) contents by using an inductively
coupled plasma mass spectrometer (ICP-MS) (Thermo Fisher
Scientific, 7000 SERIES, USA) and a hydride generation atomic
fluorescence spectrometer (HG-AFS) (Ji Tian, AFS-9120, China),
respectively. The solid phase was freeze dried, ground into fine
powder, and stored at −20◦ C for future use.

1.3.
Preparation of aged ferrihydrite–As(V) composites
and analysis their long term stability
The ferrihydrite slurries were aged via incubation in a water
bath at 75◦ C. Considering the ferrihydrite conversion observations (Appendix A Fig. S1), after aged for 1, 4, 10 and 30 days
(denoted as Fh1d , Fh4d , Fh10d , and Fh30d , respectively), As(V) was
added to the suspensions with rapid and uniform agitation
until Fe/As molar ratios of 1.875 and 5.66 were attained. The
aged ferrihydrite-As(V) composites (denoted as Fh1d -As, Fh4d As, Fh10d -As, and Fh30d -As) were generated, collected and analyzed as described above. In addition, 0 day samples (before
adsorption) from each slurry were collected to test the transformation of the ferrihydrite.

1.4.

Microscopic characterization of solids

The solid phases were characterized through X-ray diffraction
(XRD) by using a Rigaku Ultima IV (Japan) device with Cu Kɑ
radiation (λ=0.1541 nm) at a voltage and current of 40 kV and
40 mA, respectively. A scan range between 10° to 75° and a
step size of 0.02° 2θ was used, with a change rate of 5 s/step.
Rietveld refinements were used to quantify the proportions of
the components produced from the conversion and sorption
processes by using TOPAS 5.0 (Hu et al., 2018). The compositions of the synthesized ferrihydrite and the transformation
products were ascertained by comparing the XRD data with
that reported using known standards in the Joint Committee
on Powder Diffraction Standards database (Das et al., 2011).
The infrared spectra of each sample were collected using a
Nicolet 6700 FTIR spectrometer (Thermo Fisher, USA) in a range
of 400–4000 cm−1 at a resolution of 0.09 cm−1 . KBr disks (with a
diameter of 1 cm) were prepared by mixing 1 mg of the sample
with 200 mg of KBr. The valence states of the composites were
determined by performing X-ray photoelectron spectroscopy
(XPS) with monochromatic Al Kα radiation (1486.8 eV) by using
an Amicus XPS instrument (Shimadzu Co, Japan). The binding
energies were calibrated with the C1s peak at 284.8 eV. The
XPS data and peak fitting were analyzed using the XPS PEAK
software 4.1 (Ding et al., 2018). The morphology and elemental
composition of the selected samples were examined using
the scanning electron microscopy energy dispersive X-ray
spectroscopy (SEM-EDS) technique realized using Hitachi
(SU 8020) and HORIBA EX250 (Japan). The samples for the
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Fig. 1 – Kinetics of As(V) (g/L) (a, b) and Fe(III) (μg/L) (c, d) released from Fe–As composites formed by adsorption of As(V) by
ferrihydrite (Fh-As) and its transformation products aged 1, 4, 10 and 30 days (Fh1d -As, Fh4d -As, Fh10d -As, and Fh30d -As)
with Fe/As molar ratios of 1.875 and 5.66 for 60 days at 75◦ C; the inset figure highlights the soluble As(V) after adsorbed 1 hr.

SEM examination were mounted onto pin type aluminum
stubs by using double sided carbon tape and coated with
carbon. Quantitative EDS analyses including spot analysis and
mapping were performed at a probe current of 10.1 pA, EHT
voltage of 3 kV, and working distance of 8 mm. EDS mapping
was performed to relate the element composition and spatial
distribution to micromorphological properties.

to 206.23 μg/L at adsorbed 15 days, and it later decreased to
166.74 μg/L at adsorbed 60 days (Fig. 1d). The released amount
of OH− reduced from 0.05 mmol/L at 1 hr to −0.03 mmol/L at
adsorbed 60 days (Appendix A Fig. S2b), and pH decreased from
12.32 to 12.11 during this period (Appendix A Fig. S2d).

2.

Results

2.1.

Stability of ferrihydrite–As(V) composites over time

In samples with an Fe/As ratio of 1.875, the concentration of
Asaq increased with reaction time, albeit this phenomenon
was delayed with aging. The fixed rate of As(V) by Fh1d , Fh4d ,
Fh10d and Fh30d was 90.75%, 87.41%, 86.07% and 85.11% after mixing for 1 hr, respectively. And As(V) started to be released after adsorbed 8 hr (Fh1d -As, Fh4d -As) and 30 days
(Fh10d -As, Fh30d -As), with the released amount increased by
20.19%, 11.76%, and 6.88%, 5.89% at adsorbed 60 days, respectively (Fig. 1a). Additionally, the concentration of Feaq increased with the aging time of ferrihydrite according to the
following order of influence: Fh30d -As adsorbed for 60 days
(110.10 μg/L)>Fh10d -As (56.31 μg/L)>Fh4d -As (16.90 μg/L)>Fh1d As (15.00 μg/L) (Fig. 1c).The release of OH− from Fh1d -As, Fh4d As, Fh10d -As, and Fh30d -As at adsorbed 60 days reduced by
59.17%, 74.04%, 76.90%, and 75.35% compared to the corresponding values at adsorbed 1 hr (Appendix A Fig. S2a), and
pH reduced by 1.43%, 1.89%, 4.15%, and 4.38% during this period (Appendix A Fig. S2c).
As the Fe/As molar ratio increased from 1.875 to 5.66, the
hematite content increased, and the combination of iron (hydroxy)oxides with As(V) was more stable. The fixed rate of
As(V) by Fh1d , Fh4d , Fh10d and Fh30d was 96.57%, 94.71%, 93.34%
and 92.53% after adsorbed 1 hr, respectively. And Asaq began to
be released after adsorbed 8 hr (Fh1d -As, Fh4d -As) and 30 days
(Fh10d -As, Fh30d -As), increasing by 18.88%, 11.55% and 6.44%,

In samples with Fe/As = 1.875, the kinetics of As(V) removal
from the ferrihydrite and the concentration of Fe(III) in the
liquid phase (Feaq ) changed as time progressed. The dissolved
As(V) (Asaq ) started to be released after adsorbed 6 hr, and the
released amount increased by 42.26% after 60 adsorbed days
(Fig. 1a). This finding was consistent with that for the adsorption rates, which decreased from 94.68% to 92.43%, and the
peak intensity of XPS As 3d that subsequently decreased with
time (Fig. 2a). Furthermore, the concentration of Feaq rapidly
increased from 19 μg/L to 54.98 μg/L during the first 24 hr and
later decreased to 14.20 μg/L after adsorbed 60 days (Fig. 1c).
The amount of OH− released was reduced from 1.25 mmol/L
after 1 hr to −0.50 mmol/L after adsorbed 60 days (Appendix
A Fig. S2a), and pH decreased from 13.27 to 12.88 during this
period (Appendix A Fig. S2c).
In samples with an Fe/As ratio of 5.66, the stability of the
Fh-As decreased with time. Specifically, Asaq began to be released at adsorbed 12 hr, and the released amount increased
by 38.23% at adsorbed 60 days (Fig. 1b), whereas the adsorption
rates decreased from 98.19% to 97.50% during this period. The
concentration of Feaq increased from 136 μg/L at adsorbed 1 hr

2.2.
Stability of aged ferrihydrite–As(V) composites in
time series

Fig. 2 – XPS As 3d (a–e) and Fe 2p (f–j) spectra of minerals formed by ferrihydrite and its transformation products aged 1, 4,
10 and 30 days before and after adsorption of As(V) to Fe/As molar ratios of 1.875 and 5.66 after being reacted for 1 hr and 60
days at 75◦ C.
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Fig. 3 – XRD patterns (a-e) and content (f-j) of each mineral produced by ferrihydrite and aged suspension at 75◦ C and mixed
with As(V) to Fe/As=1.875 for 60 days. ((a, f): Fh-As; (b, g): Fh1d -As; (c, h): Fh4d -As; (d, i): Fh10d -As; (e, j): Fh30d -As; H: hematite;
G: goethite; L: lepidocrocite; Fe-As: iron arsenate hydrate; S: scorodite; P: parasymplesite).

4.80% at 60 days, respectively (Fig. 1b). Additionally, the concentration of Feaq from the sorption samples reacted for 60
days increased significantly compared with the corresponding
value for 1 hr, particularly in the case of the Fh10d -As (increase
of 78.66%) and Fh30d -As (increase of 67.29%) systems (Fig. 1d).
Furthermore, the amount of released OH− increased with the
aging of ferrihydrite but decreased with the adsorption time.
Specifically, the release of OH− from Fh1d -As, Fh4d -As, Fh10d -As
and Fh30d -As reduced from 0.03, 0.1, 0.55, 1.02 mmol/L at adsorbed 1 hr to −0.0045, 0.01, 0.17 and 0.22 mmol/L at adsorbed
60 days (Appendix A Fig. S2b), and pH decreased from 11.81,
12.08, 12.60, 12.82 to 11.78, 11.81, 12.21, 12.23 during this period,
respectively (Appendix A Fig. S2d).

2.3.
Characterizations of aged ferrihydrite–As(V)
composites in time series
The XRD patterns indicated the presence of two characteristic
broad peaks at 35° and 62° 2θ (Appendix A Fig. S1), consistent
with those of ferrihydrite (Ding et al., 2018). The time series
XRD analyses indicated the occurrence of the phase transformation of ferrihydrite to more crystalline products with aging
(Appendix A Fig. S1). In the system with an Fe/As molar ratio
of 1.875, the presence of As(V) could effectively maintain the
structural stability of the ferrihydrite. The addition of As(V) to
ferrihydrite led to the formation of an As loading phase, involving iron arsenate hydrate (12.88%), scorodite (12.77%) and
parasymplesite (9.31%) within adsorbed 1 hr, thereby quantifying the proportions of components derived from the XRD
data (Fig. 3a and f). Subsequently, the content of the As loading
phase decreased to 0.4% within 1 day of mixing, and it slightly
increased to 4.44% after adsorbed 60 days. Furthermore, although hematite was formed after 30 days of mixing, its content accounted only for 1.80% after 60 days of mixing. In contrast, the content of ferrihydrite was as high as 93.76%. Nevertheless, in the system without As(V), the goethite content
reached its maximum value (37.20%) at adsorbed 8 days, and
the ferrihydrite crystallized to form mainly hematite (89.70%)
with a minor amount of goethite (9.0%) at 60 days (Appendix
A Fig. S3). The addition of As(V) to Fh1d and Fh4d led to the formation of hematite after 15 days and 8 days of mixing, and
the content increased with the reaction time by 2.98% and
9.42% at 60 days, respectively. However, in the Fh10d -As and
Fh30d -As systems, the hematite content decreased to 45.21%
and 62.06% in the reaction time of 4 days and 1 days and gradually increased to 65.17% and 66.95% after 60 days (Fig. 3g–
j), respectively. Interestingly, goethite was found to be com-

pletely dissolved or transformed within 1 hr after the addition of As(V) to all the transformation products. In the system with an Fe/As molar ratio of 5.66, the content of the As
loading phase according for 0.48% the content of Fh-As after 1 days of mixing, and this value increased to 4.57% after 60 days. Interestingly, although hematite was formed after adsorbed 4 days, it accounted for only 1.54% of the FhAs present after adsorbed 60 days. In contrast, the ferrihydrite content remained as high as 93.89% (Appendix A Fig. S3f).
When Fh10d -As and Fh30d -As were reacted for 1 hr and 6 hr, the
content of hematite was reduced to its minimum value (38.51%
and 66.17%, respectively), and this value increased to 66.95%
and 69.87% after adsorbed 60 days, respectively (Appendix A
Fig. S3i–j).
XPS analyses were performed to estimate the compositions
and oxidation states of the composites with different Fe/As
molar ratios and aging durations with 1 hr and 60 days of mixing. In the system with an Fe/As molar ratio of 1.875, the contents of M-OH (As-OH and Fe-OH) (˜531 eV) and H2 O (˜532.6 eV)
in Fh-As at adsorbed 60 days decreased by 3.26% and 38.42%
compared with the corresponding values at adsorbed 1 hr, respectively (Table 1), which is consistent with the aging trend
of Fh XPS O1s (Appendix A Fig. S4). The peak area of As 3d at
adsorbed 60 days increased significantly compared to that at
adsorbed 1 hr (Fig. 2b–e). In the system with an Fe/As molar ratio of 5.66, the H2 O content in Fh-As at 60 days decreased by
45.22% compared with that at 1 hr, while the M-OH and M-O
(˜529.85 eV) contents increased by 22.59% and 11.86%, respectively (Table 1). The peak intensity of Fe 2p3/2 (711.2 eV) and Fe
2p1/2 (724.8 eV) (Ding et al., 2018) increased over time (Fig. 2).
The FTIR intensities of the Fe-OH (˜590 cm−1 , ˜455 cm−1 and
˜1384 cm−1 ), Fe-O (˜549 cm−1 ) and goethite δ-OH inward (˜894
cm−1 ) bending vibrations enhanced with the aging time, while
the band intensities at ˜818 cm−1 (As-O), ˜3380 cm−1 (Fe-OH)
and ˜3386 cm−1 (H2 O–OH) (Ding et al., 2018; Wang et al., 2015)
weakened with the adsorption time (Appendix A Fig. S5). In
particular, the adsorption peak of the single coordination hydroxyl group at ˜1384 cm−1 disappeared in the Fh30d -As composites (Appendix A Fig. S5e). Furthermore, the vibrational intensities of H2 O–OH at ˜1505 cm−1 , ˜1629 cm−1 , and ˜3388 cm−1
increased with aging and reached their highest peak intensities at adsorbed 1 hr for Fh30d -As (Appendix A Fig. S5).
The morphological changes of the minerals with aging coincided with the crystallization processes of ferrihydrite. The
SEM images clearly indicated that the cloud like ferrihydrite
aggregates (Appendix A Fig. S6) finally transformed into shuttle shaped hematite with the reaction time (Appendix A Fig.
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Table 1 – Multimodal fitting of XPS O1s peaks in Fe–As composites formed by adsorption of As(V) by ferrihydrite and its
aging products at 75◦ C.
Aging time of
ferrihydrite

0 day
1 day
4 days
10 days
30 days

Adsorbed
Time

1 hr
60 days
1 hr
60 days
1 hr
60 days
1 hr
60 days
1 hr
60 days

Fe/As Molar
Ratio

1.875

O (at.%)
−

2-

H2 Owww
(532.6 eV)

OH
(531 eV)

X
(529.85 eV)

25.41
15.65
17.71
16.92
38.59
21.32
15.75
26.86
19.71
17.03

53.30
51.56
49.96
55.87
39.32
51.56
49.88
43.67
43.48
43.32

21.29
32.79
32.33
27.21
22.09
27.11
34.38
29.48
36.81
39.65

Fe/As Molar
Ratio

5.66

O (at.%)
H2 O
(532.6 eV)

OH−
(531 eV)

X2(529.85 eV)

28.04
15.36
20.29
18.02
19.37
13.83
14.27
19.04
14.00
18.50

38.65
47.38
45.21
46.85
46.23
51.13
47.83
43.39
43.87
33.68

33.31
37.26
34.49
35.13
34.40
35.05
37.90
37.58
42.13
47.82

Fig. 4 – SEM micrographs of the products of ferrihydrite suspension mixed with varying As(V) concentrations to Fe/As=1.875
(A) and 5.66 (B) for 60 days. (a–c): SEM images; (d) SEM-EDS elemental mapping counts; (e–h) SEM-EDS elemental mapping of
As, Fe and O.

S7–S8), and no apparent goethite was observed. The presence
of As(V) significantly decreased the transformation rate, and
a ferrihydrite–lepidocrocite mixture was observed in the SEM
images (Fig. 4), which was consistent with the XRD results.
With the increase in the reaction time, the As(V) adsorbed
by iron oxides was relocated to hematite owing to the crystallization process. At micrometer scales, the EDS results indicated that the As distribution was closely correlated with
Fe and O in the Fe-As samples, and the higher concentra-

tion of As(V) slowed the transformation of the ferrihydrite
and the transfer of As(V). In the Fh-As system reacted for
1 hr, the As(V) distributed within the ferrihydrite aggregates
evenly, while the As(V) was likely adsorbed on the mineral
surface, thereby forming As−Fe binary composites after being reacted for 60 days (Appendix A Fig. S6). In samples with
an Fe/As ratio of 1.875, the As(V) was noted to be accumulated around the minerals particle (Fig. 4Ad and f), and this
phenomenon was not clearly observed in samples with an
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Fe/As ratio of 5.66 (Fig. 4Bd and f). This finding suggests that
most of the As(V) in the Fe-As samples was mainly incorporated into the minerals in a structural manner instead of
by surface adsorption, which is consistent with the results
shown in Fig. 3 and Appendix A Fig. S3. Our study demonstrated the time resolved microscopic As(V) incorporation during the mineral transformation process, at the micrometer
scales.

3.

Discussion

3.1.
Effect of aging and As(V) on the structure of
ferrihydrite
Aging
may
affect
the
lattice
structure,
mineralogical
characteristics
and
specific
surface
areas of ferrihydrite (Zanzo et al., 2017). Under alkaline
hydrothermal
conditions
(75◦ C),
ferrihydrite
crystallized to form mainly hematite after being aged for
30 days (Appendix A Fig. S1), and a portion of it was also
transformed into goethite (Das et al., 2011; Jambor and
Dutrizac, 1998). In addition, previous studies indicated
that in highly acidic or alkaline conditions, ferrihydrite
is converted to goethite via dissolution-reprecipitation
(Carlson et al., 2002), while favoring the formation of hematite
by a dehydration-atomic internal rearrangement process
regardless of the pH under high temperature conditions
(50–100◦ C) (Langmuir, 1969). Since lepidocrocite is unstable,
it is converted to goethite or dehydroxyl to hematite via
dissolution–recrystallization (Das et al., 2011; Bechine et al.,
1982), resulting in the disappearance of detectable amounts of
lepidocrocite after ferrihydrite is aged for 8 days (Appendix A
Fig. S1).
By increasing the particle size of ferrihydrite via polymerization, the density and content of monocoordinated OH (FeOH) sites on the surface gradually decrease (Appendix A Fig.
S2). A similar behavior was observed in the case in which the
Fe-OH site density of ferrihydrite having a specific surface area
of 337 m2 /g was 9.0 ± 0.1 nm−2 , while the site density of 31 m2 /g
goethite was 6.84 ± 0.1 nm−2 (Salazar-Camacho and Villalobos, 2010). The unsaturated tetrahedral coordination of Fe on
the surface of ferrihydrite adsorbed H2 O to increase the average coordination number; however, some sites of potential H2 O
coordination were replaced by Fe to form Fe-O-Fe (Appendix
A Fig. S5), causing dehydration, polymerization, and transformation of the ferrihydrite during the aging process (Shi et al.,
2018). Furthermore, an existing study suggested that goethite is
the most stable mineral under alkaline conditions (Ford et al.,
2002). Consequently, the formation of a complex after the adsorption of As(V) on the surface promoted the dehydration
of minerals and subsequent conversion to hematite instead
of dissolution and reprecipitation to goethite (Shi et al., 2018;
Muramatsu et al., 2012).
The As(V) adsorbed onto ferrihydrite from the outside track
to the inside track (such as Fe2 O2 AsO2 and Fe2 O2 AsOOH) occupied the OH site (Formula 1), which led to the release of OH−
and H2 O (Table 1), causing surface protonation and complexation (Ding et al., 2018). However, this adsorption process reduced the surface sites of iron (oxyhydr)oxide, resulting in the
decreased release of OH− . In highly alkaline (pH>pKa3 ) aqueous solutions, free As(V) is present as AsO4 3- with a Td symmetry (Sherman and Randall, 2003). Nevertheless, the symmetry
decreased, as shown in Appendix A Fig. S1, due to the protonation or complexation with iron (oxyhydr)oxide.
It is worth noting that the As(V) adsorbed on ferrihydrite
generated an immobile network owing to the formation of inner sphere surface composites (Jia et al., 2006), thereby inhibiting the ferrihydrite dissolution and goethite nucleation (disso-

– Formula 1.
lution was the premise of forming goethite) (Das et al., 2011),
leading to the maintenance of the stability of the ferrihydrite
structure (Jia et al., 2006). This effect became more pronounced
as the concentration of As(V) increased (Fig. 3 and Appendix A
Fig. S3) (Zanzo et al., 2017; Shi et al., 2018). Simultaneously, the
process was irreversibly accelerated during the hydroxylation,
dissolution, and transformation of goethite with a single coordination hydroxyl group (Russell et al., 1974). Fh10d contained
30.4% goethite (Appendix A Fig. S1). However, after the addition
of As(V), no goethite was observed, and the content of hematite
and coprecipitates gradually increased (Fig. 3 and Appendix A
Fig. S3), indicating that a part of the dissolved goethite combined with As(V) to form surface composites, while another
part dehydrated to form hematite (Cudennec and Lecerf, 2006).

3.2.
Mechanism of As(V) immobilization on ferrihydrite
during aging
As the structure of ferrihydrite changed during aging, its ability to immobilize As(V) reduced, particularly in the system
with an Fe/As ratio of 1.875 (Fig. 1). Several researchers indicated that the composition of ferrihydrite includes a Keggin
Fe13 polymer (Weatherill et al., 2016), and each oxygen atom in
the central FeO4 tetrahedron is coordinated by three edge sharing FeO6 octahedra (Shi et al., 2018). Furthermore, during the
crystalline process, the number of FeO4 units decreases, while
the FeO6 content increases, implying that an interaction occurs between Fe and As (Van et al., 2012), which is consistent
with the SEM-EDS results (Fig. 4 and Appendix A Figs. S6–S8).
The main mechanisms for the combination of ferrihydrite and
As(V) are as follows: (1) As(V) shares an adjacent oxygen atom
with FeO6 (Appendix A Fig. S5), resulting in the incorporation of
As into the precipitate (Pedersen et al., 2006; Bolanz et al., 2013;
Muehe et al., 2016). (2) The As(V) is strongly adsorbed by ferrihydrite via either monodentate or bidentate internal surface
composites that rely on surface coverage, such as FeH2 AsO4 ,
FeOHAsO4 , and FeHAsO4 (Van et al., 2012). This phenomenon
may result in the formation of amorphous iron arsenate hydrate (FeAsO4 . H2 O) and insoluble secondary (oxyhydr)oxides
such as scorodite (FeAsO4 • 2H2 O) (Fig. 3 and Appendix A Fig. S3)
(Zhu et al., 2016), thereby reducing the mobility of As(V) (Fig. 1).
(3) The As(V) performs an exchange with the ligand of ferrihydrite surface sites, causing the release of OH− and H2 O (Appendix A Fig. S1 and Table 1) (Ding et al., 2018).
The results pertaining to the adsorption of As(V) through
surface precipitation or through a combination of both precipitation and adsorption by transformation products are controversial (Huang et al., 2011). When the content of ferrihydrite in the aged (time < 10 days) product was high, As(V)
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was adsorbed on the mineral surface via electrostatic attraction or diffusion into microspores, resulting in the release of
adsorbed As(V) (Fig. 1), and this aspect was also confirmed by
Shi et al. (2018). Fe-OH2 1/2+ on the aged mineral surface (time ≥
10 days) has a higher affinity for As(V), causing AsO4 3- to occupy
the OH− /O2- site and release H2 O, resulting in the exchange
of Fe-OH1/2− with AsO4 3− . The releasing OH− or H2 O is dehydrogenated to form OH− /O2− (Table 1), resulting in more stable
three dimensional Fe-As composites (Jia et al., 2006; Stella et al.,
2018). Kim et al. (2011) highlighted that the action of ferrihydrite and As(V) was dominated by adsorption when the Fe/As
molar ratio was larger than 2.5. However, in a system with
the Fe/As ratio smaller than 2.5, a bidentate or monodentate
complex is formed via surface coprecipitation and adsorption
processes (Das et al., 2011), confirming that amorphous iron
arsenate hydrate in the system with the Fe/As ratio of 1.875
appeared earlier than that in the system with an Fe/As ratio
of 5.66 (Fig. 3 and Appendix A Fig. S3). The incorporation of
As(V) into aged products forms a lattice along with the crystalline conversion process of ferrihydrite, such as hematite or
goethite (Bolanz et al., 2013), thereby resulting in an increase in
the binding energy of As 3d (Fig. 2). Therefore, under the given
experimental conditions, the fixation effect of ferrihydrite and
aged products on As(V) involves both surface adsorption and
precipitation.

3.3.
Stability and significance of the combination of
transformation products with As(V)
The As(V) was rapidly fixed by ferrihydrite and transformation
products, and subsequently, weakly crystalline Fe-As composites were formed (Fig. 3 and Appendix A Fig. S3). In particular,
As(V) is more easily converted to crystalline iron oxide-arsenic
during the stabilization process due to the recrystallization of
ferrihydrite (Zhang et al., 2018) or transfer into the mineral lattice (Sherman and Randall, 2003), thereby reducing the mobility of As(V). The stability of Fe-As composites is related to the
concentration of As(V), aging duration of ferrihydrite, and competition between NO3 − and Fe3+ . With the increase in the Fe/As
molar ratio from 1.875 to 5.66, the adsorption rate and stability
efficiency decreased (Das et al., 2011), resulting in the release
of As(V) inside the mineral (Fig. 1). Increasing the aging period
of ferrihydrite resulted in a reduction in both the number of
mineral adsorption sites (Table 1) and the release rate of As(V)
from the mineral (Pedersen et al., 2006). Consequently, it was
difficult for the As(V) to be released, which effectively increased
the stability of the composites (Wang et al., 2016). Hu et al.
(2018) reported that the content of nonextractable As(V) was
positively correlated with the crystallinity of minerals during
the mineral conversion processes, indicating that As(V) gradually integrated in the mineral lattice and formed stable binary composites with the aging of ferrihydrite and the increase
in sorption time (Sherman and Randall, 2003; Caporale et al.,
2011). NO3 − and As(V) exhibited weakly competitive adsorption (Caporale et al., 2011), and the number of NO3 − moles in
the system was the same; consequently, the effect on the combined stability of NO3 − was not significant. Since the adsorption energy of iron on the Fe3 clusters in both tetrahedron (−308
KJ/mol) and octahedral (−201 KJ/mol) configurations was considerably lower than that of AsO4 3- (−197 KJ/mol) (Shi et al.,
2018), the As(V) in composites was easily substituted by Fe
eventually, which affected the stability of the Fe-As composites (Appendix A Fig. S5).
Although a small amount of As(V) was released over time
(Qi and Pichler, 2017), the ferrihydrite and aged products still
exhibited a strong sorption capacity for As(V) (sorption rate >
85%) (Fig. 1) (Zhang et al., 2019). According to several researches
reported in the previous literatures (Jia et al., 2007; Hu et al.,
2018) and pre-experimental research results, adsorption exper-
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iments were conducted at elevated temperature (75◦ C) in the
present work to force the ferrihydrite and poorly crystalline
ferric arsenate species into a more crystalline state (Fig. 3 and
Appendix A Figs. S2-S3) (Jia et al., 2007), and data were collected
after adsorbed for 60 days to ensure that the structure of ferrihydrite/aged mineral-As(V) composites and the concentration
of dissolved As(V) reached an apparent equilibrium in the system (Figs.1, 3 and Appendix A Fig. S3) (Das et al., 2011). The
transformation of ferrihydrite was the main indicator of the
decline in the arsenic fixation ability (Fig. 1) (Shi et al., 2018),
but the conversion of ferrihydrite is very slow in room temperature, aerobic or pure aqueous solution. In a pure aqueous
solution devoid of competing ions, 10% conversion of two-line
ferrihydrite to hematite should take ˜3 years and 100% conversion should take ˜90 years (Das et al., 2011). Therefore, based
on the results of this experiment, in the practical application
of soil remediation, the application amount of transformation
products aged for a period of ferrihydrite at room temperature
was higher than that of fresh ferrihydrite. Although the fixing
ability of As(V) by converted minerals was decreased with the
aging of ferrihydrite, the stability of the aged ferrihydrite-As(V)
composites was more stable than the ferrihydrite-As(V) in pure
aqueous solution (Fig. 1). Therefore, the use of ferrihydrite as a
precursor for As(V) contaminated soil may reduce the solubility and effectiveness of As(V) in the soil within a certain period
of time, thereby reducing the transfer of As(V) to plants and
water. However, co-existing ions and substances influence the
transformation and stability of the Fe-As composites, as well
as its mineralogical and physicochemical properties in more
complex environmental systems (Zanzo et al., 2017). The likely
reason of co-existing elements affecting the stability of the
composites is illustrated in Appendix A Fig. S9; however, further research is needed. This study provides baseline data for
the actual ameliorating arsenic-contaminated soil using ferrihydrite and the transformation products in the future, in order to evaluate the impacts of heavy metal ions and dissolved
constituents (e.g., silicate, sulfate) adsorbed by minerals on the
crystallization of ferrihydrite and the conversion and stability
of Fe-As composites under natural conditions. Our findings are
relevant and useful for understanding the long-term stability
of ferrihydrite/aged products-As composites in tailings from
arsenate mill operation in the ambient environment.

4.

Conclusions

The results of this study pertaining to the resulting form of
As(V) during the conversion of ferrihydrite and aged minerals, long term stability of the Fe-As composites and release
mechanism of As(V) during the reaction process are important to understand the movement of As(V) in different environments. During the 30 days aging process, partial H2 O/OH
sites of ferrihydrite were replaced by Fe, resulting in a decrease in the H2 O and OH content to 45.46% and 25.36%, respectively, resulting in the formation of hematite (78.83%) and
goethite (18.61%) due to dehydration–polymerization. Furthermore, when the Fe/As molar ratio decreased from 5.66 to 1.875,
the formation of hematite was delayed. However, after ferrihydrite was combined with As(V) for 30 days (Fe/As = 1.875) or 4
days (Fe/As = 5.66), hematite began to form.
The As(V) present in Fe-As composites was not easily released, and the released amount increased as the concentration of As(V) increased. When Fe/As = 1.875 or 5.66, As(V) was
released after being adsorbed by ferrihydrite for 6 hr and 12
hr, respectively. Specifically, when Fe/As = 1.875 or 5.66, the
amount of As(V) released after adsorbed 60 days increased by
42.26% and 38.23% compared with that for 1 hr. However, the
adsorption rate was 92.43% and 97.50%, respectively. Interestingly, the As(V) from Fh30d -As started to be released after ad-
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sorbed 30 days, and the release amount of As(V) after adsorbed
60 days increased by 5.89% and 4.8% compared to that mixed
for 1 hr, although the adsorption rate remained at 84.23% and
92.18%, respectively. Generally, the As(V) adsorbed onto minerals was easily replaced by Fe with an increased residence time
of As(V) on ferrihydrite or aged minerals; however, As(V) was
more likely to transform into the crystalline iron oxide-arsenic
phase or transfer to the mineral lattice to increase the stability
of the Fe-As composites.
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