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 The surface interactions of iron (hydr)oxideswith various environmental chemicals play a vital role in controlling their
environmental transport and fate. As a bioessential element, phosphorus and its biogeochemical cycling are usually
controlled by its adsorption on iron (hydr)oxides. Photoreductive dissolution of iron (hydr)oxides can change their sur-
face structure and properties, but its influence on the adsorption of phosphate remains unknown. Here, an enhanced
removal of phosphate during the photoreductive dissolution of ferrihydrite (Fh) was investigated. The Kd value of
phosphate adsorption on Fh under light irradiation is evidently larger than that in the dark (21 vs 13 L/g). Zeta poten-
tial determination in combination with X-ray photoelectron spectroscopy analysis suggested that the released Fe2+

from Fh surface during photoreductive dissolution can be oxidized to Fe3+, which then co-adsorb with phosphate
back to Fh surface, enhancing the immobilization of phosphate on Fh. In situ ATR-FTIR results disclosed that light ir-
radiation could further facilitate the formation of ternary complexes and surface precipitation on Fh, even after the in-
crement of phosphate adsorption becoming negligible in the dark, and the relative content of surface precipitation
increased evidently. The desorption ratio of phosphate from the irradiated Fh sample was reduced, which should be
attributed to a high content of surface precipitation that can tightly bind phosphate on Fh. The findings of this study
highlight an important yet previously unappreciated pathway that light irradiation can enhance the immobilization
of phosphate on iron (hydr)oxides.
Keywords:
Photoreductive dissolution
Ferrihydrite
Phosphate immobilization
Ternary complex
Surface precipitation
logy and Metallogeny, Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of Geochemistry,

19 April 2022; Accepted 6 May 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.155835&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.155835
zhurl@gig.ac.cn
http://dx.doi.org/10.1016/j.scitotenv.2022.155835
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Y. Lv et al. Science of the Total Environment 838 (2022) 155835
1. Introduction
Due to their large specific surface area, high surface reactivity,
ubiquity and abundance, iron (hydr)oxides are important geosorbents
for environmental chemicals (e.g., nutrients, contaminants, and organic
matter) (Cornell and Schwertmann, 2003; Hochella et al., 2008, 2019).
The immobilization pathways of environmental ions by iron (hydr)ox-
ides generally includes: (1) direct adsorption of ions (e.g., oxyanions,
heavy metals, and organic ligands) on the surface through surface
complexation and electrostatic interaction (Arai and Sparks, 2007;
Barrón and Torrent, 2013; Johnston and Chrysochoou, 2014; Liu
et al., 2018; Mikutta et al., 2014; Shi et al., 2021; Wang et al., 2017).
(2) Alteration of the valence of chemicals, such as Mn, Cr, through
surface-catalyzed or sunlight-induced redox reactions (Junta and
Hochella, 1994; Lan et al., 2017; Liu et al., 2019, 2021a). (3) Capture
of target ions (e.g., Zn2+, Cu2+, Pb2+, arsenate, and chromate) during
the formation of iron (hydr)oxides by co-precipitation reactions (Lu
et al., 2020; Sun et al., 2021; Yu et al., 2021; Zhu et al., 2019). These
three pathways are constrained by a variety of factors, such as valence
and ionic form of the chemicals, the mineral species and surface proper-
ties of iron (hydr)oxides. Besides, these pathways may also co-operate
under natural environments, making the immobilization of environ-
mental ions on iron (hydr)oxides a rather complex process (Fei et al.,
2018; Yu et al., 2016; Zeng et al., 2017).

Previous studies have shown that sunlight irradiation of iron (hydr)ox-
ides can influence the migration of environmental ions as well. Iron (hydr)
oxides as semiconductors can generate photoelectrons to reduce high-
valent ions, and generate holes and reactive oxygen species (ROS) to oxi-
dize low-valent ions (Bhandari et al., 2011, 2012; Jiang et al., 2012; Liu
et al., 2019; Schuttlefield et al., 2011). The change of ion valence, therefore,
may affect their interactions with iron (hydr)oxides and subsequently their
environmental migration as well (Bhandari et al., 2011, 2012; Liu et al.,
2019). On the other hand, some iron (hydr)oxides, particularly those with
low crystallinity (e.g., ferrihydrite, Schwertmannite), can also undergo
photoreductive dissolution, simultaneously generating Fe2+ and ROS
(Bhandari et al., 2011; Ren et al., 2018; Shi et al., 2021). Meanwhile, the ef-
fects of structural changes of iron (hydr)oxides, as caused by
photoreductive dissolution, on the immobilization process have been
overlooked. Theoretically, the photochemically generated Fe2+ can be eas-
ily re-oxidized to Fe3+, which should affect the surface properties of iron
(hydr)oxides, and subsequently the adsorption of concurrent ions. This pro-
cessmay be an overlooked pathway for immobilizing ions on iron (hydr)ox-
ides, particularly for those with stable valence (e.g., phosphate).

Phosphorus as a necessary nutrient for the photosynthetic organisms
and also a pollutant to cause eutrophication, its environmental transporta-
tion and fate have been widely concerned (Compton et al., 2000;
Ruttenberg, 2019). The prevalent iron (hydr)oxides can well immobilize
phosphorus (mainly in the form of phosphate) through both surface adsorp-
tion and co-precipitation, affecting its environmental transportation and
bioavailability (Arai and Sparks, 2001; Sverjensky and Fukushi, 2006;
Wang et al., 2017). The high surface area and reactivity of ferrihydrite
(Fh) makes it good sorbent for immobilizing phosphate. The adsorption
of phosphate by Fh can be affected by various factors, such as pH, ionic
strength, and coexisting ions, which have been well studied in previous
publications (Arai and Sparks, 2001; Hayes et al., 1988; Liu et al., 2016,
2018; Wang et al., 2017). Under certain environmental settings (e.g., in
the riverine and atmospheric transport processes), Fh may experience
long-term sunlight irradiation while interacting with phosphate. As such,
clarifying the effects of sunlight irradiation on the interactions between
Fh and phosphate species is of high importance to understanding the
environmental transport and fate of phosphorus. On the other hand, a
few earlier studies suggested that during the adsorption of phosphate
on iron (hydr)oxides, Fe3+might release from iron (hydr)oxides to facilitate
the adsorption of phosphate by forming ternary complexes (Ler and
Stanforth, 2003; Li and Stanforth, 2000). In this view, the photoreductive
dissolution of Fh should be able to enhance the adsorption of phosphate.
2

In this work, the influence of light irradiation on the adsorption of
phosphate on Fh and the underlying mechanisms were investigated.
Batch adsorption experiments were first carried out to examine the immo-
bilization efficiency in the systems with or without light irradiation. Then
zeta potential and X-ray photoelectron spectroscopy were used to figure
out the change of Fh structure as caused by light irradiation. To understand
the adsorption mechanisms at molecular level, in situ attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used
to explore the adsorption geometries of phosphate on Fh surfaces and char-
acterize the formation of surface precipitation. Desorption of the
immobilized phosphate from Fh samples collected from different reaction
systems was further compared. Our results, for the first time, showed that
light irradiation can enhance the adsorption of phosphate on Fh, while
the desorption of adsorbed phosphate is less efficient. Overall, this work
shows a widely occurring but overlooked pathway for immobilizing
oxyanions on iron (hydr)oxides.

2. Methods

2.1. Reagents and materials

Fe(NO3)3·9H2O, NaOH, KH2PO4, HNO3 (68%), 1,10-phenanthroline,
CH3COONH4, CH3COOH, and NH4F of analytical grade (purity >99%)
were purchased fromAladdin Reagents (China). All solutions used in exper-
iments were prepared with 18.25 MΩ cm (Milli-Q Gradient, Millipore,
USA) pure water.

2.2. The synthesis of Fh

Fhwas synthesized by simultaneously adding 100mL1MFe(NO3)3 and
50mL 6MNaOH into a beaker containing 20mL ultra-pure water with vig-
orous stirring, and the final pH was adjusted to 7. After aging for 24 h, the
mixture was centrifuged (4000 rpm, 10 min) and washed with pure water
and alcohol for 5 times. After being freeze-dried, the obtained material
was ground and sieved to below 75 μm. After using a Bruker D8
ADVANCE X-ray diffractometer (Karlsruhe, German) to identify Fh, the
samples were stored in the amber bottle at 4 °C.

2.3. Photochemical and adsorption experiments

Photoreductive dissolution of Fh was investigated using batch experi-
ments in triplicates in a photoreaction instrument (BL-GHX-V, Shanghai
Depai Biotech. Co. Ltd., China). A 1000 W Mercury lamp (28.5–30 mW/
cm2) was used as a solar simulator, which was placed in a cylindrical
Pyrex vessel surrounded by a circulating water cooling jacket, and our pho-
tochemical experiments were conducted in a roomwith air conditioner. No
obvious temperature change was observed during the whole photoreaction
process. Photoreductive dissolution experiments were carried out with sus-
pensions of 0.2 g/L Fh, and the pHwas adjusted to 3 before reaction. To dis-
close the effect of O2 on the photoreductive dissolution of Fh, experiments
were conducted in anaerobic environment, before and throughout which
the solutions were deaerated with high purity N2. The experiment con-
ducted under dark condition was used as a control. Samples were collected
at 0.5, 1, 2, 3, 5, 7, 9 h intervals to analyze the concentrations of dissolved
Fe2+ and total Fe (TFe). Fe2+ concentration was analyzed using 1,10-
phenanthroline photometricmethod (Stucki, 1981), and TFe concentration
was measured by transforming all Fe ions to Fe2+ before analysis.

To determine the influence of light irradiation on the adsorption of
phosphate on Fh, 50 mL of phosphate solution with an initial concentration
of 10 mg/L was added into each quartz tube. Subsequently, 0.01 g Fh was
added to the solution, and the initial pH of solution was adjusted to 3.0
using dilute nitric acid (0.1 M). Then, photochemical reactions were initi-
ated by exposing the above-prepared suspensions to a 1000 W Mercury
lamp. The control experiment was conducted under dark condition. To dis-
tinguish the adsorption processes with and without light irradiation, an-
other photochemical experiment was conducted after the adsorption of
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phosphate reaching equilibrium in the dark. Specifically, the suspension
was first reacted under dark condition for 9 h using the same setting, and
then the system continue to expose to a 1000WMercury lamp for 7 h. Dur-
ing phosphate adsorption under different conditions, aliquots of suspension
were taken out at certain time intervals and filtered for the concentration
analysis of phosphate, Fe2+, and TFe. The concentration of phosphate
(P) was determined by a UV–Vis spectrophotometer (UV2400, Shanghai
Sunny Hengping Scientific Instrument Co., Ltd., China) with the molybde-
num blue method (Murphy and Riley, 1962). Adsorption coefficient
(Kd = [P]adsorbed on Fh (mg/g)/[P]dissolved in water (mg/L)) of phosphate in
different systems was calculated.

2.4. Desorption experiments

Desorption experiments were conducted to examine the retention of
phosphate on Fh surface. Two samples pre-sorbed with phosphate were
prepared according to the methods of adsorption experiments in the ab-
sence or presence of light irradiation, respectively. After adsorption for 9
h, the suspension was centrifuged, and the supernatant was filtered with
0.22 μm pore-sized membrane filters for phosphate analysis. Then, the col-
lected solid samples were washed with pure water and reserved for desorp-
tion experiments. The solid samples were resuspended in 10 mL NaCl
solution (0.5 M, pH = 8), to simulate the release of phosphate in high
ionic-strength water (e.g., seawater). Moreover, to simulate the process of
phosphate release from Fh in anoxic environments, the collected solid sam-
ples were resuspended in 10 mL Na2S solution (0.5 mM). Aliquots of sus-
pension were taken out at certain time intervals and filtered for
phosphate analysis.

2.5. Zeta potential measurement of Fh with or without phosphate

Zeta-potential reflects the effective net charge of particles, which de-
pends on the properties of particles and the solution conditions (Hunter,
1981). The zeta potential of Fh in different systems (dark, light irradiation,
and adsorption of phosphate) was measured by a Zetasizer Nano-ZS instru-
ment (Malvern, UK). Specifically, 0.01 g Fh was added to the solution with
or without phosphate, respectively, and the pH of the two suspension was
adjusted to pH 3. After reacting for certain time intervals (0.5, 1.0, 2.0,
3.0, 5.0, 7.0, and 9.0 h), aliquots were collected from the two Fh suspen-
sions, and immediately transferred to the sample cell for zeta potentialmea-
surements. At least three runs were conducted for each sample and the
average value was recorded. After photoreductive dissolution and adsorp-
tion experiments, the pH of each suspension was also measured and
found to be almost constant. Specifically, in the absence of P, the pH was
2.97 and 2.95 under dark and light condition, respectively; in the presence
of P, the pHwas 3.03 and 3.05 under dark and light condition, respectively.
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2.6. In situ ATR-FTIR spectroscopy

ATR-FTIR experiments were conducted on a Bruker Vertex-70 FTIR
spectrophotometer, equipped with a liquid N2-cooled MCT detector and a
single-reflection ATR accessory (Quest-VU, Specac Technology). Mono-
lithic diamond ATR crystal (with an incidence angle of 45°) was used as a
sample carrier in the experiments in the absence or presence of light irradi-
ation. Each spectrum was collected at room temperature over a range of
850–1200 cm−1 (200 scans with a resolution of 4 cm−1).

The Fh film was coated on the surface of monolithic diamond ATR crys-
tal. 4 μL of Fh suspension (2.5 g/L) was dropped on the crystal surface and
dried in air for 1 h, which was followed by rinsing the film with pure water
for several times to remove the loosely deposited particles. Then, the Fh
film was allowed to equilibrate in the background solution (dilute nitric
acid, pH 3.0) until no further change was observed in the spectrum, and
the background spectrum was collected. Subsequently, the adsorption ex-
periments were conducted by replacing background solution with 10
mg/L phosphate solution (pH 3).

After the adsorption reaching equilibrium, the system then underwent
photochemical adsorption experiments. Simulated solar illumination
(320–780 nm) in the photochemical experiments was performed using a
1000 W Xe lamp (PLS-SXE300, Perfectlight). The light source and flow
cell were connected by an optical fiber (Perfectlight), which enables the
light irradiation to pass through the transparent window and reaches the
surface of monolithic diamond ATR crystal. After the transmission in opti-
cal fiber, the practical solar light intensity at the position of the sample sur-
face was approximately 20 mW cm−2, as measured with an illuminometer
(PSP, Eppley Laboratory, USA). After experiments, the Fh film was checked
and no obvious erosion of the film was observed. Spectra acquisition, sub-
traction, normalization and baseline correction were performed via Bruker
OPUS software (version 6.5, Bruker, Billerica, MA,USA). Curvefitting anal-
ysis of the overlapping peaks was conducted using a Gaussian line shape.

3. Results and discussion

3.1. Increased adsorption of phosphate on Fh under light irradiation

The adsorption kinetics of phosphate on Fh were investigated in the ab-
sence or presence of light irradiation, respectively (Fig. 1a). A rapid adsorp-
tion of phosphate at the initial stage (≤ 0.5 h) was observed, with a
phosphate removal ratio of ~50%. In the subsequent slow phosphate re-
moval stage, gradual enhancement of phosphate removal was observed for
all systems, and those with light irradiation evidently obtained better re-
moval efficiency. In particular, after 9 h's reaction, the removal efficiencies
of phosphate reached ~80% and ~70% under light and dark conditions, re-
spectively. Besides, the removal efficiency of P increasedwith the intensity of
incident light (Fig. S1). The calculatedKd values in the two systems after 9 h's
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reaction are 13 and 21 L/g (insets in Fig. 1a), respectively. These results well
showed the enhanced adsorption of phosphate on Fh as caused by light irra-
diation. Interestingly, the adsorption of phosphate on Fh in the presence of
light irradiation under anoxic condition (i.e., purging with N2) was further
enhanced, with a Kd value of 42 L/g at the same reaction time (Fig. 1a).
These results indicated that light irradiation could enhance the adsorption
of phosphate, which should be related to the generated Fe ions during the
photoreductive dissolution of Fh. According to previous studies on
photoreductive dissolution of Fh, the typical photoreductive dissolution pro-
cess include the generation of Fe2+ and ROS and the oxidation of Fe2+ to Fe3
+ byO2/ROS (Borer et al., 2009; Sulzberger and Laubscher, 1995; Xing et al.,
2019). Both processes may contribute to the enhanced adsorption of phos-
phate in this study. The aqueous Fe3+ can help the immobilization of phos-
phate on Fh through co-adsorption (Elzinga and Sparks, 2007; Liu et al.,
2016, 2018). However, in the presence of oxygen, part of the generated
Fe2+ on Fh can be directly oxidized before it is released into water (Borer
et al., 2009; Sulzberger and Laubscher, 1995), which clearly is not beneficial
to the adsorption of phosphate.With the purging of N2, more Fe2+ can be re-
leased to water and then be further oxidized to Fe3+ by ROS, and thus en-
hanced phosphate immobilization in the anoxic system can be obtained.

To confirm the generation of Fe ions in different systems, the aqueous con-
centrations of both dissolvedFe2+and total Fe (Fe2++Fe3+)weremeasured
(Fig. 1b). For the system without light irradiation and phosphate, proton-
promoted dissolution of Fh is the only pathway for generating Fe ions
(i.e., Fe3+), and the concentration reached a low and constant (~10 μM)
valuewithin 2 h. Under light irradiation, the concentration of Fe2+was signif-
icantly increased, particularly in the N2 purging system, while that of Fe3+ al-
most remained steady for both systems. As Fe3+ can originate from proton-
promoted dissolution of Fh and the oxidation of generated Fe2+ (from
photoreductive dissolution) byO2/ROS, the low concentration of Fe3+ should
be attributed to its low solubility, i.e., precipitation of Fe3+ back to the surface
of Fh. The relatively low concentration of Fe2+ in the air system (compared
with that in the anoxic system) strongly supported the oxidation of photo-
chemically produced Fe2+ (by O2). These results well correlated with the ad-
sorption capacity of phosphate in these systems, and higher concentration of
generated Fe ions would result in more phosphate adsorption. Indeed, in the
presence of phosphate, the concentrations of both Fe2+ and Fe3+ decreased
evidently to very low levels (Fig. S2), which could result from the co-
adsorption of Fe ions and phosphate on Fh surface, and/or the inhibition of
photoreductive dissolution of Fh by the adsorbed phosphate (will be further
discussed below).

In another set of experiment, light irradiation was applied after the ad-
sorption of phosphate reaching equilibrium in the dark after 9 h (Fig. 1c).
After 7 h of light irradiation, the values of adsorption capacity and Kd in-
creased from 31.4 to 39.8 mg/g, and from 8.5 to 19.5 L/g, respectively.
These results further showed that light irradiation can enhance the adsorp-
tion of phosphate on Fh, even after the phosphate adsorption reached equi-
librium in the dark. In other words, the photoreductive dissolution of Fh
after adsorbing phosphate in the dark should still be feasible, and thus the
observed low concentration of Fe ions in the system containing phosphate
with light irradiation (Fig. S2) should be attributed to the co-adsorption
of Fe ions and phosphate.

3.2. Light irradiation-induced change of Fh structures

During light irradiation, the crystal structure of Fh did not change evi-
dently (Fig. S3). Because of the unfavorable adsorption of Fe(II) ion on Fh
surface and the slow transformation rate of Fh at pH 3 (Appelo et al., 2002;
Das et al., 2011; Yee et al., 2006), Fe(II) produced by photoreductive dissolu-
tion has negligible effect on the transformation of Fh in the limited time. Be-
sides, the adsorption of phosphate on the surface can form Fe-phosphate
complexes to stabilize Fh (Fang et al., 2021), preventing the transformation
of Fh. Therefore, it is reasonable to believe the involved reactions
(e.g., phosphate adsorption, photoreductive dissolution, and surface precipi-
tation) happen on the surface of Fh. In this view, the light irradiation-induced
change of surface properties, and the surface charge of Fh particles in the
4

systems with or without phosphate were investigated (Fig. 2). In the absence
of phosphate, the zeta potential of Fh suspension in the dark was ~33 mV,
while it gradually increased in the presence of light irradiation, reaching a
constant value at ~38 mV after 9 h's reaction. One possible explanation for
the increase of zeta potential during photoreductive dissolution of Fh is the
release of Fe ions caused by photoreductive dissolution. The detachment of
Fe ions (Fe2+ + Fe3+) from Fh surface can expose broken Fe\\O bonds
(Klyukin et al., 2018; Zarzycki and Rosso, 2019), which will protonate
under acidic condition, resulting in the formation of more Fe-OH on the sur-
face and thus the increase of zeta potential. Besides, previous studies also
found that photogenerated holes can oxidize surface Fe-OH to (Fe-OH)+,
leading to formation of net surface positive charge (Boxall et al., 1996;
Zhang et al., 1993). The enhanced surface positive charge of Fh should ben-
efit the adsorption of phosphate.

In the presence of phosphate, the rapid adsorption of phosphate on Fh
(within a few minutes) neutralized part of the positive charge on the surface
of Fh, leading to an immediate drop of zeta potential value (Fig. 2). After that,
the zeta potential gradually increased (comparing with the first point after
adding phosphate), particularly for the system with light irradiation. In spe-
cific, the zeta potential value for the samples with and without light irradia-
tion increased from~17 to~29mV and from~15 to~20mV, respectively.
The gradual rise of zeta potential of iron (hydr)oxides during the adsorption
of phosphate was also observed in several previous studies, whichwas attrib-
uted to the rebinding of released Fe3+ back to the surface of Fh (forming a
ternary complex/surface precipitation) (Ler and Stanforth, 2003; Li and
Stanforth, 2000). Accordingly, the more evident rise of zeta potential in the
presence of light irradiation suggests the re-binding of more Fe3+ with
adsorbed phosphate on the surface of Fh. This is in accordance with the en-
hanced adsorption of phosphate as caused by light irradiation (Fig. 1a).

The chemical state of surface elements was further investigated using X-
ray photoelectron spectroscopy (XPS). The Fe 2p3/2 spectra for the samples
collected from different systems were obtained (Fig. 3). For the samples
without light irradiation, Fh is only composed of Fe3+ (binding energy at
~710.5 and ~711.7 eV) (Fig. 3a and b) (Zhang et al., 2014; Zhu et al.,
2018). After the adsorption of phosphate under light irradiation, however,
the Fe 2p spectra of Fh on the surface was broadened by extending to low
binding energy (Fig. 3c). This should be attributed to the generation of
Fe2+, which has a lower binding energy due to lower valence state than
Fe3+ (Mills and Sullivan, 1983). The differential spectrum of Fe 2p spectra
before and after the light irradiation showed a signal with the binding en-
ergy at ~709.5 eV (corresponding to the Fe2+ state), which confirmed
the generation of Fe2+ on Fh after light irradiation (insets in Fig. 3c), and
the photoreduction of Fh. The generated Fe2+ on Fh may release into solu-
tion (Fig. 1b) or be in situ oxidized to Fe3+ by O2/ROS (Borer et al., 2009;
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Sulzberger and Laubscher, 1995). The released Fe2+ will be re-oxidized
and then participate in the immobilization of phosphate on Fh surface.

The binding energies of the P 2p after phosphate adsorption with and
without irradiation are at ~133.7 and 133.9 eV, respectively, which are
larger than that of the pure NaH2PO4 sample (132.2 eV) but close to that
of FePO4 (133.6 eV) (Fig. S4), confirming the formation of Fe–O–P bond
on Fh. O 1s spectra of pristine Fh and collected Fh after phosphate adsorp-
tion were fitted with three peaks at ~529.9, ~531.3, and ~532.8 eV, cor-
responding to Fe\\O in the crystal lattice, surface –OH (+ O\\P) bond,
and adsorbed water, respectively (Fig. 3 d–e) (Fu et al., 2018; Mallet
et al., 2013). After the adsorption of phosphate, the relative content of
the fitted peak at ~531.3 eV increased while that at ~529.9 eV decreased,
which was attributed to the formation of Fe–O–P after phosphate binding
with Fe\\O. In particular, the sample collected after adsorbing phosphate
on Fh under light irradiation (P-Fh-L) (Fig. 3f) has a higher component at
~531.3 eV than the sample collected after adsorbing phosphate on Fh in
the dark (P-Fh-D) (Fig. 3e), reflecting the higher adsorption content of
phosphate on Fh in the former system, which is consistent with the results
from in macroscopic adsorption experiments.

3.3. Light irradiation-induced change in phosphate species on Fh

Fig. 4a shows the time dependent evolution of phosphate adsorbed on
Fh in the absence or presence of simulated solar irradiation. During the ad-
sorption process in the dark, the spectral intensity of adsorption band in-
creased rapidly in the first 30 min, and then increased slowly until the
adsorption reaching negligible increment, the trend of which is consistent
with that of macroscopic adsorption experiments. The collected spectra
show a broad adsorption band between 1200 and 900 cm−1, which
might be attributed to the formation of phosphate complexes of low sym-
metry (Arai and Sparks, 2001, 2007).

According to the peak deconvolution results, nonprotonated bidentate
binuclear complex (NBB) and protonated bidentate binuclear complexes
(PBB) were recognized as the main phosphate complexes on Fh surface,
which is consistent with previous studies (Arai and Sparks, 2001; Liu
et al., 2018, 2021b). Spectra deconvolutions with Gaussian profile fitting
5

were performed for each collected spectrum in Fig. 4a. In Fig. 4b, the
bands at 1075, 1050, and 947 cm−1 are assigned to NBB, and those at
1100, 1000, and 976 cm−1 are due to PBB (Abdala et al., 2015; Arai and
Sparks, 2001; Zeng et al., 2008). Besides, the band at ~1030 cm−1 is
close to that of the spectra of amorphous ferric phosphate (AFP) in previous
FTIR studies (Cai et al., 2013; Wang et al., 2017). Accordingly, the spectra
fitting with different phosphate adsorption species at the reaction time of
90 min (endpoint of adsorption under dark condition), 180 min (endpoint
of adsorption under light condition), and their differential spectra were ob-
tained (Fig. 4b-d). The intensity of these bands increased evidently after
light irradiation, suggesting that the content of all the phosphate species in-
creased. Besides, the adsorption intensity of the band located at 1030 cm−1

was significantly higher than those of other bands, which indicated the ev-
ident increment of AFP species after light irradiation.

The relative content of each phosphate species on Fh as a function of re-
action timewas further calculated in this work (Fig. 4e). Peak areawas used
to denote the content of the corresponding species (Jain et al., 1989; Lin
et al., 1999), and accordingly the proportion of different phosphate species
on Fh was calculated. Among the three adsorbed phosphate species, PBB is
the dominant species, which should be attributed to the low pH in thiswork
(~pH 3). Antelo et al. (2010) combined phosphate adsorption experiments
with modeling calculations to figure out phosphate bonding configuration
on Fh over a wide range of pH, and they also found protonated complex
(FeO)2(OH)PO was the major species at low pH (pH ≤ 4.5).

ATR-FTIR results also suggest that phosphate adsorption on Fh has two
stages under dark condition (Fig. 4e). During the fast adsorption stage in
the first 30 min, the content of three complexes increased, and the forma-
tion kinetics and content of phosphate species was in the order: PBB >
NBB>AFP. The formation of both PBB and NBB on Fh surface was through
a ligand exchange process, and low pH was conducive to the protonated
process, leading to the faster formation of PBB than NBB. The formation
of AFP needs the release of Fe3+ from Fh first (Luengo et al., 2006;
Martin et al., 1988; Torrent et al., 1992), which then resulted in much
slower formation of AFP than both PBB and NBB. After that, each phos-
phate species on Fh further increased slowly in the second stage (30–90
min), and the increment of AFP species was more apparent than both that



Fig. 4. (a) Infrared spectra of phosphate at the Fh-water interface as a function of time. The adsorption under dark condition is shown below the red dotted line, and
photoreaction begins after the increment of phosphate adsorption becoming negligible in the dark. (b) The FTIR spectrum of the adsorbed phosphate on Fh after
adsorption under dark condition (t=90min). The adsorbed phosphate species were determined according to the fitted spectra, i.e., nonprotonated bidentate binuclear com-
plex (NBB), protonated bidentate binuclear complex (PBB), and amorphous ferric phosphate (AFP). The peaks with the same color refer to the phosphate complexes in the
samemolecular symmetry. (c) The FTIR spectrum of the adsorbed phosphate on Fh after adsorption under light condition (t=180min). (d) The differential spectrum of the
adsorbed phosphate on Fh. The differential spectrumwas obtained by subtracting the spectrum recorded at the adsorption endpoint of dark condition (t= 90min) from that
recorded at the adsorption endpoint of light condition (t = 180 min) (inserts). (e) Changes of the fitted spectrum areas relating to the NBB, PBB, AFP species and their sum-
marized area during the adsorption of phosphate (i.e., the spectra in a). (f) The change of relative content of AFP species during phosphate adsorption on Fh before and after
light irradiation.
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of PBB and NBB species. Interestingly, in the whole adsorption process in
the dark, the relative content of PBB species decreased while those of
NBB and AFP species increased (Fig. 4f).

After the increment of phosphate adsorption becoming negligible in the
dark, light irradiation was introduced into the system. In this stage, all of
the three phosphate species contributed to the enhanced adsorption
(Fig. 4e). Noticeably, the relative content of AFP increased (from ~15%
to ~19%) while that of PBB deceased (from ~52% to ~48%); the relative
content of NBB, however, kept constant (~33%) (Fig. 4f). Themore evident
increase of AFP species caused by light irradiation can be attributed to the
photoreductive dissolution of Fh, which generates Fe3+, benefiting the for-
mation of surface precipitation with phosphate (Fang et al., 2018, 2020).

3.4. Light irradiation-improving the retention of Fh-bound phosphate

Light irradiation can improve the generation of surface precipitation/
complexes of phosphate on Fh, whichmay affect the long-term stabilization
of phosphate on Fh. The desorption experiments, therefore, were carried
out to investigate the release of phosphate from Fh. The desorption of phos-
phate may occur while the Fh particles transport from fresh water to high
ionic-strengthwaters and/or from oxic environment to anoxic environment
(Ruttenberg, 2019). As such, NaCl and Na2S solution were used to simulate
high ionic-strength water (e.g., seawater) and anoxic environment
(e.g., sediments), respectively, in which the release of phosphate from Fh
was investigated (Li et al., 2016; Ruttenberg and Sulak, 2011). The desorp-
tion kinetics of phosphate from the phosphate pre-sorbed Fh in the absence
or presence of light irradiation were shown in Fig. 5. All systems with the
phosphate pre-sorbed Fh displayed a similar desorption trend. In specific,
desorption of phosphate showed an initial rapid rate occurring within 10
6

min, which was followed by a slow desorption process between 10 min
and 10 h. Then, the desorption of phosphate remained almost constant
within 24 h. In the Na2S desorption system, Na2S can attack the structure
of Fh by reducing structural Fe3+ (Li et al., 2016), and thus the generation
of Fe2+ can be clearly detected (Fig. S5).

Noticeably, the desorption efficiency from the sample collected from the
light irradiated systemwas less efficient than that collected from the dark sys-
tem, in bothNaCl andNa2S solutions, which suggested themore effective im-
mobilization of phosphate as caused by light irradiation. It is reasonable to
believe that AFP ismore stable than the surface complexes in resisting the de-
sorption (Arai and Sparks, 2007), and the higher content of AFP on the light-
irradiated Fh samples will lead to a better immobilization efficiency.
3.5.Mechanisms for the enhanced phosphate adsorption during the photoreductive
dissolution of Fh

Above results showed that light irradiation, being introduced either at
the beginning of the adsorption process or after the adsorption reaching
equilibrium in the dark, can evidently enhance the adsorption of phosphate
on Fh (Fig. 1a and c). By integrating all of the characterization results, the
underlying adsorption mechanisms are proposed in Fig. 6. Under light irra-
diation, photoreductive dissolution of Fh occurs (Step 1 in Fig. 6) and the
generated Fe2+ (Ksp Fe(OH)2 = 4.9 × 10−17) will release into solution
due to its higher solubility than Fe3+ (Ksp Fe(OH)3 = 2.8 × 10−39) (Step
2 in Fig. 6). The detected Fe2+ on Fh by XPS (Fig. 3c) and the high concen-
tration of Fe ions in solution (Fig. 1b) caused by light irradiation well sup-
ported the presence of these reactions. Indeed, Fh as a nanomineral with
low crystallinity can easily undergo photoreductive dissolution, which
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has been proved by a number of previous studies (Bhandari et al., 2010;
Jambor and Dutrizac, 1998; Ren et al., 2019; Xu et al., 2019).

Then, the released Fe2+ caused by photoreductive dissolution will be
further oxidized to Fe3+ by O2/ROS (Step 3 in Fig. 6), which may directly
precipitate back to Fh surface with OH− due to its low solubility (Step 4 in
Fig. 6), or co-adsorb with phosphate to form ternary complexes/precipita-
tion on Fh (Step 5 in Fig. 6). The low Fe3+ concentrations in all of the
three systemswith varying Fe2+ concentrations (Fig. 1b) suggested the pre-
cipitation back of Fe3+ to Fh surface (Step 4). Due to the low solubility of
Fe3+, it can go through fast homogeneous precipitation process, i.e., Fe3+

precipitates with OH− to form precipitation (Li et al., 2020). The extremely
low concentrations for both Fe3+ and Fe2+ in the presence of phosphate
(Fig. S2) indicated the co-adsorption/precipitation of Fe3+ with phosphate
Oxidation by

O2/ROS

(1)

(2)

(3) (5)

(4)

Photoreductive

dissolution

Precipitation

e-

Bulk

Surface

Fig. 6. The schematic of the mechanism of phosphate adsorption on ferrihydrite under li
ligand to metal charge transfer (1), the subsequent surface Fe2+ is released into solution
surface (4) or re-adsorb with phosphate back to Fh surface as ternary complexes/surf
complexes (6).
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(Step 5), which can be further supported by the increase of zeta potential of
Fh during the adsorption process and the presence of AFP (as proved byXPS
and FTIR results). On the other hand, the significant decrease of zeta poten-
tial of Fh after adsorbing phosphate (Fig. 2) proved the direct adsorption of
phosphate on Fh surface (Step 6 in Fig. 6). The related reaction equations
are as follows:

≡ Fe IIIð Þsurf � OH !LMCT
Fe IIð Þsurf þ ∙OHsurf (1)

Ferrihydrite ⇒
hv

e � þ h � (2)

Fe3þ þ e � ! Fe2þ (3)

Fe2þ þ O2

∙OH
! Fe3þ (4)

Fe3þ þ PO3 �
4 ! FePO4 ternary complexes=surface precipitationð Þ (5)

According to above proposedmechanisms, the increased content of Fe3+

through photoreduction dissolution process is vital to the enhanced adsorp-
tion of phosphate on Fh during light irradiation, as it can be co-adsorbed
with phosphate to form surface precipitation/complexes. Although previous
studies also proposed that the release of Fe3+ from iron (hydr)oxides under
acidic condition can improve the adsorption of phosphate (Antelo et al.,
2010; Arai and Sparks, 2001;Wang et al., 2017), the photoreductive dissolu-
tion process provides an additional pathway in generating available Fe3+.
Besides, the chemical reductive dissolution of Fh (e.g., caused by Fe(II)) is
common in the nature (Pedersen et al., 2005), and the re-oxidation of re-
leased Fe(II) to Fe(III) theoretically may help the immobilization of P on Fh
as well. Further studies are needed to verify this deduction.

The influence of photoreductive dissolution on the immobilization of
redox sensitive ions (e.g., As(III), Sb(III)) during the photoreductive dissolu-
tion of Fh has been investigated in previous studies (Bhandari et al., 2011;
Kong et al., 2016). Light irradiation can excite electron transfer from the
sorbed As(III)/Sb(III) to Fe(III), leading to the photoreductive dissolution of
Fh, the oxidation of As(III)/Sb(III), and subsequently the enhanced adsorp-
tion on Fh (Bhandari et al., 2011; Kong et al., 2016). Compared with the
Ternary complexes/

Surface precipitation

(6)

Fe3+ Fe2+ O
P H

Surface 

complexation

ght irradiation. Photoreductive dissolution of Fh includes surface Fe3+ reduction by
(2), and further oxidized to Fe3+ (3). The dissolved Fe3+may precipitate back to Fh
ace precipitation (5). Phosphate can also directly adsorb on Fh surface as surface
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immobilization of As(III) and Sb(III) through oxidation, the immobilization
of phosphate in this study was achieved by the co-adsorption and precipita-
tion of phosphate with Fe3+ from photoreductive dissolution of ferrhydrite,
without changing the valence of ion.

Photoreductive dissolution reactions can happen on other minerals as
well. The photoreductive dissolution processes of iron (hydr)oxides have
been widely studied, during which photoelectrons can be generated in
iron (hydr)oxides (especially for those of low crystallinity) to reduce Fe
(III), thanks to their semiconductor characteristics and/or photolysis char-
acteristics (Sherman, 2005; Wells et al., 1991; Xu et al., 2021). In addition
to various iron (hydr)oxides, a number of studies have shown that light ir-
radiation can cause the reduction of manganese (hydr)oxides and the re-
lease of Mn(II) (Lu et al., 2021; Luther, 2005; Sakai et al., 2005).
Theoretically, this photoreductive dissolution-induced immobilization pro-
cessmay also operate for the adsorption of oxyanions onminerals (e.g., iron
(hydr)oxides, manganese (hydr)oxides).

4. Conclusion

This work showed a widely occurring but previously overlooked pro-
cess that the immobilization of phosphate on Fh was enhanced by light ir-
radiation. In this process, photoreductive dissolution accelerated the
release of Fe ions from Fh, which can co-adsorb with phosphate back to
Fh surface to form ternary complexes/precipitation, making the Kd value
of phosphate on Fh under light irradiation (21 L/g) evidently larger than
that in the dark (13 L/g). Besides, the desorption ratio of adsorbed phos-
phate from the light irradiated Fh was also evidently reduced, which can
help the long-term immobilization of phosphate on Fh. Considering the
prevalent of iron (hydr)oxides in the nature and the widespread
photoreductive dissolution, this process should play an important role in
immobilizing oxyanions on iron (hydr)oxides.
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