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The photoinduced transformation of ferrihydrite is an important process that can predict the geochemical cycle
of Fe in anoxic environments as well as the fate of trace elements bonded to Fe minerals. We report that the
photooxidation of sulfite by UV irradiation produces hydrated electrons (super-reductants), which significantly
promote ferrihydrite reduction to Fe(II), and SO3~ (a moderate oxidant), enabling its further oxidation to more
crystalline Fe(III) products. The experimental results show that the concentration of sulfite was key in influencing
the rate and extent of surface-bound Fe(II) formation, which ultimately determined the distribution of individual
products. For example, fitting of the Mossbauer spectroscopy data revealed that the relative abundances of
mineral species after 8 h of treatment in the UV/sulfite systems were 41.9% lepidocrocite and 58.1% ferrihydrite
at 2 mM SO%’; 41.8% goethite, 28.2% lepidocrocite, and 29.1% ferrihydrite at 5 mM SO%’; and 100% goethite at
10 mM SO% . The combined results of the chemical speciation analysis and the Cd K-edge EXAFS character-
ization provided compelling evidence that Cd was firmly incorporated into the structure of newly formed
minerals, particularly at high sulfite concentrations. These findings provide an understanding of the role of UV/
sulfite in facilitating ferrihydrite transformation and promoting Cd stabilization in oxygen-deficit soils and

aquatic environments.

1. Introduction

Ferrihydrite is an important product that results from pyrite oxida-
tion in the presence of water and O, and it is a natural reservoir for
heavy metals due to its relatively large surface area and abundant sur-
face groups (Hiemstra 2013; Liu et al., 2021b; Michel et al., 2007; Shi
et al., 2021). Under reducing conditions, ferrihydrite is susceptible to
reduction in a biotical or abiotic manner while releasing Fe(II), a reac-
tive species adsorbed on the Fe oxide surface, subsequently inducing its
structural transformation to more stable phases, such as lepidocrocite,
goethite, magnetite, and hematite (Boland et al., 2014; Hansel et al.,
2005; Larsen and Postma 2001; Lovley 1997). This naturally occurring
process results in the release of adsorbed heavy metals from the primary
hosts and their repartitioning in secondary minerals. For example,
Cd-bearing ferrihydrite is subjected to mineral dissolution in the pres-
ence of Fe(II), which mobilizes Cd, and it is then immobilized by newly
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formed Fe(III) (oxyhydr)oxides due to surface binding and structural
incorporation (Burton et al., 2019; Yan et al., 2021; Zhao et al., 2022a;
Zhou et al., 2020). For several decades, an understanding of the un-
derlying reaction mechanisms and driving forces of this process has
attracted considerable attention. Many studies have shown that the
reductive dissolution of ferrihydrite in aqueous systems is facilitated by
organics either chemically, or more frequently, microbially, by bacteria
under the anaerobic conditions (Aeppli et al., 2019; Chen et al., 2015;
Dong et al., 2020). In addition, inorganic electron donors, such as sulfide
and sulfite, in organic matter-deficient environments are also important
contributors to ferrihydrite reduction to Fe(II) (Ma and Banfield 2011;
Saalfield et al. 2009; Schoepfer and Lindsay 2022).

The photoinduced reduction of ferrihydrite also plays a crucial role
in the Fe cycle of aquatic environments. This process can be achieved
through pathways, including i) Fe(IIl) reduction by photogenerated
electrons from Fe(IlI) (oxyhydr)oxide semiconductors (Lv et al., 2022;

Received 30 October 2022; Received in revised form 10 January 2023; Accepted 11 January 2023

Available online 12 January 2023
0043-1354/© 2023 Elsevier Ltd. All rights reserved.


mailto:chfeng@scut.edu.cn
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2023.119607
https://doi.org/10.1016/j.watres.2023.119607
https://doi.org/10.1016/j.watres.2023.119607
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2023.119607&domain=pdf

J. Qiu et al.

Shu et al., 2019); ii) Fe(IIl) reduction by direct ligand-to-metal charge
transfer (LMCT) (Kong et al., 2016; Xing et al., 2019); and iii) Fe(III)
reduction by indirect reactions with exogenous photoelectrons from
coexistent semiconductors or with photoinduced O3~ from the excita-
tion of photosensitive natural organic matter under aerobic conditions
(Shu et al., 2019; Xing et al., 2019). Of particular pertinence to this
article is the investigation of the photoinduced reduction of ferrihydrite
by hydrated electrons (ezq) or hydrogen radicals (*H), a photoexcited
super-reductant produced from anaerobic environments, which sur-
prisingly receives limited attention in the literature. Based on the
knowledge that sulfite stimulated by UV irradiation can produce e;q/*H
(Chen et al., 2022; Li et al., 2012; Yang et al., 2020b), it is anticipated
that this super-reductant can be produced in natural environments
containing sulfite. For instance, sulfite is an intermediate species that
originates from the microbial oxidation of pyrite (Ma and Banfield 2011;
Sim et al., 2017) or the microbial reduction of sulfate (Li and Bao 2021;
Lohmayer et al., 2014) in acid mine drainage (AMD) sites. Previous
studies have shown that sulfite and other sulfoxy compounds are
detectable at the micromolar to millimolar levels in AMD sediments or
solutions (Druschel et al., 2004; Ma and Banfield 2011). Moreover, the
coexistence of sulfite, ferrihydrite, heavy metals, and UV in
AMD-relevant environments is possible because i) the metastable phases
of ferrihydrite are also frequently found in the system of pyrite oxidation
(Balistrieri et al., 1999; Sanchez Espana et al. 2005), ii) ferrihydrite
generally entraps a variety of heavy metals (i.e., Cd, As, Cr, Pb, Cu, etc.)
(Hiemstra 2013; Shi et al., 2021), and iii) solar irradiation can penetrate
water in a depth of several meters and sediments with a thickness of
several millimeters (Ciani et al., 2005; Liu et al., 2021b). These con-
siderations stimulate in-depth research to understand the behavior of
UV/sulfite-induced ferrihydrite dissolution and transformation and its
importance to Fe geochemistry and the relevant mobility/immobility of
heavy metals.

Therefore, the objectives of the current study were to i) demonstrate
the phenomenon that the combination of UV light and aqueous sulfite is
conducive to ferrihydrite transformation to more crystalline minerals,
which in turn affects the mobility of Cd; ii) elucidate the mechanism
governing the reduction dissolution and phase transformation in the
UV/sulfite system that is supposed to generate both reductive species (e.
g., €aq) and oxidative species (e.g., SO3~ and *OH); and iii) identify the
evolution of secondary minerals and their interactions with Cd at the
molecular level. To achieve these goals, a series of experiments were
conducted with and without UV irradiation and in the absence and
presence of sulfite at different concentrations. Electron paramagnetic
resonance (EPR) and scavenging tests were performed to examine the
generation of reactive species and to reveal their roles in ferrihydrite
transformation. The extended X-ray absorption fine structure (EXAFS)
spectroscopy, Mossbauer spectroscopy, and other physicochemical
techniques were used to obtain information regarding the Fe local
structure in ferrihydrite and the secondary minerals associated with Cd.

2. Materials and methods
2.1. Chemicals

Ferric chloride hexahydrate (FeCl3e6H0, >99.0%), cadmium sul-
fate (CdSO4, >98.0%), sodium sulfite (NapSO3, >98.0%), sodium hy-
droxide (NaOH, >97.0%), 3-(N-morpholino) propanesulfonic acid
(MOPS, >98.5%), 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB, >98.0%),
tertiary-butyl alcohol (TBA, >99.5%), methanol (CHsOH, >99.9%),
nitrobenzene (NB, >99.0%), Dimethyl sulfoxide (DMSO, >99.8%) so-
dium nitrate (NaNOs, >99.0%), sodium nitrite (NaNO, >99%) and 5,5-
dimethyl-1-pyrroline N-oxide (DMPO, >97%) were purchased from
Aladdin Industrial Corporation (Shanghai, China). All other reagents
were of at least analytical grade and used without further purification.
Deionized (DI, 18.2 MQ cm™!) water was used throughout this study.
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2.2. Fe(Ill) mineral synthesis

Ferrihydrite was synthesized according to the method reported by
Schwertmann and Cornell (2008). Briefly, 1 M NaOH was added drop-
wise to the solution containing 0.1 M FeCl3-6H0 until its pH was
titrated to 7.0-7.5. The resulting particles were centrifuged (8000 rpm,
5 min) and washed 6 times with DI water and then re-dispersed in DI
water by ultrasonic shaking. The stock suspension was purged with
high-purity N for more than 2 h and then immediately transferred to an
anaerobic glove box. The mass concentration of ferrihydrite was calcu-
lated from the measured total Fe concentration using the commonly
used molecular formula (FesHOg-4H20). Lepidocrocite was synthesized
by oxidizing 600 mL of a 0.2 M FeCly-4H50 solution under an air flow
rate of 100 mL min~!, when the pH value was maintained at ~6.9 by
dropping 2 M NaOH (Schwertmann and Cornell 2008). During this
process, the color of the suspension changed from dark greenish-blue to
grey and finally to orange. To obtain lepidocrocite, the particles were
collected and washed with DI water at least 3 times. Goethite was pre-
pared from an alkaline system (Schwertmann and Cornell 2008), of
which 100 mL of 1 M Fe(NOs)3 was poured into a 2 L polyethylene flask,
and 180 mL of 5 M KOH was rapidly added with stirring. The suspension
was taken out and held in a closed polyethylene flask at 70 °C for 60 h.
After the yellow-brown precipitates were formed during the heating
stage, they were centrifuged, washed, and dried to obtain goethite.

2.3. Experimental setup and sampling

All the experiments were carried out under anoxic conditions with
0.5 g L™} ferrihydrite and 5 mg L ™! cadmium in a buffer solution (pH
6.8) composed of 50 mM 3-(N-morpholino) propanesulfonic acid
(MOPS). Cd and ferrihydrite were equilibrated on a shaking bed in the
dark and in the anaerobic glovebox (855-ACB, Plas-Lab, America) for 24
h to ensure adsorption equilibrium. According to the analysis of Visual-
MINTEQ, no Cd precipitation was formed under this condition. The
sodium sulfite with different concentrations (2, 5, and 10 mM) was
added to the suspension, and then the solution pH was adjusted to 6.8 by
6 M NaOH and 1 M H,SO4. Quartz tubes of 50 mL were used to hold the
suspension. The sealed quartz tubes were taken from the anaerobic
glovebox and immediately placed into a photochemical reactor in which
the reaction was initiated. The reaction lasted for 8 h at a power of 720
W. The distance between the reaction suspension and the light source
(high-pressure mercury lamp) was 6.5 cm. The wavelength of the exci-
tation light irradiated on the reaction system was 300-400 nm, and the
light density at the reaction suspension was about 12 mW cm 2. The
samples were taken from the photochemical reactor at regular intervals
and immediately centrifuged for further chemical analysis. After the
centrifugation, the liquid was filtered and collected with a syringe filter
(0.22 pm) for the aqueous Cd concentration measurement. The solid was
extracted with 10 mL of 0.4 M HCl, and the extractable liquid was
chemically analyzed to determine the concentrations of adsorbed Cd and
adsorbed Fe(Il) (Ford et al., 1997; Frierdich et al., 2014; Reddy et al.,
2015). The remaining solid was dissolved by adding 4 mol L' HCI. After
completely dissolving, the liquid was further filtered and collected for an
analysis of the content of structurally incorporated Cd. All the experi-
ments were repeated in triplicate, and the average results were recorded
throughout the study. The ferrihydrite transformation rate (K) was
estimated from the following equation (Maillot et al., 2011; Michel
et al., 2007; Zhao et al., 2022a; Zhou et al., 2020).

In{[Fe (1), / [Fe(LD)], }

t

@

where [Fe(IlI)]ox is the concentration of 0.4 M HCl-extracted Fe(III)
regarded as the content of unconverted ferrihydrite (Ford et al., 1999;
Schwertmann and Cornell 2008; Zhao et al., 2022b), [Fe(IlI)]; refers to
the total Fe(III) concentration in the solid extracted by 4 M HCl, and t
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stands for the reaction time (h).

2.4. Characterization and analysis

The contents of Fe (II) and total Fe in the aqueous samples were
quantified using the Ferrozine analysis. For the determination of dis-
solved Cd, the sample was diluted with 2% HNOs, stored at 4 °C, and
analyzed using an atomic absorption spectrometer (AAS, PinAAcle
900T, PerkinElmer, USA). The detection of limit of AAS for Cd was 2 pg
L~ L. The concentration of S(IV) was monitored using the modified 5,5'-
dithiobis (2-nitrobenzoic acid) colorimetric method with a UV-vis
spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). The details for
S(IV) concentration measurement are presented in Text S1. Prior to the
physicochemical characterizations, the solid products were collected
with a syringe filter (0.22 pm), freeze-dried, and stored in a refrigerator
at 4 °C if the test apparatuses were not immediately available (this
storage method has been widely reported in previous studies (Boland
etal., 2014; Shu et al., 2019)). Otherwise, the freeze-dried samples were
promptly detected. We should state that the phase transformation of the
resultant minerals during storage did not occur because they were in the
form of Fe(IlI) (oxyhydr)oxides. The surface morphology of the solid
samples was characterized using scanning electron microscopy (SEM,
Merlin, Zeiss Co., Germany). The mineral phases of the selected solid
samples were analyzed using an X-ray diffractometer (X’Pert PRO MRD,
PANalytical, Holland, Germany) and Cu Ka radiation (A = 1.5418 [o\, 40
kV, and 40 mA). Diffractograms were recorded in the 26 range of
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10—70° with a step size of 0.02° at a scanning rate of 2° min~!. The
Fourier transform infrared spectra (FTIR, VERTEX 33, Bruker, Germany)
were collected in the absorbance mode in the range of 450-4500 cm ™!
with a spectral resolution of 4 cm™!. The electron paramagnetic reso-
nance (EPR) spectra were collected on a Bruker EMX A300-10/12
(Germany) spectrometer. The Mossbauer spectra were collected at 13
K in the transmission mode on a WSS-10 Mossbauer spectrometer
(WissEL GmbH, Germany) equipped with a closed cycle cryostat
(SHI-850, Janis Research Co., Wilmington, MA, USA). The velocity scale
of the Mossbauer spectra was calibrated with reference to a-iron. The
X-ray absorption spectra (XAS) of Fe and Cd K-edges were collected in
the transmission and fluorescence mode, and conducted at beamline
BL17C and beamline BLO1C of the Taiwan Light Source (TLS), respec-
tively. The obtained XAFS data were processed in Athena (version
0.9.26) for background, pre-edge line, and post-edge line calibrations.
More detailed parameters for collecting the XAFS data and the corre-
sponding analysis are depicted in Text S2.

3. Results and discussion

3.1. Characterizations of the structural evolution of the UV/sulfite-
induced transformation of Cd-bearing ferrihydrite

The XRD analysis was conducted to discern the variation in the

crystallized structure of Cd-bearing ferrihydrite upon UV irradiation and
the addition of aqueous sulfite, which influences the rate and extent of
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Fig. 1. (a) XRD patterns of the solid phases resulting from the 8-h transformation of Cd-loaded ferrihydrite under different conditions. Time-dependent XRD patterns
of the solid phases resulting from the transformation of Cd-loaded ferrihydrite upon UV irradiation in the presence of (b) 2, (c) 5, and (d) 10 mM SO3 ™. Experimental

conditions: [ferrihydrite] = 0.5 g L’l, [cd*1=5 mg L’l, and pH = 6.8.
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ferrihydrite transformation and the resulting products. Fig. 1a shows
that the diffraction peaks of 2-line ferrihydrite (typically at 20 of ~33°
and ~61°) displayed no detectable changes under the conditions of
either UV alone or 10 mM SO% ™ alone. In stark contrast, the combination
of UV and sulfite after 8 h of aging induced the appearance of strongly
crystalline peaks attributed to goethite (PDF#00-29-0713) (Sheng et al.,
2020a), signifying the interactive effect in promoting ferrihydrite
transformation. The occurrence of ferrihydrite transformation is closely
linked to the concentration of sulfite and is dependent on the reaction
time. At a low concentration (2 mM SO%’), the transformation exhibited
slower overall kinetics and resulted in the formation of lepidocrocite
(PDF#00-08-0098) (Sheng et al., 2020a); for instance, the distinct
emergence of the lepidocrocite peaks was observed until 8 h of reaction
time (Fig. 1b). When the concentration of SO%~ increased to 5 mM,
obvious changes in the peak profile appeared at 6 h, and the final
product at 8 h was composed of goethite (major) and lepidocrocite
(minor) (Fig. 1c). Fig. 1d reveals that increasing the sulfite concentration
to 10 mM significantly enhanced the transformation kinetics, as 3 h of
reaction time led to a remarkable appearance of new diffraction peaks,
which were attributed to goethite. These findings are in good agreement
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with the literature results regarding the Fe(Il)-catalyzed ferrihydrite
transformation into secondary and more crystalline minerals (Boland
et al., 2014; Liu et al., 2007; Pedersen et al., 2005). The production rate
of adsorbed Fe(II) and the subsequent oxidation rate of this species are
believed to be the key factors determining the type of secondary min-
erals and the extent of their formation (this point is discussed in later
sections).

The difference in the functional groups of Fe (oxyhydr)oxides before
and after treatment by UV/sulfite was explored using the FTIR, which
also supported the dynamic evolution of the mineral phase. In general,
the strong bands centered at ~795 and ~890 cm™! together with a
broad band at ~640 cm ™! were attributed to the FTIR spectra of goethite
(Goti¢ and Musi¢ 2007; Kahani and Jafari 2009). Lepidocrocite exhibits
three bands at ~554, ~740, and ~ 1021 cm_l, corresponding to the
Fe-0, you out-of-plane, and 8oy in-plane vibrations, respectively (Lewis
and Farmer 1986; Xiao et al., 2017). Fig. 2a clearly indicates that there
was little change in the infrared spectra under the UV alone and
dark/sulfite conditions and that the characteristic features derived from
goethite were visible in the sample after 8 h of treatment. Note that the
absorption peaks at 1040 cm™! were due to the existence of S-O
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Fig. 2. (a) FTIR spectra of the solid phases resulting from the 8-h transformation of Cd-loaded ferrihydrite under different conditions. Time-dependent FTIR spectra
patterns of the solid phases resulting from the transformation of Cd-loaded ferrihydrite upon UV irradiation in the presence of (b) 2, (¢) 5, and (d) 10 mM SO3".
Experimental conditions: [ferrihydrite] = 0.5 g L™}, [Cd*"] = 5 mg L™}, and pH = 6.8.
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stretching of sulfur-containing group in the buffer solution (Zhou et al.,
2022). As illustrated in Fig. 2b, the addition of 2 mM SO%~ to the UV
system provoked the appearance of typical bands assigned to lep-
idocrocite from 3 to 8 h of operation, and their intensities increased over
time. The presence of 5 mM SO3~ led to a gradual emergence of char-
acteristic bands corresponding to goethite, which accompanied the
formation of the lepidocrocite bands (Fig. 2c). Fig. 2d shows that the
predominant bands were attributed to goethite in the UV system con-
taining 10 mM SO3™. The vibration peaks were strengthened with pro-
longed time, suggesting that the elevated amount of goethite formed
over time. It should be emphasized that the uptake of Cd (~10 mg g * at
an initial Cd concentration of 5 mg L™?) in the ferrihydrite did not visibly
impact its transformation, as is evident based on the observations that
the time-dependent XRD and FTIR results of the ferrihydrite samples in
the absence of Cd were highly similar to those in the presence of Cd
(Fig. S1).

The SEM analysis was performed to examine the differences in the
mineral surface morphology during the phase transformation. Fig. S2
shows the SEM images of the as-synthesized Cd-bearing ferrihydrite and
the end-products of the transformation under UV irradiation with the
sulfite concentrations of 0, 2, 5, and 10 mM. When sulfite was unavai-
lable, the solid surface appeared to be flocculent, which resembled that
of the initial ferrihydrite, again supporting the role of sulfite in pro-
moting phase transformation. The SEM image of the sample formed at 2
mM SO%~ exhibited a typical lamellar structure of lepidocrocite (Qafoku
et al.,, 2020; Schwertmann and Cornell 2008). Both lamellar and
needle-like crystals were observed on the mineral surface after the re-
action in the UV/sulfite system with 5 mM SO3™. The addition of 10 mM
made the needle-like crystals prevalent on the surface, conforming to the
generation of goethite as the ultimate product of the Fe(II)-catalyzed
ferrihydrite transformation (Boland et al., 2014; Hansel et al., 2005).

A further understanding of the mineral transformation of Cd-bearing
ferrihydrite at the molecular level was aided by the Mossbauer spec-
troscopy and the Fe K-edge EXAFS spectroscopy characterizations.
Remarkable variations in the Mossbauer spectra (Figs. 3a-d) were
revealed between the samples after UV irradiation over 8 h and in the
absence and presence of sulfite at different concentrations, which is in
good agreement with the XRD and FTIR results. The fitting results and
relevant parameters are provided in Table S1. The Mossbauer spectrum
of the mineral without the engagement of sulfite exhibited a six-fold
peak with the typical parameters of ferrihydrite (IS = 0.46 mm s !,
QS = —0.05 mm s h (Bishop et al., 1993). The addition of 2 mM SO%™
led to a partial transformation of ferrihydrite into lepidocrocite (IS =
0.42 mm s}, QS = —0.037 mm s~ 1), and the addition of 5 mM SO35™
yielded the appearance of secondary minerals, including lepidocrocite
(IS =0.52 mm s_l, QS =—-0.01 mm s Hand goethite (IS = 0.48 mm s_l,
QS = -0.13mm s Y). Increasing the concentration of SO%’ to 10 mM
resulted in a complete ferrihydrite transformation to goethite (IS = 0.44
mm s’l, QS = —0.22 mm shH (Bishop et al., 1993; Meng et al., 2022;
ThomasArrigo et al., 2018). The relative abundances of the mineral
species after illumination for 8 h in the aqueous sulfite solution were
estimated from the fitting results: 41.9% lepidocrocite and 58.1% fer-
rihydrite at 2 mM S0%~; 41.8% goethite, 28.2% lepidocrocite, and
29.1% ferrihydrite at 5 mM SO3~; and 100% goethite at 10 mM SO3~.
Beyond the solid-phase Fe(Ill) signals, the peaks associated with
adsorbed Fe(II) were also observed in the original spectra of samples
with 5 and 10 mM SO3% . The relative content of adsorbed Fe(II)
increased with the increasing sulfite concentration from 0.95% (5 mM
SO37) to 4.46% (10 mM SO37) (Liu et al., 2021a). This indicates that the
enhanced concentration of Fe(II) bound to the mineral is favorable to
ferrihydrite conversion into goethite (Boland et al., 2014; Huang et al.,
2021; Jones et al., 2017).

The Fe K-edge EXAFS spectra also provide solid evidence of suc-
cessful ferrihydrite transformation in the UV/sulfite systems and a
dependence of the conversion proportion on the sulfite concentration.
As illustrated in Fig. 3e, a negligible transformation of ferrihydrite
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occurred under the sulfite-free condition with UV radiation after 8 h of
reaction time. Likewise, no conversion appeared with the addition of 10
mM SO%~ in the dark. On the contrary, the Fe K-edge EXAFS signals
clearly changed in the UV/sulfite solution. Based on the fitting results by
referring to the standard curves of ferrihydrite, lepidocrocite, and
goethite, the phase fractions of these minerals in different solid samples
after 8 h of radiation were quantified (Fig. 3f). Specifically, the pro-
portions of ferrihydrite were 63.5%, 29.0%, and 0, those of lepidocrocite
were 36.5%, 21.7%, and 0, and those of goethite were 0, 49.3%, and
100%, corresponding to the as-resulted solids under UV irradiation with
2,5, and 10 mM SO3~, respectively. Despite the slight differences in the
exact values between the fitted results of EXAFS and the Mossbauer
analysis, they displayed an identical trend, with lepidocrocite as the
intermediate product at a low sulfite concentration and goethite as the
final product at a high sulfite concentration. This behavior is similar to
that reported for the transformation of Fe(III) oxides assisted by biogenic
Fe(Il) (Xiao et al., 2018).

3.2. Mechanistic investigations on UV/sulfite-induced ferrihydrite
transformation

It has been documented that the rate of Fe(II) uptake and the solid-
bound Fe(II) concentration are important in determining which partic-
ular minerals form (and at what rate) with respect to Fe(II)-accelerated
ferrihydrite transformation to more crystalline products (Boland et al.,
2014; Liu et al., 2021a; Sheng et al., 2020b). Likewise, the time courses
of adsorbed Fe(Il) concentrations in all setups were recorded, and their
dependence on the initial sulfite concentration was evaluated. Fig. 4a
shows that the rate and extent of solid-associated Fe(II) formation were
closely linked with the content of sulfite. No solid-associated Fe(II) was
detectable in the absence of sulfite, suggesting that no other reductants
responsible for Fe(III) reduction were available in such systems. A more
rapid increase in the concentration of adsorbed Fe(II) was observed at
10 mM SO%’, and it mounted to the summit (9.02 mg L) within 20
min. The relevant values associated with 5 and 2 mM SO3~ distinctly
decreased to 6.25 and 3.33 mg L™}, respectively. The order of the
adsorbed Fe(II) concentration determined by the wet chemistry analysis
was highly consistent with the results revealed by the Mossbauer anal-
ysis. The latter suggested relatively higher adsorbed Fe(II) values,
particularly at 10 mM SO%~, possibly due to the involvement of adsorbed
Fe(Il) and structural Fe(II) in the mineral.

It is expected that the reduction and dissolution of ferrihydrite were
driven by hydrated electrons (e,q), photoexcited super-reductants (E <
—2.3 V vs. NHE) arising from the UV/sulfite process (Li et al., 2012;
Waclawek et al., 2022). To confirm the effectiveness of e;q in promoting
Fe(IIl) reduction, the EPR analysis and scavenging experiments were
conducted. Distinct TEMPO-e,q signals were observable (Fig. 4b) in
UV/sulfite, whose intensities were significantly attenuated upon the
addition of ferrihydrite after 1 min of irradiation. Increasing the oper-
ation time to 3 min completely extinguished the EPR signals. Both NO3
and NO3 were selected as the quencher for e,q due to the extremely high
rate constants of 9.7 x 10° and 4.1 x 10° M‘Ci s, respectively (Buxton
etal., 1988; Wang et al., 2022). Fig. 4c shows that the rate of ferrihydrite
transformation was 0.115 h™! in the UV system with 10 mM SO3~ and
that the presence of NO3 and NO; greatly inhibited the conversion of
ferrihydrite. These results corroborate the role of eyq in facilitating Fe
(III) reduction.

It can also be observed in Fig. 4a that the adsorbed Fe(II) concen-
tration first climbed and then dropped with the increasing time in the
UV/sulfite systems. This profile indicates that Fe(II) oxidation accom-
panied the UV/sulfite-induced reduction of ferrihydrite, which is in
accordance with the observation of microbial ferrihydrite reduction
(Dong et al., 2020). Previous studies have demonstrated that Fe(II)-Fe
(III) electron transfer at the iron oxide-water interface occurs, which
accounts for the ultimate mineral transformation when additional Fe(II)
was reacted with ferrihydrite (Boland et al., 2014; Handler et al., 2009).
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Fig. 4. (a) Time courses of the adsorbed Fe(II) concentration in the UV/sulfite systems at different sulfite concentrations. (b) Time-dependent TEMPO-probed EPR
spectra of hydrated electron (e;q) in the UV/sulfite system containing 10 mM SO3". (c) Temporal changes in the Cd(II)-loaded ferrihydrite transformation rates with
different scavengers. Experimental conditions: [ferrihydrite] = 0.5 g L™}, [Cd**] = 5 mg L™}, [TEMPO] = 200 uM, [scavenger] = 20 mM, and pH = 6.8.

For this Fe(Il)-catalyzed process, the concentration of adsorbed Fe(II) is
usually maintained at a relatively constant value (Sheng et al., 2020b);
however, in our case, the content of solid-associated Fe(Il) substantially
decreased with the increase in the duration (e.g., from 9.0 mg L™! at 20
min to 1.3 mg L' at 8 h). It thus can be hypothesized that an alternative
pathway should influence the oxidation of Fe(II) and the resulting Fe(III)
(oxyhydr)oxide products. To verify this, a series of reference experi-
ments were performed with the addition of external Fe(Il) at different
concentrations to the aqueous ferrihydrite systems. Fig. S3 illustrates
that the levels of adsorbed Fe(Il) were comparable to those in the
UV/sulfite processes, but they did not significantly vary during 8 h of
operation. Despite the observations of ferrihydrite transformation, lep-
idocrocite appeared to be the major crystalline mineral for all the
investigated cases with an adsorbed Fe(II) concentration that varied
from 3.0 to 10.5 mg L™}, as shown by the XRD results (Fig. S4). This is
different from the result that goethite was the predominant product in
the UV/sulfite systems at high sulfite concentrations. Moreover, the
presence of sulfite (10 mM SO%’) without the involvement of UV can
result in the reduction of ferrihydrite (evidenced by the release of Fe(II)
and its adsorption on the solid surface, as shown in Fig. S5), but it was
ineffective in causing its conversion (Fig. 1a). This implies the impor-
tance of other possible oxidants having the capacity to convert Fe(Il)
into Fe(IID).

Fig. 5a depicts the DMPO-relevant EPR signals detected in different
systems, which are suggestive of the presence of SO3~, another product
resulting from the photolysis of sulfite (Li et al., 2012; Yang et al.,
2020a). The UV/sulfite system exhibited the strongest DMPO-SO3~ in-
tensities, and the co-existence of ferrihydrite alleviated the magnitude,
indicating the consumption of SO3™ likely by Fe(Il). The addition of
more amounts of Fe(Il) further weakened the signals; this proves the

involvement of SO3™ in Fe(II) oxidation. In addition, Fig. S6 shows that
no relevant signals were visible under the dark condition and that the
intensities of the DMPO-SO3~ patterns were positively correlated with
the initial sulfite concentration. The possibility of a reaction between
SO3%~ and Fe(II) was also evident based on the differentiation in the
decay rate of sulfite between the aqueous systems in the presence and
absence of ferrihydrite. As illustrated in Fig. 5b, the addition of ferri-
hydrite remarkably retarded the decline in the sulfite concentration, and
this inhibition effect was distinct for all the investigated systems. These
results are considered to be the regeneration of sulfite resulting from
SO3 -induced Fe(II) oxidation. It should be noted that no DMPO-HO®
patterns were revealed in the UV/sulfite system, corroborating that
insignificant amounts of HO® were produced upon light irradiation.
Fig. 5c also shows that the addition of NB, MeOH, and TBA, excellent
scavengers preferentially reacting with HO® (Huang et al., 2017; Liang
et al., 2020), did not alter the rate of ferrihydrite transformation, which
is indicative of a negligible role of HO® in Fe(II) oxidation. High-valence
Fe species with a high oxidative capacity may be produced from the Fe
(II)-catalyzed Fe(III) mineral transformation system under anoxic con-
ditions (Hua et al., 2022); however, the addition of DMSO that can
quench Fe(IV) species (Liang et al., 2020) apparently did not slow the
conversion rate (Fig. 5c), suggesting that Fe(IV) also has an inappre-
ciable impact on Fe(II) oxidation.

To summarize, the UV/sulfite process-initiated ferrihydrite trans-
formation primarily involves two reaction steps: (i) reduction and
dissolution of Fe(IIl) at the ferrihydrite surface and (ii) uptake of Fe(II)
by the solid and its subsequent oxidation to Fe(IIl). For the first step, the
photolysis of sulfite yields the formation of e;q and SO3™ (Eq. (2)) (Li
et al., 2012); the former species is a powerful reductant that triggers the
reduction of surface-bound Fe(III) to Fe(Il) (Eq. (3)). A similar Fe(III)

12 1.0
(a) R v o , $DMPO-S0;~ (b) —— UV/2 mM SO;*/Fh - M- UV/2 mM SO,* (C) B UV/I0 mM SO,
ol @ TOTUVSmMSOSIFL - @- UVISmMSO. 09T @ Uv/10 mM SO /MeOH &
UV/10 mM SO, /Fh/Fe** T UV/10 mM SO,*/Fh UV10mM SO 0.8 F A yv/10 mM SO, /TBA ¥
_ . * . ¢ o8 = 07F @ uvnommso /N
2 T = & UV/10 mM SO,*/DMSO Q
< ° s 06 A
> |uviio mmso/Fn Q =) o
z s O 06t S ost
‘2 * %% [N ¢ e Z g
g z = 04F &
e z =
5 & 04} =2
= S 03} ..}
= ¥
UV/10 mM SO,> = 02} 1
0zf E
0.1F @
Blank 0.0 F o) 0.0
A A A A A A L . A 01 . A . L A
3400 3420 3440 3460 3480 3500 0 2 4 6 8 0 2 4 6 8
2-Theta (degree) Time (h) Time (h)

Fig. 5. (a) DMPO-probed EPR spectra of different systems. (b) Time courses of the S(IV) concentration in the UV/sulfite systems at different sulfite concentrations
with or without the involvement of ferrihydrite (Fh). (¢) Temporal changes in the Cd(II)-loaded ferrihydrite transformation rates with different scavengers.
Experimental conditions: [ferrihydrite] = 0.5 g L™}, externally added [Fe**] = 2 mM, [Cd*"] = 5 mg L™}, [DMPO] = 100 mM, [scavenger] = 10 mM, and pH = 6.8.
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reduction can also be driven by sulfite itself (Eq. (4)), despite its rela-
tively lower reducing capacity. For the second step, it is generally
accepted that the electron transfer—atomic exchange mechanism (Egs.
(5) & (6)) governs Fe(Il) oxidation and recrystallization (Boland et al.,
2014; Sheng et al., 2020b); however, in our cases, the contribution of
SO3 -induced conversion of Fe(II) (Eq. (7)) should play a crucial role in
the oxidation of surface-bound Fe(II) to newly formed Fe(III) oxy-
hydroxides. This reaction is thermodynamically favorable considering
the higher value of E(SO§’/SO§’) (0.63 V vs. SHE) than that of E(=Fe
(II1)/=Fe(1I)) (~ —0.18 vs. SHE) (Liu et al., 2020). It should be stated
that sulfite binding to the surface of ferrihydrite is a prerequisite step for
eaq-triggered Fe(IIl) reduction and SO3 -induced Fe(II) oxidation pro-
cess, because all the reactions are considered to take place at the surface.
The adsorption of sulfite by ferrihydrite was evident from the prominent
FTIR peaks (e.g., at ~1040 cm™! in Fig. S7) that were assigned to S-O
stretching of sulfur-containing group (Faguy et al., 1996). Moreover, an
increase in the sulfite concentration led to the increasing intensity of the
characteristic peaks. Previous studies have also reported that sulfite can
bind to Fe(Ill) via inner-sphere complexation (Zhou et al., 2018). The
rate and extent of surface-bound Fe(II) formed upon UV irradiation
increased with the increase in the initial sulfite concentration, ulti-
mately determining the type of secondary minerals and at what rate they
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formed. Lepidocrocite production dominated at relatively low
surface-associated Fe(II) concentrations, whereas goethite production
was predominant at high surface-associated Fe(II) concentrations. The
acceleration of ferrihydrite transformation and goethite formation was
achieved by the elevated sulfite concentration.

SO}~ + hv =805 + ex 2
=Fe(Ill) + ezq — =Fe(ID) 3
=2Fe(lll) + SO3~ + H,0 — 2=Fe(ll) + SO}~ + 2H" 4
=Fe(II1)OFe(Il)" - =Fe(I[)OFe(II)" (5)
=Fe(Il)OFe(Il)* + H" — =Fe(Il))OH, ey, + =Fe(Il) (6)
SO3™ + =Fe(ll) - SO3~ 4+ =Fe(Il)ey )

3.3. Repartitioning of Cd upon UV/sulfite-induced ferrihydrite
transformation

Ferrihydrite is a natural sink for Cd(II) in soils and aquatic envi-
ronments due to its relatively high surface area and abundant surface
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Fig. 6. Temporal changes in the Cd distribution determined by the extraction experiments in the UV/sulfite systems containing (a) 0, (b) 2, (¢) 5, and (d) 10 mM
SO3~. Experimental conditions: [ferrihydrite] = 0.5 g L™, [Cd**] = 5 mg L™, and pH=6.8.
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hydroxyl groups, and the transformation of ferrihydrite to more crys-
talline minerals significantly influences the speciation and mobility of
Cd (Maillot et al., 2011; Michel et al., 2007; Zhao et al., 2022a; Zhou
et al., 2020). Fig. 6a shows that the addition of 0.5 g L™! ferrihydrite
resulted in the removal of 58.3% of Cd (initial concentration of 5 mg
L) after 24 h, and the concentration of aqueous Cd stabilized at 2.1 +
0.1 mg L™L. The long-time UV irradiation slightly improved the
adsorption of Cd on ferrihydrite, likely due to a slight increase in tem-
perature. Note that the presence of sulfite at concentrations from 2 to 10
mM SO%~ substantially abated the concentration of Cd in the aquatic
phase by ~90% (Fig. 6b—d). The promoted Cd adsorption was attributed
to the formation of Cd-SOs ternary surface complexes on the Fe(III)
oxyhydroxides, which is in line with previous observations and evi-
denced by the increasing intensity of the FTIR peak (at ~1115 cm™})
with the increase in the sulfite concentration (Fig. S7) (Zhang and Peak
2007). However, Cd adsorbed by ferrihydrite was released again as a
consequence of mineral transformation under UV-induced reducing
conditions. Fig. 6 depicts that the time-dependent evolution of Cd was
clearly affected by the sulfite concentration and was closely linked to the
relative proportions of secondary mineral phases. At 2 mM SO3, the
apparent Cd release with the increasing time was observed, with the
dissolved Cd content increasing from 9.0% to 30.8% over 8 h. The
liberation of Cd was greatly inhibited at higher sulfite concentrations. At
10 mM SO3~, the 8 h of reaction time only led to an increase in the
concentration of dissolved Cd from 9.8% to 14.1%. The difference in the
amount of Cd released can be explained by the different extents of fer-
rihydrite recrystallization and newly formed minerals. The observation
of a higher Cd release at a lower sulfite concentration was considered to
be correlated with the partial transformation of ferrihydrite to lep-
idocrocite, which poorly adsorbs Cd due to the low surface area (Zhou
et al., 2020). A lower Cd release at increasing sulfite concentrations was
attributed to the production of goethite, which exhibits a stronger ca-
pacity for Cd uptake (Shen et al., 2022). Previous studies have shown
that the presence of SOF~ dramatically promoted Cd adsorption on
goethite via the formation of Cd-SO4 ternary surface complexes (Zhang
and Peak 2007); this phenomenon has also been observed on ferrihy-
drite, but it was not as significant as goethite (Swedlund et al., 2009).
To explore Cd repartitioning in the solid Fe(III) minerals formed in
the UV/sulfite systems as a function of the sulfite concentration, the
contents of adsorbed Cd and structural Cd were measured by extraction
using 0.4 M and 4 M HC], respectively (Liu et al., 2016; Reddy et al.,
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2015). As illustrated in Fig. 6b—d, the concentration of structural Cd
exhibited a positive correlation with the extent of ferrihydrite trans-
formed to lepidocrocite and goethite, suggesting a strong association
between Cd and the newly formed crystalline minerals. When the con-
centrations of SO3~ increased from 2 to 10 mM, the proportion of
structural Cd dramatically increased from 8.2% to 35.1%. The higher
fraction of structural Cd coexisted with crystalline minerals, which in-
dicates a lower potential risk of heavy metal dissolution.

To understand the enhanced immobilization of Cd by the newly
formed crystalline minerals at the molecular scale, the bonding envi-
ronment of Cd was determined based on an analysis of the EXAFS
spectra and their Fourier transforms (Fig. 7a,b respectively). The 8 h-
treated samples in the UV/sulfite systems at different sulfite concen-
trations were subjected to analysis. As shown by the Cd k2-weighted
EXAFS spectra, the third oscillation in the k space appeared at ~7.2 A~
for the Cd-bearing ferrihydrite sample (Zhao et al., 2022a); however,
this value, associated with the transformation samples, shifted to a
positive peak location with a more pronounced effect observed in the
case of 10 mM SO%‘ (at~7.6 /i_l). This indicates the inclusion of Cd into
the structure of goethite during the UV/sulfite-initiated ferrihydrite
transformation (Spadini et al., 1994; Zhao et al.,, 2022a). The
shell-by-shell approach to EXAFS fitting (see the detailed parameters in
Table S2) provided further evidence of the immobilization of Cd upon
treatment with UV/sulfite, particularly at high sulfite concentrations.
The first pronounced peak in the Fourier transform of Cd-bearing fer-
rihydrite occurred at R + AR = ~1.6 A (uncorrected for phase shift),
which is attributable to the Cd-O shell comprising approximately six O
atoms on average of 2.27 + 0.01 A from the Cd atom, which is consistent
with previously reported values (Spadini et al., 1994; Yan et al., 2021);
however, the EXAFS of the transformed products showed that the Cd-O
distance declined to the value of 2.24 + 0.01-2.26 =+ 0.01 A, implying
the existence of Cd-doping in the secondary mineral structure (Spadini
et al., 1994). There were two other prominent backscattering peaks in
the Fourier-transformed data, which were well-fitted with two Cd-Fe
shells. For the untransformed sample, the first and second Cd-Fe shells
had an interatomic distance of 3.23 + 0.04 and 3.40 + 0.04 A, respec-
tively, suggesting that Cd mainly existed as edge-sharing complexes
(Randall et al., 1999; Yan et al., 2021). After a reaction time of 8 h under
UV irradiation in the presence of 2, 5, and 10 mM SO%’, the interatomic
distance of the first and second Cd-Fe shells was in the range of 3.10 +
0.01-3.15 + 0.03 A and 3.37 + 0.02-3.40 =+ 0.02 A, respectively. The
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Fig. 7. (a) Cd k*-weighted EXAFS spectra (a) and (b) their corresponding Fourier transforms of Cd-loaded ferrihydrite in the UV/sulfite systems at different sulfite
concentrations. Both the measured data (dashes) and the corresponding linear combination fits (solid lines) of the EXAFS spectra are shown. Experimental conditions:
[ferrihydrite] = 0.5 g L’l, [cd*f1 =5 mg L’l, and pH=6.8, and reaction time = 8 h.
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apparent decrease, particularly in the first Cd-Fe shell, suggests that Cd
was structurally doped into the secondary minerals (Zhao et al., 2022a;
Zhou et al., 2020).

Moreover, the increasing aqueous sulfite concentration led to an
increase in the intensity of the Cd-Fe peaks in the Fourier-transformed
data. Again, this is likely to be due to the incorporation of Cd in the
newly formed mineral (Burton et al., 2020; Mitsunobu et al., 2013).
Likewise, the coordination number (CN) of the Cd-Fe shells significantly
expanded as a result of UV/sulfite treatment and increased with higher
sulfite concentrations. For example, the CN of the first Cd-Fe shell was
0.5,1.1,2.1,and 2.9 inrelation to 0, 2, 5, and 10 mM SO%’, respectively.
This indicates that the transformation of ferrihydrite to lepidocrocite
and goethite causes a tighter bonding between Cd and minerals (Burton
et al., 2020). Overall, these data, in combination with the above-
mentioned chemical analysis, collectively and convincingly show that
Cd was incorporated into the lepidocrocite/goethite structure, possibly
by replacing Fe(III).

4. Conclusions

Our findings demonstrate that the activation of aqueous sulfite by UV
irradiation significantly triggered the transformation of Cd-bearing
ferrihydrite to more crystalline mineral products. The concentration of
sulfite added to the UV system was a key factor in determining the rate of
the ferrihydrite transformation and the particular type of minerals
formed. Lepidocrocite was found to be the dominant compound at a low
sulfite concentration, and goethite primarily existed at a high sulfite
concentration. The mechanistic studies revealed that e;q, an extremely
strong reducing species stemming from the UV/sulfite system, played an
important role in driving the reduction and dissolution of ferrihydrite to
Fe(II), which was subsequently adsorbed onto mineral surfaces. The
amount of surface-bound Fe(II) markedly affected the transformation
rate, and its oxidation by SO3~ was considered to be the foremost
pathway governing Fe(II) conversion to newly formed Fe(III) oxy-
hydroxides. The combination of the chemical analysis and the Cd K-edge
EXAFS analysis corroborated that an increasing proportion of Cd was
more stably bound to the secondary products (particularly goethite) by
structural incorporation when the photoinduced transformation
occurred at high sulfite concentrations. The results strengthen our un-
derstanding of the role of photochemistry in predicting the geochemical
cycle of Fe in natural environments (e.g., AMD sites) containing sulfite
and thereby the fate of heavy metals that are associated with Fe min-
erals. Moreover, because sulfite has the benefits of abundant sources,
low toxicity, and low cost, the UV/sulfite-based advanced reduction
process would be a promising and viable approach to immobilize heavy
metals, beyond its general recognition for eliminating a variety of
persistent and toxic contaminants with high-redox potential.
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