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During X-ray absorption spectroscopy (XAS) measurements of arsenic (As),

beam-induced redox transformation is often observed. In this study, the As

species immobilized by poorly crystallized mackinawite (FeS) was assessed

for the susceptibility to beam-induced redox reactions as a function of sample

properties including the redox state of FeS and the solid-phase As speciation.

The beam-induced oxidation of reduced As species was found to be mediated

by the atmospheric O2 and the oxidation products of FeS [e.g. Fe(III)

(oxyhydr)oxides and intermediate sulfurs]. Regardless of the redox state of FeS,

both arsenic sulfide and surface-complexed As(III) readily underwent the

photo-oxidation upon exposure to the atmospheric O2 during XAS measure-

ments. With strict O2 exclusion, however, both As(0) and arsenic sulfide were

less prone to the photo-oxidation by Fe(III) (oxyhydr)oxides than NaAsO2 and/

or surface-complexed As(III). In case of unaerated As(V)-reacted FeS samples,

surface-complexed As(V) was photocatalytically reduced during XAS measure-

ments, but arsenic sulfide did not undergo the photo-reduction.

1. Introduction

X-ray absorption spectroscopy (XAS) is useful in examining

the speciation of arsenic. This is particularly true if As

contents in samples are below the detection limit of conven-

tional X-ray diffraction (XRD), or if the As species are poorly

crystalline or amorphous in nature. Foster & Kim (2014)

reviewed XAS studies in which the local coordination struc-

tures of As were determined from a range of samples: model

systems; naturally occurring As-bearing biogenic minerals or

synthetic analogs; rocks, related soils and rock-forming fluids;

ores, mine wastes and mining-impacted sites; and floodplain

and aquatic sediments. It has been recognized that the beam-

induced redox transformation of As may pose a great chal-

lenge in the accurate determination of As speciation by XAS

analyses (Bostick & Fendorf, 2003; Bostick et al., 2003; Charlet

et al., 2011; Lee et al., 2011; Ona-Nguema et al., 2005). Even

inside controlled anoxic sample chambers, the As(III) species

sorbed by PbS and FeS2 were found to undergo beam-induced

oxidation to As(V) possibly due to oxidized sulfurs during

XAS measurements (Bostick & Fendorf, 2003; Bostick et al.,

2003). Also, other oxidants such as iron or manganese oxides

often caused kinetically limited oxidation under X-ray beam

radiation (Keune et al., 2015; Morin et al., 2008).

Beam-induced reduction of As has also been reported

in previous XAS studies. For example, the photocatalytic

reduction of As(V) to As(III) in taxidermed animal hair
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samples occurred so fast that the initially added As(V) was

completely reduced within one regular XANES scan time

(Kempson et al., 2009). The photo-reduction of As(V) to

As(III) was also observed during XANES measurements of

rice grain samples, with organic matter acting as electron

donors (Lombi et al., 2011; Smith et al., 2009). The photo-

catalytic reduction during XANES measurements have also

been observed for other elements. The reduction of Cu(II) to

Cu(I) or Cu(0) was facilitated by sample exposures to X-ray

beams (Gruenert et al., 1994; Luo et al., 2014; Mavrogenes et

al., 2002; Su et al., 2011; Yang et al., 2011). The photo-reduction

of ionic to metallic Au was also reported during XAS

measurements (Ohkubo et al., 2014). Furthermore, the

photocatalytic reduction of oxyanions such as selenite and

uranium(VI) was observed even at cryogenic temperatures

(Alessi et al., 2013; George et al., 2012). In most of the

aforementioned examples, reduced sulfurs or organic matters

were suggested as electron donors for mediating the photo-

reduction.

During XAS measurements of metalloproteins, George et

al. (2012) identified several variables affecting the beam-

induced redox transformation: beam intensity and exposure

time, sample translocation, collection temperature, the

presence of free radical scavengers, and the freeze-drying of

biological samples. Of these variables, Alessi et al. (2013)

found that the beam intensity, the photon flux per unit area,

was critical in determining the beam-induced oxidation of

U(IV). Consistently, Charlet et al. (2011) also noticed that

beam-catalyzed redox transformation became more

pronounced under a focused beam on micrometer or

nanometer scales. In efforts to reduce beam exposure time, a

quick-scanning XAS (Q-XAS) on sub-second time scales has

been employed for As analysis (Bhandari et al., 2011, 2012;

Ginder-Vogel et al., 2009).

Previous studies have been largely focused on the effects

of beam intensity, beam exposure time and measurement

conditions (e.g. collection temperature or atmospheric mood).

In contrast, this study aimed to evaluate the effect of sample

properties on the susceptibility to beam-induced As redox

transformation during XAS measurements, with the focus on

the availability of reducing or oxidizing agents and the As

speciation. In the present study, poorly crystallized mack-

inawite (FeS) was selected as a sorbent for As(III) and As(V)

due to its great sorption capacity, high reducing capability

and fast oxidation kinetics under aerobic conditions. For XAS

measurements, As(III)- or As(V)-reacted FeS samples were

prepared at different pH with varying redox states of FeS

(e.g. unaerated, partially aerated or thoroughly aerated FeS).

In this manner, beam-induced redox transformation could be

evaluated as a function of the redox state of FeS as well as the

solid-phase As speciation.

2. Materials and methods

2.1. Sample preparation

Different types of As-reacted FeS samples were subjected

to As K-edge XAS measurements. Poorly crystallized FeS was

synthesized by mixing 2.0 L of 0.57 M FeCl2 solution with

1.2 L of 1.1 M Na2S solution inside an anaerobic glovebox

with the atmospheric composition of 4% H2 /96% N2 (Butler

& Hayes, 1998). The precipitated particles were allowed to age

for three days before being rinsed with distilled water to

remove residual salts. Subsequently, the resultant particles

were freeze-dried and kept in an air-tight vial. As indicated by

broad reflection peaks (see Fig. S1A of the supporting infor-

mation), this phase was poorly crystalline mackinawite.

Sample preparation was conducted inside the glovebox,

and de-oxygenated distilled water was used, unless otherwise

mentioned. Aqueous FeS suspensions were reacted with

either As(III) or As(V) solutions for three days to obtain the

As-to-FeS concentration ratios in Table 1. Buffer solutions of

0.1 M acetate, 3-(N-morpholino)propanesulfonate (MOPS),

and 2-(N-cyclohexylamino)ethanesulfonate (CHES) were

used to adjust the pH of the suspensions to 5, 7 and 9,

respectively. Following the reaction period, portions of the

resultant suspensions were removed from the glovebox to

produce ‘partially aerated samples’ as a function of aeration

time under the ambient atmosphere. At pre-determined times,

aliquots of the oxidized FeS suspensions were collected and

immediately transferred to the glovebox. Subsequently, they

were filtered to prepare the partially oxidized samples. In

parallel, the remaining FeS suspensions in the glovebox were

filtered to have ‘unaerated samples’. In a separate experiment,

an FeS suspension without As addition was aerated for six

months to produce the completely oxidized product of FeS.

After being freeze-dried, the ‘thoroughly aerated samples’

were blended in powder forms with As reference compounds

including As(0), AsIII
2 S3 and NaAsIIIO2 at a mass ratio of 1 :9

inside the glovebox. In order to facilitate electron transfer

between the powder mixtures during XAS measurements,

several drops of distilled anoxic water were applied to make

wet pastes. For XAS measurements, As-reacted samples as

wet pastes were placed as a thin layer between two layers of

Kapton tape inside the glovebox. Then, the XAS samples were

stored in air-tight, crimp-sealed serum vials and transferred

to Pohang Accelerator Laboratory (PAL) in Korea for As K-

edge XAS experiments. To obtain mineralogical compositions,

As sorption samples after being dried were analyzed by either

conventional laboratory-based X-ray diffraction (XRD) or

synchrotron XRD at the 9B beamline at PAL, with the results

given in Figs. S1 and S2 in the supporting information.

2.2. XAS measurements and analyses

A total of 22 samples were subjected to As K-edge XAS

measurements to assess the beam-induced redox transforma-

tion. Table 1 summarizes sample preparation conditions,

sample chamber mood, and the occurrence of beam-induced

transformation. The XAS data were collected at the beamline

8C (a focused beam with an undulator type) at PAL. A

double-crystal Si(111) monochromator was used to produce a

monochromatic beam, with 30% detuning to remove higher-

order harmonics. The photon flux and beam size at the sample

position were 2 � 1012 photons s�1 and 0.66 mm2 (0.22 mm �

research papers

764 Young-Soo Han et al. � As K-edge XAS measurements J. Synchrotron Rad. (2018). 25, 763–770



3 mm), respectively, to yield the beam intensity of 3.0 � 1012

photons mm�2 s�1. Multiple scans of As K-edge XAS data

were obtained at room temperature using both transmission

and fluorescence modes. The completion of photocatalytic

redox transformation could not be taken into account in

determining the number of scans since such transformation

was not recognized until the data analyses. A single scan took

37 min for the energy range of about 1000 eV (11667–

12615 eV). To account for the energy shift, energy calibration

was performed for each scan using a Au(0) foil (Au L3-edge at

11919 eV) placed between the I1 and I2 ion chambers.

Using SixPack software (Webb, 2002), the As K-edge XAS

spectra were subjected to both X-ray absorption near-edge

structure (XANES) and extended X-ray absorption fine

structure (EXAFS) analyses. The background X-ray absor-

bance was removed by a linear fit through the pre-edge region.

Subsequently, XANES regions were isolated by normalizing

the signal to the edge-jump height. From multiple XANES

spectra of each sample, the absorption-edge energies were

measured to determine the oxidation state of As and to detect

the occurrence of its beam-induced redox transformation.

Since an energy scan with a step size of 0.2 eV was applied

around the absorption edge, a shift of edge energies greater

than 0.2 eV among multiple scans was considered to be indi-

cative of photocatalytic redox transformation. In addition,

linear combination fitting (LCF) was performed using

XANES spectra to determine the As speciation. Considering

that two arsenic sulfides, AsS and As2S3, had close absorption-

edge energies and similar XANES shapes, these sulfide phases

were not differentiated in the LCF analysis. Due to the

unavailability of exact reference compounds, the XANES

spectra of aqueous As(III) and As(V) were employed to

represent those of surface-complexed As(III) and As(V),

respectively. Indeed, this approach generally led to a good

fitting since XANES spectra commonly show a linear relation

between the edge energy and the formal oxidation state

(Wong et al., 1984). Although the absorption edge could also

be affected by the nature of the ligands (Yin et al., 1995), it was

a good indicator to determine the oxidation state of As in our

simple system. The details of the LCF results can be found in

the supporting information (Table S1). The EXAFS spectra

were also analyzed using SixPack software. The Fourier

transforms (FTs) of k3-weighted EXAFS spectra were fitted

with the As–O and/or As–S paths regenerated by FEFF8

(Ankudinov et al., 1998). In this analysis, only the first shells

were fitted given that high k regions were not convincing due

to the low signal-to-noise ratios.

3. Results and discussion

3.1. Beam-induced oxidation

3.1.1. Atmospheric O2 as an oxidizing agent. During XAS

measurements of redox-sensitive samples, a sample chamber

under an inert gas flow or vacuum is recommended to prevent

photo-oxidation by the atmospheric O2. Fig. 1 shows the As K-

edge XANES spectra resulting from a series of consecutive

measurements on the same spot of As-reacted samples. As
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Table 1
Summary of sample preparation conditions, sample chamber mood and results of beam-induced redox transformation.

Sample preparation conditions

Redox states of FeS

FeS–As
ratios
(wt : wt)

Initially added
As forms pH

Aeration
time

Sample
chamber
mood

Redox
transformation

Related
figure

Unaerated FeS 5 : 1 Aqueous As(III) 9 0 h† He flow No Fig. 1(a)
Air Photo-oxidation Fig. 1(b)

Thoroughly aerated FeS 9 : 1 As2S3(s) N/A‡ 6 month§ He flow No Fig. 1(c)
Air Photo-oxidation Fig. 1(d)

Partially aerated FeS 5 : 1 Aqueous As(III) 5 0 h† He flow No Fig. 2, #1
1 h† No Fig. 2, #2
4 h† Photo-oxidation Fig. 2, #3–#5
7 h† Photo-oxidation Fig. 2, #6–#8
24 h† Photo-oxidation Fig. 2, #9–#10

Partially aerated FeS 5 : 1 Aqueous As(III) 9 0 h† He flow No Fig. 3, #11
6 h† Photo-oxidation Fig. 3, #12
12 h† Photo-oxidation Fig. 3, #13
24 h† Photo-oxidation Fig. 3, #14–#16

Thoroughly aerated FeS 9 : 1 As(0) N/A‡ 6 month§ He flow No Fig. 4(a)
As2S3(s) No Fig. 4(b)
NaAsO2(s) Photo-oxidation Fig. 4(c)

Unaerated FeS 5 : 1 Aqueous As(III) 5 0 h† He flow No Fig. 5, #17
7 No Fig. 5, #18
9 No Fig. 5, #19

Unaerated FeS 5 : 1 Aqueous As(V) 5 0 h† He flow No Fig. 5, #20
7 No Fig. 5, #21
9 Photo-reduction Fig. 5, #22–#25

† Once prepared under anoxic conditions, As-reacted FeS suspensions were allowed to be oxidized under the ambient atmosphere for the specified durations. ‡ N/A: not
applicable. § FeS suspensions without As amendment were first oxidized, and then the oxidation products in powder forms were mechanically mixed with As reference compounds.



shown in Fig. 1(a), the unaerated As(III)-reacted FeS sample

in a He flow chamber did not exhibit noticeable changes in the

XANES spectra during the first three scans. On the other

hand, as seen in Fig. 1(b), the sample exposed to the ambient

air during XAS measurements showed significant changes in

its XANES spectra. The peak at the position of the arsenic

sulfide white-line decreased in intensity with the number of

scans, but the peak at the aqueous As(V) white-line increased,

indicating the photocatalytic oxidation of As(III) to As(V).

The As(III) species formed in the unaerated As(III)-reacted

FeS samples at pH 9, although its XANES white-line energy

matched that of arsenic sulfide, had been regarded as surface

complexed thioarsenite (Planer-Friedrich et al., 2015; Suess et

al., 2009). These results point to the importance of O2 exclu-

sion during XAS measurements to prevent the photo-oxida-

tion of As.

The occurrence of the photo-oxidation was further exam-

ined under similar conditions when Fe(III) minerals were

present as the potential oxidizing agents. In Figs. 1(c) and 1(d),

a mixture of the thoroughly aerated FeS (a composite

of goethite, hematite, magnetite and elemental sulfur; see

Fig. S1B) with As2S3 was subjected to X-ray beam irradiation

with and without O2 exclusion. Similar to the results depicted

in Figs. 1(a) and 1(b), the photo-oxidation of As during XAS

measurements was evident only under the ambient air, even

though this sample contained Fe(III) minerals. Thus, it can be

inferred that the atmospheric O2 is a more effective oxidizing

agent than Fe(III) (oxyhydr)oxides. Taken together, the

exclusion of O2 during XAS experiments is necessary to

prevent the samples containing reduced As species from

undergoing photo-oxidation.

3.1.2. FeS oxidation products as oxidizing agents. As

discussed above, the atmospheric O2 can mediate the photo-

oxidation of reduced As species. Yet, the photo-oxidation was

also encountered in some of the partially aerated FeS samples

even with complete O2 exclusion. Figs. 2 and 3 show the

XANES spectra and corresponding LCF results for the

partially aerated As(III)-reacted samples at pH 5 and 9,

respectively. Given the varying aeration time, these samples

were expected to be at different redox states. During the early

aeration period, the formation of FeS oxidation products was

not shown by XRD analysis likely due to their low crystallinity

(see Fig. S2 in the supporting information). Nonetheless, as

shown in Fig. S3, the increasing oxidation–reduction potentials

with the aeration time clearly illustrated the occurrence of FeS

oxidation from the beginning.

As shown in Fig. 2, the unaerated sample at pH 5 (spec-

trum 1) did not undergo photocatalytic oxidation. Also, the

1 h aeration of As(III)-reacted FeS sample at pH 5 (spectrum

2) did not lead to noticeable changes among successive

XANES spectra. However, as indicated by the increasing

As(V) fraction with the number of scans in LCF analysis, the

pH 5 samples subjected to prolonged aeration (spectra 3–10)

underwent the photocatalytic oxidation during XAS
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Figure 1
As K-edge XANES spectra of (a) unaerated As(III)-reacted FeS at pH 9
using a He flow sample chamber, (b) unaerated As(III)-reacted FeS at
pH 9 without exclusion of the atmospheric O2, (c) a mixture of the
thoroughly aerated FeS and As2S3 using a He flow sample chamber, and
(d) a mixture of the thoroughly aerated FeS and As2S3 without exclusion
of the atmospheric O2. The beam exposure time was about 37 min per
scan in a series of multiple scans.

Figure 2
(a) As K-edge XANES spectra and (b) the corresponding LCF results for
the partially aerated As(III)-reacted FeS at pH 5 using a He flow sample
chamber. The samples that did not undergo redox transformation are
represented by single spectra, and those undergoing the photo-oxidation
are represented by a series of successive scans. The beam exposure time
was about 37 min per scan in a series of multiple scans.



measurements. A longer aeration of the pH 5 samples would

lead to the greater formation of FeS oxidation products

(e.g. ferrihydrite and elemental sulfur), which may have

accelerated the beam-induced oxidation. At pH 9, the photo-

oxidation did not occur in both unaerated samples and up to

12 h-aerated samples (spectra 11–13 in Fig. 3). In contrast, it is

apparent that the 24 h-aerated sample (spectra 14–16 in Fig. 3)

underwent the photo-oxidation by which surface-complexed

As(III) was transformed into surface-complexed As(V).

When preparing the partially aerated samples, the dissolved

O2 introduced during the aeration step should be completely

removed. Also, given the O2 exclusion in a He flow sample

chamber, the oxidation products of FeS (e.g. ferrihydrite and

elemental sulfur) were likely responsible for the observed

photo-oxidation in the present study. Previously, both Fe(III)

(oxyhydr)oxides and intermediate sulfurs (e.g. polysulfide and

elemental sulfur) were found to trigger the oxidation of

As(III) to As(V) under ambient conditions even in the

absence of high energy beam radiation (Helz & Tossell, 2008;

Pozdnyakov et al., 2016). Taken together, the photo-oxidation

of reduced As species may proceed under anoxic conditions,

and the exclusion of O2 in an XAS sample chamber is not

sufficient enough to prevent the photo-oxidation.

While the photo-oxidation occurred in the 4 h-aerated

samples at pH 5 (see Fig. 2), no such change was noted in the

12 h-aerated sample at pH 9 (see Fig. 3). In Fig. S2 of the

supporting information, the reflection peaks of FeS during the

aeration disappeared earlier at pH 5 than at pH 9, indicating

the faster oxidation of FeS at pH 5. In agreement with this

finding, Chiriţă & Schlegel (2012) have proposed that the

oxidative dissolution of FeS under acidic conditions is expe-

dited by both oxygen and proton. Thus, the prevalence of the

photo-oxidation in the acidic samples further supports the

involvement of FeS oxidation products as the oxidizing agents.

3.1.3. Susceptibility of As species to photo-oxidation. To

compare the stability of different As species against the photo-

oxidation, the thoroughly aerated product of FeS (a composite

of goethite, hematite, magnetite and elemental sulfur) in

powder forms was mechanically mixed with As(0), As2S3 or

NaAsO2, and then a few drops of deoxygenated water was

applied to the resulting mixtures to prepare wet pastes. A

series of As K-edge XAS spectra were collected under a He

flow for these mixtures. In Fig. 4, the mixtures with As(0) and

As2S3 showed no appreciable changes in their successive

XANES spectra, indicating that neither of these As phases

were photocatalytically oxidized by Fe(III) (oxyhydr)oxides

under our experimental conditions (e.g. beam intensity and

beam exposure time). However, as mentioned above, arsenic

sulfide was prone to photo-oxidation by the atmospheric O2, a

stronger oxidant (see Fig. 1d). In contrast to the stability of

As(0) and As2S3 against the photo-oxidation, the mixture with

NaAsO2 exhibited noticeable changes in its XANES spectra;

the intensity at the aqueous As(III) white-line decreased with

the number of scans. In a wet slurry, a portion of NaAsO2

would form surface complexes with Fe(III) (oxyhydr)oxides.

Thus, either NaAsO2 salt, surface-complexed As(III) or both

would be photocatalytically oxidized by Fe(III) (oxyhydr)-
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Figure 3
(a) As K-edge XANES spectra and (b) the corresponding LCF results for
the partially aerated As(III)-reacted FeS at pH 9 using a He flow sample
chamber. The samples that did not undergo redox transformation are
represented by single spectra, and those undergoing the photo-oxidation
are represented by a series of successive scans. The beam exposure time
was about 37 min per scan in a series of multiple scans.

Figure 4
As K-edge XANES spectra for the mixture of the thoroughly aerated
FeS with (a) As(0), (b) As2S3 and (c) NaAsO2 using a He flow sample
chamber.



oxides. Given the greater solubility, ionic NaAsO2 has a lower

lattice energy than metallic As(0) and covalent As2S3, thus

making the former more susceptible to the photo-oxidation.

In addition, surface complexation usually involves a smaller

amount of formation energy. Consistently, the photo-oxida-

tion of arsenic during XAS measurements has been mostly

reported for surface complexation of As(III) with Fe(III)

(oxyhydr)oxides (Bostick & Fendorf, 2003; Charlet et al.,

2011). Taken together, surface-complexed As(III) or ionic

salts is more susceptible to the photo-oxidation than As(0)

and arsenic sulfide.

3.2. Beam-induced reduction

In Fig. 5, As K-edge XANES and EXAFS spectra collected

using a He flow sample chamber are shown for the unaerated

As(III)- and As(V)-reacted FeS samples at different pH. The

absorption-edge energies and EXAFS fitting results of these

samples are summarized in Table 2. By comparing both

XANES and EXAFS spectra, an As2S3-like structure was

found to be mainly responsible for As(III) uptake by FeS,

consistent with Han et al. (2018). During XAS measurements,

no appreciable changes were noted for the XANES and

EXAFS spectra of As(III)-reacted FeS samples. Thus, as in the

case of the photo-oxidation, arsenic sulfide is not sensitive to

the photo-reduction.

In the case of As(V)-reacted FeS samples, the dissimilarities

in their XANES and EXAFS spectra suggest that As(V)

sorption by FeS is strongly dependent on pH. In Fig. 5(a), the

XANES spectra of As(V)-reacted FeS samples are char-

acterized by two distinct white-line peaks (11867.7 and

11872.0 eV of adsorption-edge energies: see Table 2) which

match those of arsenic sulfide and aqueous As(V). Likewise,

the FTs of As(V)-reacted FeS samples reveal the presence of

two distinct subshells at 2.23–2.26 Å and 1.66–1.69 Å.

Furthermore, by comparing the LCF results of spectra 20–22

in Fig. 5(b), surface-complexed As(V) became more impor-

tant compared with reduced As species [e.g. arsenic sulfide

and surface-complexed As(III)] with the increasing pH,

implying that As(V) is not readily reduced at basic pH in the

absence of photocatalysis. Indeed, Niazi & Burton (2016)

reported that more As(V) was reduced to As(III) by reaction

with FeS at pH 6 than pH 9 due to the greater availability of

dissolved S2� at the lower pH. In this regard, the higher

solubility of FeS in the pH 5 As(V)-reacted sample could

explain the greater proportion of arsenic sulfide and surface-

complexed As(III) compared with that in the pH 9 As(V)-

reacted sample.

In As(V)-reacted FeS samples, the beam-induced reduction

was not observed at pH 5 and 7 but at pH 9. This could be

attributable to the different solid-phase As speciation with

pH. As previously mentioned, arsenic sulfide was not prone to

the photo-reduction during XAS measurement. In contrast,

surface-complexed As(V), the more labile species, would

readily undergo the photo-reduction. Consistent with this

postulation, the proportion of As(V) in the pH 9 As(V)-

reacted sample was found to decrease with the number of

scans, along with the increasing fraction of arsenic sulfide

[compare the LCF results of spectra 22–25 in Fig. 5(b)]. Also,

such a trend can be readily gleaned from the consecutive

EXAFS spectra and FTs of the pH 9 As(V)-reacted sample

[see Figs. 5(c) and 5(d)]. Furthermore, as shown in Table 2,

the coordination number of the As–O subshell in this sample

decreased from 2.84 to 1.16 with the number of scans, while

that of the As–S shell increased from 1.25 to 2.08. Thus, the

As(V) reduction by FeS, although kinetically limited at basic

pH, can be accelerated upon beam exposure during XAS

measurements.

4. Conclusions

This study demonstrated that the beam-induced redox trans-

formation of As during XAS measurements is closely related

to sample properties. Both the availability of electron accep-

tors or donors and the solid-phase As speciation were shown

to be critical in determining the redox stability of As against

the photocatalytic transformation. Under our experimental

conditions, surface-complexed As appeared to be more

vulnerable to the photocatalytic transformation than discrete

phases including As(0) and arsenic sulfide. Given that XAS

collection conditions including beam intensity and collection

temperature are also important in determining the beam-

induced redox transformation, our future study will address

such aspects. Nonetheless, when analyzing the sample

containing As species vulnerable to the photocatalytic trans-

formation, it may be helpful to collect XAS spectra with strict

O2 exclusion at cryogenic temperature. Also, it is recom-

mended to employ quick-scanning methods such as Q-XAS to

reduce beam exposure.
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Table 2
As K-edge absorption-edge energies and EXAFS fitting results of As reference compounds as well as unaerated As(III)- and As(V)-reacted FeS samples
in Fig. 5.

The EXAFS fitting was performed on the first coordination shells.

EXAFS fitting parameters†

Compound Absorption edge (eV)‡ Path N R (Å) �2 (Å2) �E0 (eV) S0
2 R-factor

As(0) 11865.8 As–As 1.0 2.47 0.005 6.42 0.9 0.014
As2S3(s)§ 11866.8 As–S 2.9 2.27 0.003 7.32 0.9 0.020
Aqueous As(III)§ 11868.7 As–O 3.0 1.77 0.005 �6.58 0.9 0.014
Aqueous As(V)§ 11872.0 As–O 4.0 1.69 0.002 �5.84 0.9 0.022
As(III)–FeS at pH 5, scan 1§ 11867.7 As–O 0.2 1.70 0.005 11.87 0.9 0.044

As–S 2.9 2.23 0.007
As(III)–FeS at pH 7, scan 1§ 11867.7 As–O 0.2 1.62 0.005 14.22 0.9 0.077

As–S 2.8 2.29 0.007
As(III)–FeS at pH 9, scan 1§ 11867.7 As–O 0.7 1.78 0.005 13.52 0.9 0.077

As–S 2.3 2.29 0.007
As(V)–FeS at pH 5, scan 1 11867.7, 11872.0 As–O 2.65 1.69 0.003 �0.99 0.9 0.029

As–S 1.13 2.26 0.003
As(V)–FeS at pH 7, scan 1 11867.7, 11872.0 As–O 3.95 1.70 0.005 1.62 0.9 0.042

As–S 0.37 2.26 0.006
As(V)–FeS at pH 9, scan 1 11867.7, 11872.0 As–O 2.84 1.69 0.005 2.20 0.9 0.041

As–S 1.25 2.26 0.005
As(V)–FeS at pH 9, scan 2 11867.7, 11872.0 As–O 2.55 1.67 0.005 �1.05 0.9 0.098

As–S 1.66 2.23 0.006
As(V)–FeS at pH 9, scan 3 11867.7, 11872.0 As–O 1.65 1.66 0.005 3.15 0.9 0.032

As–S 1.93 2.25 0.005
As(V)–FeS at pH 9, scan 4 11867.7, 11872.0 As–O 1.16 1.69 0.006 4.40 0.9 0.006

As–S 2.08 2.26 0.006

† N, R, �E0, �2 and S0
2 correspond to coordination number, interatomic distance, energy shift, Debye–Waller factor and amplitude-reduction factor, respectively; R-factor measures the

goodness of EXAFS fitting. ‡ Two absorption energies are listed when two distinct maxima are identified in the first derivatives of XANES spectra. § The EXAFS results of As2S3(s)
aqueous As(III), aqueous As(V) and unaerated As(III)-reacted FeS samples are adopted from Han et al. (2018).

Figure 5
(a) As K-edge XANES spectra, (b) LCF results of XANES spectra, (c) k3-weighted EXAFS spectra (solid lines) with the fitting results (dotted lines) and
(d) the corresponding FTs (solid lines) with the fitting results (dotted lines) for the unaerated As(III)- and As(V)-reacted FeS at pH 5, 7 and 9 using a He
flow sample chamber. The samples that did not undergo redox transformation are represented by single spectra, and those undergoing the photo-
reduction are represented by a series of successive scans. The beam exposure time was about 37 min per scan in a series of multiple scans.
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