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ABSTRACT:

Arsenic containing sludge, a product of the treatment of acid smelting
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wastewater, is susceptible to temperature, pH, co-existing salt ions and organic matter,
which might lead to the release of arsenic ions into the environment. Here, we studied
the effect of visible light on the dissolution and oxidation of arsenic sulfide sludge
(ASS) sampled from a smelting plant. Results show that by exposure to visible light,
both the release of As(l11) ions from ASS and the oxidation of As(l1) into As(V) were
markedly accelerated. Electron paramagnetic resonance (EPR) and free radical
quenching experiments revealed that ASS acts as a semiconductor photocatalyst to
produce hydroxide and superoxide free radicals under visible light. At pH 7 and 11,
both the dissolution and the oxidation of the sludge are directly accelerated by -O2 .
At pH 3, the dissolution of the sludge is promoted by both -O2 and -OH, while the
oxidation of As(lI1) is mainly controlled by -OH. In addition, the solid phase of ASS
was transformed to sulfur (Ss) which favored the aggregation and precipitation of the
sludge. The transformation was affected by the generation of intermediate sulfur
species and sulfur-containing free radicals, as determined by ion chromatography and
low-temperature EPR, respectively. A photocatalytic oxidation-based model is
proposed to underpin the As(l11) release and oxidation behavior of ASS under visible
light conditions. This study helps to predict the fate of ASS deposited in the
environment in a range of natural and engineered settings.

Keywords: Arsenic sulfide sludge; photocatalysis, Release; Oxidation; Active free

radicals
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1. Introduction

Arsenic is ubiquitous in the Earth’s crust, with a mean concentration of 0.5-2.5
mg/kg — about 0.00005% of the Earth’s crust [1]. It often coexists with the ores
containing precious and non-ferrous metals, or iron [2]. During metal smelting,
mineral processing, and sulfuric acid production from pyrite ores, a large amount of
arsenic-containing acid wastewater and tailings are produced [3]. For example, the
arsenic concentration in the wastewater from a sulfuric acid plant can range from
several to tens of thousands mg/L [4]. One of the most popular techniques for
treatment of the arsenic wastewater in industry is sulfide precipitation, where sulfide
is employed to transform arsenic ions into arsenic sulfide precipitate [5]. This
technique has many advantages, such as low solubility of arsenic sulfide at a low pH,
high sediment rate and efficiency, less sludge volume and water content [6,7]. As a
result, large quantities of arsenic sulfide slag is discharged into the environment. For
example, more than half a million tons of arsenic sludge are produced annually in
China.

Arsenic sulfide sludge deposited in the environment is susceptible to temperature,
pH, coexisting organics and inorganics (e.g. sulfides) [8,9]. The weathered and
dissolved residues promote the release of arsenic ions into the surroundings, which
can result in the transport and transformation of chemical species (e.g. arsenic and

sulfur) in natural waters and so leading to environmental contamination. Previous
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studies have demonstrated that when pH is higher than 9, the dissolution of artificial
As,S3 particles is significantly enhanced, owing to the enhanced activity of the
hydroxylated surface species [10]. On the other hand, different types of sulfur species
can influence the dissolution rate of arsenic sulfide. For instance, the added sulfide
ions can react with arsenic sulfide and produce arsenic-sulfide complex (H2As2Se ),

according to eq 1, which will accelerate the dissolution of the solid [11,12].

3
2

A62§(5)+:—23 HS“+% H <HAsS,  AG=-96.72 ki/mol (1)

Recently, the effect of light on the dissolution of minerals containing heavy
metals has been studied to elucidate the mechanism of photocorrosion reactions on the
release of metal ions, such as antimony and vanadium, from their parental minerals or
the synthesized substitutes (e.g. senarmontite (Sh203) [13], stibnite (Sb2Ss) [14], and
vanadium titano-magnetite [15]. It has been demonstrated that simulated sunlight or
UV irradiation can promote the dissolution of minerals and thus release heavy metal
ions. Up to this time, no work has been reported on the effect of light-induced
photochemical reactions on the fate of actual arsenic sludge from industry. As sunlight
is one of the most important climate factors for ecosystems, it inevitably affects the
fate of heavy metal slag deposited in the environment. On the other hand, arsenic
sulfide is a semiconductor with a band gap (~2.34 eV) in the range of visible light
spectrum. It has been reported that photocorrosion of artificial As.Ss colloids could

occur by light irradiation [16]. Therefore, it is expected that the actual sludge, which



81  mainly contains arsenic sulfide, is photo-responsive under visible light conditions.

82 The objective of the investigations described in this paper was to study the
83  dissolution and transformation mechanisms of actual arsenic-containing sludge under
84  visible light conditions. The release and oxidation kinetics of arsenic and sulfur from
85 the sludge, as well as the structure and state of the solid phase, were examined at
86  different pHs under visible light. The intermediate sulfur species arising during the
87  photoreactions were quantified by ion chromatography. The photo-generated active
88 oxygen and sulfur species were identified by EPR and free radical quenching
89  experiments, and their specific contributions to the transformation of the sludge are
90 discussed. The findings of the present investigation assist in the understanding of the
91 fate and transforming process of arsenic sulfide sludge in the environment.

92

93 2. Materials and methods

94  2.1. Chemicals and materials

95 The details of all reagents used are provided in the Supporting Information. The
96  arsenic sulfide sludge, a product of acid wastewater treatment, was sampled from a
97  smelting plant in Fujian province, China.

98  2.2. Photo Reaction System

99 All the photo reactions were performed in a 250 mL beaker by mixing 0.15 g of

100  the solid sludge with 225 g of H20. The concentration of ASS was fixed at 0.67 g/L.
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The initial pH of the suspension was adjusted with HCI or NaOH solution. A 500-W
Xe arc lamp (Shanghai Jiguang Special Lighting Appliance Factory, China) was used
as a light source equipped with UV cut filters (A > 420 nm). The temperature for all
the reactions was room temperature (RT ~25 °C) using a water-cooling system. At the
appropriate time interval, the liquid samples were taken out and filtered through a
0.25 um filter for further analysis. The dissolved oxygen level was controlled by using
a gas-purging tube to inject N2 or Oz in the system. In order to study the effects of
active species, specific radical scavengers were individually added into the reactor,
including 0.1 M tert-butyl alcohol (TBA) for scavenging -‘OH, 0.1 M methanol
(MeOH) for SO4- , and 1 mM p-benzoquinone (p-BQ) for -0y .
2.3. Analytical Methods
2.3.1. Arsenic and sulfur species in the liquid phase

The concentration of As(V) was determined using the colorimetric molybdene
blue method, and the total As ions (TAs) were measured after As(l1l) was oxidized
completely by KMnOy [17]. S(I1) species, including H2S, HS", and S?, were analyzed
using the methylene blue method [18]. The concentration of total sulfur (TS) was
measured on an ICP-OES (OPTIMA 8300, PerkinElmer, USA). The quantification of
sulfur intermediates, including sulfate (SO4%), thiosulfate (S20s%), and sulfite (SOs%),
was determined using an ion chromatograph (1S-2000) equipped with a Dionex

lonPac™ AS19 (250 x 4 mm) column. The details of instrumental setups were
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described in the SI (Table S1).
2.3.2. Solid phase of the sludge

High-resolution field emission transmission electron microscopy (HRTEM)
(JEM-2100F, Japan) and scanning electron microscopy (SEM) (SU8020, Japan) were
used to characterize the surface morphology of the solids. X-ray diffraction (XRD)
(PANalytical B.V.X"Pert3 Powder) featuring a Cu—K (alpha) source was used to
determine the crystal phases of samples. X-ray photoelectron spectroscopy (XPS) was
performed on an ESCALAB 250Xi instrument (Thermo Fisher Scientific). The As 3d
and S 2p XPS spectra were fitted by the XPSPEAK41 software. A UV-2600
spectrometer was used to determine the UV-vis absorption spectra of arsenic sludge.
X-ray fluorescence (XRF) was performed on an AXxios instrument PW4400
(PANalytical B.V.).
2.3.3. EPR analysis of active free radicals

‘02, ‘OH and SOs- radicals were detected on a Bruker EleXsys EPR
spectrometer (A300-10/12, Germany) at RT with DMPO as the spin-trapping agent
under visible light. When detecting -O; , the methanol was chosen as the dispersion.
The sulfur-containing radicals were detected on a Bruker EleXsys EPR spectrometer
(E500, Germany) at the low temperature (90 K) using al00 W mercury lamp

equipped with UV cut filters (2000 nm > A > 420 nm) [19].
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3. Results and discussion
3.1. Analysis of raw ASS

The XRD pattern of ASS revealed that the sludge mainly contained nanosized
and amorphous As,Ss particles plus some undefined impurities (Fig. 1a). The SEM
image in Fig. 1b also shows that the sludge compromised of small particles with the
size less than 100 nm. HRTEM image (Fig. 1b and Fig. S1) further confirmed that the
particles are amorphous structure. EDS mapping images revealed that the two
components, As and S, overlapped each other (Fig. 1d). The XRF and ICP-OES
results (Table S2) confirm that As and S accounted for the two main components of
ASS (more than 80% in mass), while other elements, such as Na, Ni, and Cu,

accounted for only 4.18% of the total.
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Fig. 1. (a) XRD pattern, (b) SEM image with the inserted HRTEM image, (c) XPS
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spectra, and (d) EDS mapping images of the raw sludge. In the As 3d spectra, 1 and 1’
are assigned to As 3ds and As 3dap, respectively. In the S 2p spectra, 1, 2, 3 are
assigned to S 2par, and 1°, 2°, 3’ are from S 2p12 of S (1-17), S2%° (2-2°) and SO4*
(3-3”). Inset of (a): optical image of the sludge.

XPS spectra (Fig. 1c) of ASS show that the peaks observed ranging from 41 to
47 eV, identified as two separated peaks at 43.40 and 44.10 eV (the intensity ratio 5:3),
which are ascribed to As 3ds;2 and As 3ds2 of As(I11), respectively [20]. No As(V) was
detected in the system. The peaks from 161 to 170 eV are corresponding to S 2p,
which can be fitted by three groups of peaks [21-23]. Each group with a separation of
1.2 eV and the intensity ratio of 2:1, is assigned to S 2ps;z and S 2p1/2. The first group
of peaks (1-1” in Fig. 1c) located at 162.5 and 163.7 eV originate from S, while the
second pairs (2-2” in Fig. 1c) at 163.2 and 164.4 eV are from S;%". The third group of
peaks at 169.0 and 170.2 eV correspond to SO4Z, indicating that sulfur ions in the

sludge were partially oxidized [24].
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Fig. 2. Dissolution and oxidation of the sludge in water at different pHs under visible
light irradiation (vis): (a) the release rate of total As (TAs) and (b) the oxidation rate

of As(lIl).

3.2. Arsenic release from ASS under visible light

The total dissolved arsenic concentration, as a function of time for ASS in
aqueous solution at different pH values, is shown in Fig. 2a. Without light irradiation,
the total arsenic ions (TAs) in solution at pH 3 and pH 7 had a low concentration,

increasing slightly with time. Approximately 8 ppm of TAs could be detected after 5 h

10
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at both pH values. At pH 11, TAs in the solution quickly increased with time and
reached a plateau after 1 h, where the TAs concentration was about 3 times of that at
the low pH. These Kinetic observations share similar trends with the results of ref 14,
in which the solubility of artificial As>S3 particles was independent of pH before pH 6,
after which the concentration of TAs increased with pH (as expressed by eq 1).

Under visible light irradiation, the dissolution rate of the sludge markedly
increased at all the three pH values, as compared to the corresponding cases in the
dark. At each pH, the concentration of TAs increased with time, which showed a
linear increase after 10 min. On the basis of linear fit (Fig. S2), the dissolution rates of
ASS at pH 3, 7 and 11 were 12.61, 11.18, and 12.14 ppm/h, respectively. These data
indicated that the illumination by visible light (A > 420 nm) can greatly promote the
release of arsenic ions from ASS. Moreover, the increase of TAs concentration by
light was more pronounced at lower pH. Specifically, the TAs concentration after light
irradiation for 5 h was about 8.2, 6.9, and 3.1 times higher, compared to the
dissolution in the dark, from low to high pH. These results imply that the
light-promoted dissolution of ASS is controlled by the different mechanisms at varied
pH values (see the discussion in the section 3.7).

3.3. Arsenic oxidation of ASS under visible light
The concentration of As(V) ions were also measured to check the oxidation of

ASS under visible light irradiation. As shown in Fig. 2b, in the dark, almost no As(V)

11
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at pH 3 and pH 7, while at pH 11, the concentration of As(V) quickly increased to 4.5
ppm at 30 min and then remained at equilibrium. These findings indicated that the
oxidation of As(lll) into As(V) by oxygen was favored in a basic solution, probably
due to the lower redox potential of As(111)/As(V) at higher pH [25].

Under visible light, the concentration of As(V) at pH 3 and pH 7 increased with
time in a roughly linear mode. Moreover, the oxidation rate of As(lll) at pH 3 was
much faster than the rate at pH 7 and pH 11. After 5 h of irradiation, the concentration
of As(V) at pH 3 was 79.8 times higher than that in the dark, as compared to 5.2 and
1.2 times at pH 7 and pH 11, respectively. By linear fit (Fig. S2), the oxidation rates
of ASS at pH 3, 7 and 11 were 3.92, 1.16, and 1.02 ppm/h, respectively. These data
suggest that the oxidation of As(Ill) into As(V) is accelerated by light illumination,
and more so under acid conditions (see the discussion in the section 3.8). It was
notable that at pH 11, a lower concentration of As(V) was obtained at the beginning
under visible light than that in the dark. This is probably due to the decrease of pH
during the rapid dissolution of ASS under illumination (Table S3), which could
change the redox potential of As(l11)/As(V) [25]. But with time, the oxidation of
As(l11) by light was the dominant factor.

In addition, the effects of the ASS concentration on the dissolution and oxidation
efficiency were checked (Fig. S3). The results indicated that the dissolution and

oxidation efficiency of ASS was proportional to the amount of the sludge.

12
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Fig. 3. XRD patterns of the sludge (a) in the dark and (b) under visible light after 5 h.
(c) Photo of the sludge in water without light irradiation and sitting for two days (left) ,
and under 5 h of visible light irradiation and standing for 2 min (right).
3.4. Solid state of ASS after illumination

Fig. 3a shows that the XRD patterns of ASS remained almost the same under the
different pH conditions when in the dark and still kept the characteristic peaks of

13
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As,S3. However, an obvious change could be observed after illumination, where the
broad peaks from As>Ss were suppressed and new sharp peaks occurred (Fig. 3b). The
new phase could be identified as Sg (JCPDS NO.00-044-1419). The species in the
ASS with and without visible light irradiation were further characterized by XPS. As
shown in Fig. S4, two group of peaks (1-1’ and 2-2’) located at the binding energies
of 162.4-163.6 eV (1-1°) and 163.2-164.4 eV (2-2°) are corresponding to S 2p of S*
and S>%, respectively. But after light irradiation, the ratio of two group peaks for all
pH values decreased, indicating that new S species were produced. By fitting the
spectra, the peaks can be deconvoluted into two new additional peaks at 163.9 and
165.1 eV (3-3°), which are assigned to S 2pi2 and S 2ps of S°, respectively [21-23].
The XPS results confirm the production of Sg, which is coincident with the XRD data.
From the XPS fitting results (Table S4), the contents of Sg in the total S after light
irradiation were obtained as 14.1%, 10.2%, and 15.2%, at pH 3, 7, and 11,
respectively. These data revealed the same pH-dependent order as the dissolution of
total arsenic from ASS under illumination, which suggests that the release of arsenic
ions from the sludge is accompanied with the generation of Ss.

The precipitation state of ASS in aqueous solution after visible light irradiation
was checked and compared with the case without illumination. As shown in Fig. 3c,
after 5 h of irradiation the sludge quickly settled down within 2 min and a clear

supernatant solution was obtained. Without light irradiation the particles were highly

14
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suspended in the solution and complete precipitation could only be achieved after
sitting for two days. A great improvement in the sedimentation performance can be
reasonably ascribed to both an increase of the particle size and the change of particle
surface properties, where the hydrophobic Sg produced on the surface of the sludge

promotes particle aggregation and sedimentation [26].
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3.5. Sulfur speciation released in the solution

As mentioned above, not only the release and oxidation of As from ASS, but also
the phase transformation from As»Ss to Sg are accelerated under visible light
irradiation. To get a better understanding of the transition of sulfur during the
dissolution of ASS, the sulfur species in the system were monitored.

Fig. 4a shows that the concentration of Total Sulphur (TS) in the solution
increased with pH increasing without light irradiation, where a distinctive increase
can be seen at pH 11. These data demonstrated similar trends with the pH-dependent
release of arsenic in solution. Under visible light illumination the release of TS was
accelerated at all pH values. However, there was only a limited increase of TS at pH 3
and 7, while at pH 11, a distinct increase of about 25 ppm/S was observed after 2 h of
light illumination, as compared to that in the dark.

Specifically, the sulfur species, including SOs*, S*, SOs* and S,03%, were
detected under visible light (Fig. 4b and 4c). At pH 3, SO+ increased quickly with
time and dominated in solution, accounting for about 50% (15.6 ppm/S) of TS at
equilibrium. The reduced and intermediate sulfur species, such as S? and SOs% and
S,03%, decreased to a very low concentration with time. These data suggest that sulfur
might be first dissolved in the form of reduced sulfur species and finally oxidized into
SO+ It is worth noting that the concentration of TS was higher than the sum of all

the detected S species, probably due to the reason that other sulfur species, such as
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polythionates (SnOs>, n = 3, 4, 5 or 6) [27], were not able to be separated or detected.
At pH 11, SO4*, S* and S;0s*> had an equivalent concentration (~20 ppm/S) and
these three species mainly contributed to the TS. Comparing to sulfur species at pH 3,
a higher concentration of S and S,03%, can be found at pH 11. This indicates that the
sulfur oxidation under light irradiation in the basic solution is less favorable than that
in the acid condition, which is consistent with the arsenic oxidation at different pH

values.
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3.6. Evaluation of photo-generated active oxygen species
It is known that As,Ss is a semiconductor with a band gap of 2.34 eV. In the ASS
investigated, the measured band gap was 1.89 eV (Fig. S5), indicating a strong
absorption and photocatalytic activity in visible light region. Therefore, under visible
light irradiation the ASS could generate photo-generated holes (hw*) and electrons
(ecv) (eq 2), which will further react with the species, such as oxygen, hydroxide, and
sulfur, to produce active free radicals.
ASS—™ 5h, T+e,” )
EPR was used to directly evidence the generation of the involved free radicals in
ASS under visible light irradiation. As shown in Fig. 5a, at pH 3, a strong DMPO--OH
[28] signal could be clearly observed by illumination for 15 min. At pH 7, only a
weak DMPO--OH signal appeared even after illumination for 1 h. But at pH 11, no
signal of hydroxyl radical was detected. These data indicate that the concentration
of -OH decreased with the increase of pH values. Meanwhile, the superoxide radical
was also monitored and as shown in Fig. 5b, the characteristic peaks of the
DMPO--02 [29,30] were detected at all three pH values, although the intensities from
‘Oz at pH 3 and pH 7 were stronger than that at pH 11. Notably, in the dark, neither
‘02 nor -OH was detected in the all corresponding systems (Fig. S6).
On the basis of photocatalytic mechanism, normally *OH can be produced in two

ways, one of which is directly generated from hy™: [31,32]
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hw" + H,0 — -OH +H* (3)
hw*+OH — -OH 4)

The other way is from ecy™ in the presence of Oz via a multistep reaction: [33,34]

Oxt e — ‘02 (5)
‘02 + H* — HOO- (6)
HOO: +ey’ — HOO (7)
HOO +H* — H0; (8)
H.0, — 2:OH (9)

It can be seen from the above reactions that ‘OH generated from hw™ is more
favorable in a neutral or basic condition, while a low pH and dissolving oxygen help
to produce ‘OH from ecy”. From our EPR results that show a higher concentration of
‘OH obtained at the low pH, it can be deduced that ‘OH in the system is probably

generated via ‘Oz in the multistep reaction shown above.
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(a-c) and oxidation (d-f) of the sludge at different pHs.

3.7. The effects of -:O2 and -OH on arsenic release

In order to study the effect of different free radicals on the dissolution and
oxidation of ASS, TBA and p-BQ were used as the scavengers to quench -OH and
‘02 , respectively [35,36]. As shown in Fig. 6a-c, in the presence of p-BQ (-Oz2
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guencher), the release of TAs from ASS was effectively suppressed at all three pH
values. When TBA (OH quencher) was added, TAs release was partially inhibited at
pH 3 (~33% cut), and with pH increasing, the inhibitory effect was decreased and
hardly observed at pH 11. The results revealed that both ‘OH and ‘O2 contributed to
the release of TAs at pH 3, but only -O, contributed at the high pH 7 and pH 11.
Their contributions are summarized in Fig. 5c.

As discussed above (eq 5-9), ‘OH was generated from -O; in the system, which
means that the dissolution of arsenic from the sludge basically originates from the
contribution of ‘Oz . So when p-BQ was added in the system at pH 3, most of the
dissolution of TAs was suppressed, because the scavenger can both directly inhibit
‘0, and indirectly eliminate -OH that originally stemmed from O3 .

The effects of reactive oxygen species on accelerating the dissolution of ASS
were further proved by purging Oz or N2 in the systems (Fig. S7). The released TAs
were obviously increased by purging O at all three pH values, while suppressed by
purging N2 in the solution, although a simply purging N> failed to achieve an anoxic
condition through completely excluding the dissolved oxygen.

3.8. The effects of ‘O2 and ‘OH on arsenic oxidation
As shown in Fig. 6d-f, the effects of 02 and -OH on the oxidation of As(III) into
As(V) shared similar trends with the release of arsenic from the sludge (Fig. 6a-c). At

pH 3, both TBA and p-BQ reduced the concentration of As(V) close to zero,
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suggesting that the oxidation of the released As(lll) is effectively suppressed. At the
high pH values (7 and 11), TBA had little impact on the concentration of As(V), but
p-BQ suppressed almost all the production of As(V). The contributions of different
radicals to the oxidation of As(l11) is summarized in Fig. 5c. It demonstrates that both
‘OH and -O; can oxidize As(III) into As(V). But at the low pH, -OH contributed more
to the oxidation of As(IIT). As -OH has a higher oxidation potential than -O, , more
As(V) was thus obtained at pH 3 (Fig. 2b), even if the concentration of total arsenic
ions released in the solution was less than that at pH 11 (Fig. 2a). As discussed before,
TBA directly scavenges ‘OH, while p-BQ consumes ‘Oz and thus indirectly inhibits
the generation of -OH. Our results reveal that -O is the critical radical in the system
and controls the oxidation of As(I11).

The pathway of As(I1l) being oxidized into As(V) is proposed as follows (eqs

10-13):[37,38]

As(Ill) + -OH — As(lV) + OH  k = 9x10° Mis! (10)
As(Ill) +-02 +H* — As(IV)+HO2  k=3.6x10° M's? (11)
As(IV) — As(lll) +As(V) k=45x108 Mls? (12)
As(IV) +02 — As(V)+:02  k=1.1x10° M1s? (13)

During the oxidation process, As(1V) is the intermediated arsenic species, which will
finally transform to As(V) via a As(IV) disproportionation reaction (eq 12) or by

further oxidizing with the dissolved Oz (eq 13) [38]. From eq 10 and 11, it can be seen
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that the oxidation rate of As(lll) by -OH is much higher than -O,. So, the
concentration of As(V) at pH 7 and 11 is obviously smaller than that at pH 3.
However, the oxidation-reduction potential of As(V)/As(lll) also decreases with the
increase of pH values [25]. For example, E°(As(V)/As(I11)) at pH 3 and pH 9 are 0.40
V and -0.2 V, respectively [39]. This will provide the chance for -O2 , as a weak
oxidant, to directly oxidize As(lll) at high pH, when -OH is in short. It has been
reported that superoxide radicals can act as the main free radicals to oxidize arsenic at
pH 9 [39,40]. Combining with the results from the quenching experiments (Fig. 6e
and 6f), it can be reasonably deduced that -O; is responsible for the oxidation of

As(I11) at pH 7 and11 in our system.
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Fig. 7. (a) sulfur-containing radicals in the sludge by light irradiation for 10 min and
annealing to 90 K. The numbers for peak position are g values. (b) Dissolution of the
sludge (TAs) in sulfite solution under visible light at pH 7. (c) EPR spectrum of sulfite
radical after 10 min reaction by adding 1 mM sulfite in the sludge system.
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3.9. Photo-generated active sulfur radicals and their effects on the production of
Ss

Visible light irradiation not only accelerates the release and oxidation of As(111)
from ASS, but also promotes the production of sulfur-related ions and the solid phase
Ss. In order to understand the transformation of sulfur species and their effects on the
dissolution of ASS, active sulfur species that are expected to form under light
illumination, were monitored by EPR at 90 K. As shown in Fig. 7a, multiple peaks
located at the magnetic field of 3150-3400 G were observed at all three pH values.
These were sulfur-containing free radicals, S+ ), at g = 2.052~2.021 [41,42] and
sulfur-oxide anion radicals, SO+, at g = 2.003 [19]. Normally, sulfide containing
radicals are difficult to capture in an aerobic environment, due to readily reacting with
oxygen and thus having an extremely short lifetime [19]. Also, the radicals are very
sensitive to temperature and the measured spectra gradually diminish on warming.
Thus, the measurement has to be done at a low temperature (90 K in our case).

It has been reported that under light irradiation, sulfur radicals can be produced
from the trapped photo-generated holes localized on the lattice sulfur ions with
surface defects or impurities [42]. Therefore, it can be reasonably deduced that in our
system, ‘Oz and -OH can react with the lattice sulfur on the surface of As2Ss to form
sulfur-containing radicals, as described in eqgs 14-15 [19,43].

AsS3+ 02 +HY — 3S- g +HO, +2As(ll)  fast (14)
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As;Sg + 3-:0OH + 3HY — 3S: (5 +3H0 + 2As(lll) k=9x10°M1st  (15)
During the photo-reaction process, As(l11) can be released. The specific species of the
released As(l1) is highly dependent on the pH values and S? concentration. For
example, HsAsOs is the main species in the acid and neutral solution with little S*
ions, while arsenic sulfide complexes, such as AsS;, HAs»Ss, H2As3Ss and
As(OH)x(SH),**Y, form in the basic solution with a high concentration of S? [10-12].
The generation of sulfide containing radicals, S- (), will then transform into S,
and finally produce Ss, as presented in egs 16 and 17 [44].
S — S¥ k=5.0x10°M1s? (16)
S% ) — 1/8Sg+S%  k=4.0x108 Mls? (17)
Alternatively, S+ (5 can react with dissolving oxygen and convert to SO, and then
quickly decompose to yield ‘Oz , as described in egs 18 and 19, which leads to the
weak EPR signals of sulfur radicals detectable even at a very low temperature (Fig. 7a)
[45].
S +02 — SO  fast (18)

SO § — ‘0O, +S  fast (19)

3.10. The effects of intermediate sulfur species on the dissolution of ASS
During the dissolution of ASS under visible light, the intermediate sulfur species,
such as S%, SOz% and S,0s%, were detected in the system (Fig. 4). In order to

understand the effect of these sulfur species on the dissolution of ASS, extra
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sulfur-containing salts were employed into the system during illumination. As shown
in Fig. 7b, when Na,SO3 was added, the dissolution of ASS was accelerated under
light irradiation. The EPR result revealed that with the addition of Na;SOs in the
sludge, a new and strong signal of SOs- [46] was observed under visible light (Fig.
7¢). The generation of SO3- was possibly from either photo-generated holes (eq 20)
or hydroxyl radicals (eq 21) [47].

S0s% + hp* — SOs (20)
SOs* +-OH — OH +SO0s (21)

The dissolution of ASS can be accelerated by SOz , as follows:
As;Sz + SOz + 13H0 —> 45042 + 2As(111) + 26H* (22)
However, the addition of extra S? or S,03% resulted in a decrease in dissolution
rate of ASS (Fig. S8), where S and S,0s? may act as the electron donors scavenging
active oxygen species that contribute to the dissolution of ASS. Notably, no SOs
was found in all the experimental systems mentioned above, which was verified by

using methanol as the scavenger.
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Fig. 8. Conceptual model of the photocatalytic dissolution and oxidation of arsenic

sulfide sludge.

4. Conclusion

In the environment, a larger amount of arsenic sludge is discharged and
deposited, especially during the treatment of acid mining and ore smelting wastewater.
The sludge poses a major environmental threat, due to the potential release of arsenic
ions. When the sludge is exposed to solar light irradiation, not only the release rate of
As(I11), but also the oxidation rate of As(l1l) to As(V) can be markedly accelerated,
which will further increase the environmental risk of the discharged sludge. The
mechanism of release and oxidation of As(l11) from ASS accelerated by visible light is
proposed as follows (Fig. 8). The ASS produces photo-generated holes (hw*) and
electrons (ec«) under illumination, which will further react with the species (e.g.
oxygen, hydroxide or sulfur) in solution to produce the corresponding active free
radicals. ‘Oz is the primary free radical in the system, both for forming OH- and

30



456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

sulfur-containing radicals and for releasing and oxidizing As(l11) from ASS. At the
higher pH (7 or 11), both the dissolution and the oxidation of the sludge are directly
accelerated by ‘O . At the lower pH (3), the dissolution of the sludge is promoted by
both -O2 and -OH, while the oxidation of As(IIl) is mainly by -OH. In the solid phase,
the hydrophobic Sg is formed on the surface of ASS through a series of sulfur radicals
(S' (9 and SOz ) involved reactions, which favors the agglomeration and precipitation
of ASS. In addition, the dissolution of ASS generates the intermediate sulfur species,
in which SOs? positively contributes to its dissolution by converting into SOs- under
visible light.

In order to check the dissolution and transformation of ASS in the environment,
experiments were conducted under actual sunlight. Similar results were obtained as
the simulated experiments, in which both the release of As(l11) ions from ASS and the
oxidation of As(l1) into As(V) were accelerated by actual sunlight ( see Fig.S9). The
dissolution and oxidation rates of ASS under actual sunlight were much slower than
those under simulated light, due to the unstable and weak intensity of actual sunlight.
The finding in this work is meaningful to inform the development of an effective
strategy for the safe stocking and treatment of slag residue. In addition, the
photochemical reactions on the ASS can generate active oxygen and sulfur species
under light illumination. These entities will not only affect the migration and

transformation behaviors of heavy metals ions and organic compounds in the
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environment, but also interfere with the geochemical cycle process of the important
elements, such as sulfur. Further studies on limiting the dissolution and oxidation of
the deposited ASS in natural environments, and/or the development of methods to
extract arsenic for detoxifying the sludge and resource recycling, are required to

support future improvements in environmental management at relevant industry sites.
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Appendix A. Supplementary data
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ASS, XPS spectra and photo of ASS with and without visible light irradiation, and the

effects of dissolved oxygen, S* and S;03% on ASS.
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