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ABSTRACT:

The fate of arsenic sulfide sludge (ASS), a typical precipitation product of acid
smelting wastewater, is readily affected by the surrounding conditions when deposited
in environment. When exposed to sunlight, the dissolution and oxidation of ASS were
markedly accelerated. However, the photocatalytic transformation mechanism of ASS
is still unclear. Herein, the release and oxidation of As(l1l) in ASS under visible light
was investigated by employing artificial arsenic sulfide with Fe(ll)/Fe(lll) ions.
Results show that the coexisting ferric ions are critical to promote the photo-oxidation
of As(lll) released from the parental solid into As(V). The photo-oxidation rate can
reach 149 uM/h in the presence of 0.5 mM Fe(ll) ions at pH 1.3, ~5 times of that in
the absence of Fe(ll). The pH-dependent mechanism of photocatalytic oxidation of
As(I11) stimulated by Fe(ll) ions is proposed and verified. In acid conditions (pH 1.3
and 3), photo-generated hydroxyl and sulfate radicals were promoted by Fe(11)/Fe(l11)
cycling catalysis with the assistance of the reductive sulfur species from ASS, e.g. S*
and SOs%, and thus accelerated the oxidation of As(I11). While at pH 7, the nascent
ferric hydroxide colloids enhanced the oxidation rate of As(lll) via photo-induced
ligand-to-metal-charge transfer (LMCT) mechanism. These findings can help in
predicting and controlling the fate of real arsenic-containing sludge in sunlit

environments.
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Introduction

Arsenic is of particular environmental concern due to its carcinogenic toxicity,
which has become a worldwide issue of public health.! Arsenic contamination has
mainly come from anthropologic activities. Especially, during metal smelting and
mineral processing, a large amount of acid wastewater (pH<2) is produced, which
contains a high concentration of arsenic, together with other metal ions, such as iron,
copper.2® In industry, sulfide precipitation is commonly used for treatment of
arsenic-containing acid wastewater, owing to its higher precipitation efficiency at the
low pH condition and smaller volume of sludge produced.*® As a result, large
quantities of arsenic sulfide sludge (ASS) with a low pH (< 2) are discharged into
environment. When deposited in the environment, ASS is susceptible to natural
environmental factors, such as pH, temperature and dissolved oxygen.”® For example,
the dissolution rates of artificial arsenic sulfide at the higher pH values, are in the
range of 26-4478 times relative to those at pH 2.1

Similar to the photochemical transformation of natural minerals (e.g. Fe- and
Mn-oxides),'! sunlight also has a profound impact on the fate of ASS deposited in the
environment. Our recent study found that sunlight can not only accelerate the
dissolution of ASS to release As(Ill) ions, but also markedly increase the oxidation
rate of As(I11) into As(V).}2 In ASS, the main component, As,Ss, is viewed to act as
the photo-responsive semiconductor to generate active oxygen free radicals under
light irradiation (egs. 1-4), which will adversely affect the stability of the host solid

particles and cause the dissolution and oxidation of ASS (egs. 5-6).12
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However, the reported result from ASS is quite different to the photo-erosion of the
synthetic arsenic sulfide, where only the release of As(lIl) ions has been observed.'®
The difference could be reasonably ascribed to the fact that in the real ASS, the solid
sludge normally contains As»Sz co-existing with other inorganic metal ions of
impurities, such as ferric and copper ions, depending on the different smelting
processing.>® These incorporated ions might affect the photochemical reaction in
ASS.

It has been discussed that ferric ions, especially Fe(ll), could trigger the active
oxygen species to oxide As(lll) into As(V) ions in aqueous solution, both with and
without light irradiation. For example, in the presence of 0.06-5 mg/L Fe(ll, 111) at pH
6.5-8.0, As(lll) is partly oxidized in the dark, while over 90% of As(lll) is oxidized
within 2-3 h under 90 W/m? UV light.** The promotion of As(l11) oxidation rate can
be attributed to the photo-generated *OH. Moreover, the arsenic oxidation can also be
accelerated by the addition of sulfite to produce sulfate radicals under light
irradiation.’> While in the neutral condition, the formation of As(I11)-Fe(ll) complex

plays a critical role in the oxidation of As(l11) by promoting the production of H20,.1



Similarly, the As(l1l) oxidation can be realized on colloidal ferric hydroxide (CFH)
under light illumination, through electron transfer from As(lll) to Fe(lll) by
ligand-to-metal-charge transfer (LMCT) mechanism.!” In addition to the oxidation of
As(111) ions in solution, the co-existence of Fe(lll) or Fe(ll) ions can also accelerate
the transformation of As-containing solids. It has been reported that the dissolution of
arsenopyrite (FeAsS) minerals could be elevated by the oxidation effect of Fe(lll)
directly.’® For arsenic-bearing tailings (realgar and pharmacolite), Fe(ll)-excited
active oxygen species such as hydroxyl radicals, superoxide or hydrogen peroxide,
increased the dissolution and oxidation rate of arsenic in the slag, and subsequently
formed more stable Fe-As complex or minerals.’® Although the effect of Fe ions
acting on the transformation of As species has been reported, no studies has examined
the coupling effects of light irradiation and Fe ions on the fate of ASS in the
environment. In this work, the specific role of ferric ions in the photochemical
dissolution and oxidation of ASS was systematically studied by adding Fe(lIl) into the
artificial arsenic sulfide under visible light, with the aim to understand the
light-induced transformation mechanism of real ASS, which is different to the pure
arsenic sulfide (As2Ss3). The release and oxidation kinetics of As>Sz were investigated
at different pHs under visible light. The photo-generated active oxygen and sulfur
species were identified by EPR and free radical quenching experiments, and their
specific contributions to the transformation of the sludge are discussed. The
photocatalytic oxidation mechanism of As(Ill) in ASS was proposed on the basis of

the analysis of Fe(Il)/Fe(l1l) cycling in the Fe-As,S3 system. The present work will



help to understand the photo-induced transformation behavior of arsenic-containing

sludge deposited in sunlit environments.

2. Experimental Section
2.1. Chemicals.

H.SOs (GR), Fe(ll) (FeSO47H20, AR), Fe(ll) (Fex(SOs)zexH20, AR),
ascorbic acid (AR), CsH4KO7Sb0.5H,O (CP) were purchased from Sinopharm
Chemical Reagent Co. Ltd. Tert-Butyl alcohol (TBA, AR) and methanol (MeOH, AR)
were purchased from Shanghai Shiyi Chemicals Reagent Co. Ltd.
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and NaS*9H.O (AR) were purchased
from Internet Aladdin Reagent Database Inc. (Shanghai, China). NaAsO> was
purchased from Sigma-Aldrich. Deionized (DI) water was used for all experiments
without further purification.

2.2. Synthesis of As2Ss.

Under vigorous magnetic stirring, 30 mL NaS solution (1.2 M) were added into
60 mL NaAsO: solution (0.4 M), and H2SO4 was used to keep pH in the range of
1.8-2. The formed suspension was continuously stirred for 10 min, and then washed
with deionized water. The suspension was filtrated and dried at 60 °C for 2 d.

2.3. Photo Reaction System.

All the photo reactions were conducted in a 250 mL beaker with 0.6 g-L ™ As;Ss

powder. A 500-W Xe arc lamp (Shanghai Jiguang Special Lighting Appliance Factory,

China) was used as the light source (A > 420 nm) and placed approximately 20 cm



above the beaker. A water-cooling system was used to keep the room temperature (RT,
~25 °C) for all reactions. At the appropriate time interval, sample aliquots were taken
out and filtered through a 0.25 pm filter to remove solid particles for further analysis.
In order to study the effect of active free radical species, 0.1 M tert-butyl alcohol
(TBA) (for scavenging *OH)? and 0.1 M methanol (for both «SOs and *OH)?* were
used as the quencher and added in the photo-reaction system.
2.4. Analytical Methods.
2.4.1. Arsenic, iron and sulfur species in the liquid phase

The concentrations of As(V) and total arsenic (TAs) were analyzed using the
colorimetric molybdene blue method.?? Sulfur species, including S(11) and S(IV),
were measured using the methylene blue method at 660 nm?® and a modified
colorimetric procedure with DTNB at 412 nm?* by an UV—vis spectrophotometer.
The concentration of SO.* was obtained on an ion chromatograph (IC, Dionex
Aquion 112018-0141, USA) with a Dionex lonPac AS 19 (4 x250 mm) column and a
conductivity detector. The concentration of Fe(ll) was determined using a
colorimetric complexant (1,10-phenanthroline) at 510 nm, and the total Fe ions (TFe)
were measured after Fe(lll) ions were completely reduced by hydroxylamine
hydrochloride.?
2.4.2. Solid phase of As2S3

The morphology of solid samples was characterized on a scanning electron
microscopy (SEM, SU8020, Japan). The crystal structure of samples was recorded on

an X-ray diffraction (XRD, PANalytical B.V.X'Pert3 Powder) with a Cu—K(alpha)



source at 40 kV with 40 mA. X-ray photoelectron spectroscopy (XPS) was performed
on an ESCALAB 250Xi instrument (Thermo Fisher Scientific).
2.4.3. EPR analysis of active free radicals

«OH and +SO4 radicals were detected on a Bruker EleXsys EPR spectrometer

(A300-10/12, Germany) at 25 °C using DMPO as the scavenger.

Results and discussion

I(a
1200—( )
| —O—Vis Fe(ll)
-O - Dark Fe(ll)
~ 9001 —A—vis
= 5/ - Dark
2
« 600
<
|_
300+
0 @:*:::::&::i"*_'_&77:::::77¥
0.0 0j5 1.‘0 1.|5 2‘.0 2j5 3j0
Time (h)
600
--O - Dark Fe(ll)
-7 - Dark
E:LSO(]—
S
& 150
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of arsenic in As;Sz with 1 mM Fe(Il) at pH 1.3.



Release and oxidation of arsenic in the Fe(l1)-As2Ss system under visible light.
The as-synthesized As,Sz had an amorphous structure with the particle size of ~ 100
nm (See XRD and SEM in Fig S1). As(lll) and S(Il) were the main components of
solid, with the ratio of 2:3, as confirmed by XPS and EDS in Fig S1. The results are
similar to the real arsenic sludge by sulfide precipitation in our previous study.*2

The concentrations of TAs and As(V) were monitored in Fe(l1)-As2Sz system at
different pHs (1.3, 3 and 7), to evaluate the release and oxidation of As(Ill) under
visible light, respectively. As shown in Fig. 1a-b and Fig. S2, in the dark only a very
small amount of arsenic ions (67 uM at t=3 h) was released from As>S3 without Fe(ll)
at pH 1.3, which slightly increased with pH. However, no As(V) was produced from
the oxidation of As(l11). Moreover, the addition of Fe(ll) increased neither the release
nor the oxidation of arsenic ions at acid conditions. At pH 7 (Fig. S2c), the
concentration of TAs decreased slightly with the increase of Fe(ll), which might be
due to the adsorption or co-precipitation by nascent colloidal ferric hydroxide
(CFH).2®

Under visible light, an obvious release (TAs) of arsenic together with a slight
arsenic oxidation (As(V)) were observed in As>Sz system without Fe(ll). The release
rate of TAs markedly increased to 362 uM/h at pH 1.3 (Fig. 1a), but the addition of
Fe(l1) had little effect on the release of arsenic ions from As>Ss (Fig. 1a and Fig. S3).
However, the production of As(V) greatly increased in the presence of Fe(ll), and the
oxidation rate of As(Il) into As(V) was linearly fit to be 132 uM/h in 1.0 mM Fe(II)
solution at pH 1.3, which is 4.2 times higher than that in the absence of Fe(ll). The

10



results confirmed the effect of Fe(ll) on accelerating the photo-oxidation of the
released As(I11). The oxidation rate increased with the increase of Fe(ll) concentration
at all the three pHs (Fig. 2a-c), but decreased with the pH values (Table S1 and Fig.
S4). In short, Fe(ll) had no effect on the release of As(lll) ions from As2Sz under
visible light, but markedly accelerated the photo-oxidation of the released As(l11) into

As(V).
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Sulfur species in the system of Fe(l1)-As2Ss. During the photochemical reaction of
As>S3, sulfur species in Fe(l1)-As2Ss system were also monitored. As shown in Fig.
3a-b, the main sulfur specie in the solution at pH 1.3 and 3 was SO4%, and no S(I1)
was detected at both pHs. Instead, S(11) was dominant in solution at pH 7 and little
SO4% was observed. The results suggest that during the photochemical reaction of
As>S3, S(I1) species that originally released from the solid were almost oxidized into
S04 in acid conditions, but the oxidation was suppressed in the neutral solutions. It is
worthy of noting that no intermediate sulfur species, e.g. SOs> was detected at all

three pH values.
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The sulfur species on the As.Ss solid particles after visible light irradiation were
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further characterized by XPS. Before illumination, only two group peaks
corresponding to S% and S, occurred (Fig. S1c). But after light irradiation, S 2p XPS
spectra were significantly changed at three different pH values. As shown in Fig. 3c,
the peaks from 161 to 170 eV are corresponding to S 2p, which can be fitted by five
groups of peaks. Each group with a separation of 1.19 eV and intensity ratio of 2:1, is
assigned to S 2psz and S 2p12.2” These five group peaks located at the binding
energies of 162.6-163.79 eV, 163.3-164.49 eV, 163.9-165.09 eV, 166.0-167.19 eV, and
169.0-170.19 eV are assigned to S%, Sy%, S°, SO3%, and SO4%, respectively.?®30 It can
be clearly seen that SO4> was obtained on the surface of solid particles at pH 1.3,
while disappeared at pH 3 and 7. Instead, SO4> was replaced by SOs® appearing at
both the higher pHs. It indicated that during the photochemical reaction, the oxidation
of sulfur decreased with the increase of pH values. This can be further confirmed by
the production of S° which had a higher ratio at a lower pH and almost not produced
at pH 7 (See the fitting results in Table S2).

The solid production of S° was further verified by XRD analysis of the collected
As>S3 samples after photochemical reactions (Fig. S5). After illumination, the new
sharp diffraction peaks of Sgwere clearly observed at acidic conditions (pH 1.3 and 3),
which were more pronounced in the O»-saturated conditions the enhanced release and
oxidation of arsenic (Fig. S6). After 3 h irradiation, a thin layer of yellow solid,
hydrophobic Sg, was visibly formed to float on the surface of the solution (Fig. S7).
The results confirmed that during the photochemical reaction, most of sulfide ions in
As,S3 were transformed into sulfur solid, which could provide the possibility for the

13



subsequent recycle of sulfur resource.
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SO and LMCT after 3 h of light irradiation at different pHs.

Active free radicals and their effects on the oxidation of arsenic. EPR was used to
investigate the photo-generated free radicals in the system of Fe(l1)-As2Ss under light
irradiation. In the dark, no free radical signal was detected both with and without the
Fe(I1) addition (Fig. S8). Under visible light, in the absence of Fe(ll) only a very weak
signal of DMPO-+OH?! was detected at pH 1.3, while no signal was observed at pH 3
and 7 (Fig. 4a). By contrast, in the presence of Fe(ll) the signal intensity of
DMPO-+OH markedly enhanced at pH 1.3, nearly 10 times higher than that in the
absence of Fe(ll). At pH 3, besides the characteristic peaks of DMPO-*OH, an
obvious signal of DMPO-+SO4 32 was detected. It indicated that Fe(ll) did greatly
promote the production of free radicals under visible light. However, there were no
any free radicals captured at pH 7, although the oxidation of arsenic sulfide was also
obtained in the neutral condition (Fig. 2c). The EPR results implied that the
mechanism of Fe(ll)-promoted free radicals production was pH-depended. On the
other hand, DMPO-+0O, ** was detected in all the above systems both with and
without Fe(II) under visible light (Fig. S9), where «O2 was mainly contributed to the
dissolution of As,Ss to release As(l11) ions via the photochemical reaction (eg. 3), as
discussed in our previous work.?

In order to verify the effect of the aforementioned free radicals on the oxidation
of As>S3z, the quenchers were employed in the photochemical reaction systems. In the
scavenging experiments, TBA was used to capture *OH (k Tga, -on = (3.8-7.6) x 10°

15



M s71), while MeOH was for both *OH and *SO4 (K meoH, -on =7.8 x 108 M1 st k
MeoH, *SO4 = 2.5 x 107 M—1 s%) (Fig. 4b-d). At pH 1.3, both TBA and MeOH
completely inhibited the oxidation of arsenic, which indicated only hydroxyl radical
contributed to the arsenic oxidation (Fig. 4b). At pH 3, the addition of TBA only
partially prohibited the oxidation of As(lll) (~51.8% cut) (Fig. 4c). But in the
presence of MeOH, the concentration of As(V) was decreased to zero. This indicated
that at pH 3, arsenic was oxidized by both hydroxyl radical and sulfate radical.

As no free radicals were detected at pH 7, the addition of TBA and MeOH had
no influence to the arsenic oxidation (Fig. 4d). It has been reported that at neutral pH,
hydrated Fe(l11) oxide could interact with As(I11) to form CFH-As(I11) complex.343
This was verified in our system, where an increase in UV absorption at 280 nm
proved the formation of CFH-As (111) complexes (Fig. 4e).1"3" Under light irradiation,
the oxidation of As(l11) can also occur on the surface of CFH-As(111) complexes via
photo-induced ligand-to-metal-charge transfer (LMCT).Y” On the basis of quenching
results, the contributions of different radicals and non-radicals to the arsenic oxidation
at different pHs were summarized in Fig. 4f, where at very acid (pH=1.3) and neutral
(pH=7) conditions, *OH and LMCT were exclusively contributed to the oxidation of
As(111) in Fe(11)-As2S3 system, respectively. At pH=3, *OH and *SO4 made almost

the equivalent contribution to the oxidation effect.
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Variation of iron species. In order to disclose the role of iron ions in the
photo-oxidation of arsenic sulfide, the variation of iron species in the solution was

monitored during the reaction. In the dark, the concentration of Fe(ll) almost
17



remained constant at pH 1.3 and 3 (Fig. S10), and little Fe(lll) was detected. This
indicated that acidic condition prohibited the oxidation of Fe(ll) by dissolved
oxygen.® At pH 7, the added Fe(Il) was not detected in the solution, which might be
due to the fact that Fe(ll) is easily oxidized to Fe(lll) and then precipitated as CFH
under neutral conditions (pKsp of Fe(OH)s = 38.55).3%4° This was evidenced by the
experimental phenomena that the solution rapidly turned orange when adjusting the
pH to 7. Under light irradiation (Fig. 5), the concentration of total Fe (TFe) in the
solution at pH 1.3 and 3 kept constant as the same amount of Fe(ll) initially added.
This meant that iron ions were not precipitated or adsorbed at both pH values. But the
change of Fe(ll) concentration with time behaved completely different at pH 1.3 and 3.
At pH 1.3, the concentration of Fe(ll) decreased with time. Considering that the total
Fe concentration was constant during the reaction, it suggest that Fe(ll) was mainly
transformed into Fe(lll). However, the concentration of Fe(ll) at pH 3 was close to
that of TFe and hardly change with time, which indicated Fe(ll) was the predominant
form in this system. The difference of iron species presented at different pHs might be
due to the reason that Fe(ll) was mainly consumed to produce more hydroxyl radicals
at pH 1.3, while more reductive SOs* formed at pH 3 can convert Fe(lll) back to
Fe(I1). The mechanism was discussed in detail below.

At pH 7, no Fe ion was detected at the initial time, due to the precipitation of
CFH as in the dark case. As the photo-reaction proceeded, the concentration of both
Fe(Il) and TFe gradually increased, which was probably from the dissolution of the
CFH precipitates under light irradiation,!’ although iron(I11) still existed mainly in the

18



form of CFH.
Mechanisms of Fe(ll) accelerating the oxidation of As in Fe(ll)-As2S3 system.
From the above results, it can be concluded that the presence of ferrous greatly
accelerated the photo-oxidation process of arsenic. In the absence of iron,
photocatalysis of arsenic sulfide can also produce superoxide radicals (egs. 1-2) under
visible light.** Normally, superoxide radicals could continuously generate hydrogen
peroxide and hydroxyl radicals in acid conditions (egs. 3-4).*' However, the
generation of hydroxyl radicals in the pure As2Sz system was very limited (see ESR
results in Fig. 4a), probably by the reductive S(Il) on the surface of As>Sz under
visible light (eqs.7-8).%2
«OH+H*+S(I1) 99— H20++S 5y  k=9.0x10° Mt s? (7)
2¢S (—1/8Sg+ S* k=4.0x10° M? st (8)
When Fe(ll) was added in the solution, it can act as the catalyst in Fenton-like
reactions, leading to a marked increase in the formation of hydrogen peroxide (eq. 9)
and hydroxy! radicals (eq. 10).**** On the other hand, Fe(ll) ions in the solution can
transfer active radicals generated on the particle surface to the solution, preventing the
self-consumption by S(I1) on the solid As»Sz. Taking together, the addition of Fe(ll)
promoted the production of hydroxyl radicals at acid conditions. As a result, the
oxidation efficiency of arsenic by hydroxyl radicals was improved (eq. 6).4>*
HO2++Fe(Il) +H*—Fe(Ill)+H20,  k=1.2x10° M1s? 9)
Fe(I1)+H202,—Fe(II)+OH ++<OH k=1.1x10® Ms? (10)
The oxidation of As(l11) was overwhelmingly controlled by hydroxyl radicals at

19



pH 1.3. As the pH value increased to 3, new sulfate radicals were formed via the chain
reactions between SOs? and Fe(I1)/Fe(111),*> where SOs*>" was originated from the
oxidation of S(I1) by HO2¢ or *OH (eq. 11). First, sulfite combined with Fe(Il) or
Fe(l11) to form Fe(l1)-SOs% or Fe(111)-SOs% complexes, in which Fe(11)-SOs? would
be further oxidized into Fe(l11)-SOs* (eqs. 12-14). Then, *SO3 was produced from
Fe(111)-SO3> complex under the activation of light, and was immediately oxidized
into *SOs intermediate by dissolved oxygen (egs. 15-16). Finally, *SOs was
generated as the product of the reaction between *SOs and sulfite, and then served for
the oxidation of arsenic (eqs. 17-18).%

From egs. 11-18, it can be seen that S(II) was the starting point to trigger the
chain reactions between SOs? and Fe(I1)/Fe(l11). Although SOs>~ was hardly detected
in the solution, it could be observed on the surface of solid As>Ss by XPS spectra (Fig.
3c). Indeed, SO3>~ was detected at pH 3 rather than at pH 1.3, probably because more
S(I1) can be dissolved from As;Ss at the higher pH. As a result, *SOs was obtained at
pH 3, instead of pH 1.3. In addition, during the whole process, iron was finally
released in the form of Fe(ll) in the solution. Thus, Fe(lll) precipitation was avoided,

which could ensure that the formation efficiency of free radicals was not reduced with

time. 1420
=S(I))+HO2+/*OH—=S0? +S’+H* (11)
=HSO; +Fe2*—FeHSOs" k=10*M1s (12)
4FeHSOs*+0,—4FeS03"+2H,0  fast (13)

=S03>+Fe®*—FeSOs"  fast (14)
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FeSOs*—Fe?*++S03  k=0.19s* (15)

«SO3 +02—+S05  k=(1-2.3)x10° M 5! (16)
*SO5 +HSO3 —S042++S04 +HY  k=10%-10" M s? (17)
S04 +As(II))— S04 +As(V) k=6.1x10° M* s (18)

The radical-involved oxidation process decayed with the increase of pH, due to
the precipitation of ferrous or ferric ions. However, Fe(ll) was rapidly oxidized to
Fe(lll) under neutral conditions (pH=7), and generated nascent colloid ferric
hydroxide (CFH), which could combine with photo-dissolved As(l11) from As>Ss to
form CFH-As(111).1® Under light irradiation, an electron transferred from As(lll) to
Fe(l11) on the surface of the CFH—As(III) complex by LMCT mechanism, which will
lead to the oxidation of As(lll) into As(lV), followed by forming As(V) with the

assistant of the oxidation by O or Fe(ll) (egs. 19-22).1"

Fe(OH)s-As(OH)s+hv—Fe(OH)2+As(OH)q (19)
As(OH)4+Fe(OH)3—As(OH)s+Fe(OH), (20)
2As(OH)4—As(OH)s+As(OH)s (21)
As(OH)4+02—As(OH)s*++0; (22)

The pH-dependent effect of iron ions on the release and oxidation of As>Sz under
visible light was summarized in Fig. 6. The addition of Fe(ll) exerted little effect on
the dissolution and release of As,Ss. However, Fe(ll) can promote the generation of
«OH and *SO4 to accelerate the oxidation of As(lll) released from As,Ss at acid
conditions, while at pH 7, Fe(ll) can form CFH to oxidize As(lll) by LMCT under
visible light.
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As Release As Oxidation
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. /'
0, S~ 07 W0, -oH [ g pH=13 O
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S(in) “hve SO+ SOy SO, | @ PH=T LMCT
s(i) 0, \ As(lll)

Fig. 6. Schematic illustration of the dissolution and oxidation of As,Ss by visible
light irradiation in the presence of Fe(ll) ions.
Fe(I1)/Fe(l11) cycling. During the oxidation of As(lll), the catalyst, Fe(ll), would
transform into Fe(l11) at acid conditions (egs. 9-10). While in the photo-reactions of
Fe(11)-As2S3 system, the byproducts of reductive sulfur species, such as S*, SOs%, and
«SO3 , can make a reversible transition of the oxidative Fe(l11) into Fe(ll) (egs. 23-24),
and thus keep the Fe(I1)/Fe(l11) cycling to continuously accelerate the photo-oxidation
of As>Ss. The reversible transition might be more effective at pH 3, where about 94%
of Fe ions existed in the form of Fe(ll) and kept constant with time.
=S(11)/S(I1)+2Fe(I1T)—2Fe(I1)+S° (23)
2=S032+2H,0+4Fe(II)—>4Fe(I1)+2S 04> +4H* (24)
In order to verify the Fe(ll)/Fe(ll) cycling during the photochemical reaction, 1
mM Fe(l11), instead of Fe(ll), was initially added. Similar to the case of Fe(l1)-As2S3,
the addition of Fe(lll) can also obviously increase the generation of As(V) at acid
conditions under visible light (Fig. 7a). Accordingly, Fe(111) ions are the main species
at pH 1.3, while Fe(lIl) ions that were reduced from Fe(l1l) are dominant at pH 3 (Fig.
S11). The result further confirmed the effect of Fe(l1)/Fe(l11) cycling on the oxidation
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of As(l11), which is independent of the initial redox state of iron ions.

600
(@) 1 mMFe() Vis

1 —a—pH=1.3
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Time (h)
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Fig. 7 (a) Oxidation of arsenic in As;Sz under visible light in the presence of 1 mM
Fe(111). (b) Oxidation of real arsenic sulfide sludge under visible light in the presence
of 1 mM Fe(ll).

Environmental Implications.

In order to verify the effect of ferrous ions on the real arsenic sulfide sludge, ASS
that sampled from a smelting factory in Henan province of China was further
examined (Fig. S13). The sludge originally contained 0.8% iron element (Table S3).
Without adding extra Fe(ll), arsenic in ASS was also oxidized into As(V) under light
irradiation at all three pH values (Fig. 7b). However, the oxidation of arsenic was

further promoted by the addition of 1mM Fe(ll). It verified that iron in ASS played a
23



crucial role in promoting the photochemical oxidation of arsenic in ASS. Therefore,
this study will not only help to understand the transformation and fate of ASS affected
by light irradiation and co-existing ions (e.g. ferrous and sulfur-containing ions), but
also potentially develop an effective strategy for the safe stocking and treatment of

slag residue in industry.
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