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HIGHLIGHTS

® A photo-enhanced removal of As(III)
and Cu(II) was achieved.

® As(III) removal was through a combi-
nation of photooxidation and copreci-
pation.

® As(IlI) photooxidation relied on the
formation of the Cu(II)-As(III) com-
plex.

® As(IIT) complexed with Cu(Il) is pho-
tooxidized via direct electron transfer.

® Procedures to realize the light-en-
hanced water's purification were pro-
posed.

ARTICLE INFO

Keywords:

Copper/arsenic contamination
Surface complexation

Solar radiation
Photooxidation

Direct electron transfer

GRAPHICAL ABSTRACT

vAy
-66® ~( Y- Alkaline condition
“fun N »\v)a ) culn
geais
cu(ln) <7 hv N
| 4 N
Cu(OH), particle “"TuH,0, HO*
A
Surface \,
Complexation 9 ~0," 0, o,
Photo-induced
wmcr HO_ OH o PH
) rm W N, A
m . A IS 2
0
e‘;&“’ L eb® ¢ 668 ¢ <660 ¢
2 —H* Cu(ln) Cu(l) cu(ll) cu(l) u
Fegs " pogis  gogie pei's
CUHOASO,/Cu(OH), particle Cuy(As0,),/Cu,0/CuO/Cu,(OH),CO; particle

ABSTRACT

Arsenic and copper causing water pollution is a worldwide problem, and simultaneously achieving water de-
contamination from arsenic and copper is immensely attractive. In this study, an economical and eco-friendly
light-enhanced removal system was proposed to simultaneously alleviate water contamination from arsenic and
copper, where nascent copper hydroxides (CHO) acted as nano-absorbers and electron acceptors for As(III)
removal. According to the mechanism studies, the nascent CHO effectively capture As(III) forming surface Cu
(ID-As(II) complex (formation constant, log Kr; = 6.0). Then, light induced the ligand-to-metal charge transfer
(LMCT) from As(III) to Cu(Il) inside the Cu(II)-As(III) complex, thus leading to both As(III) oxidation and Cu(II)
reduction under anoxic conditions. The quantum yield of As(III) photooxidation at 365 nm was ascertained as
(2.3 + 0.2) x 1072 The final photoproducts can be easily recycled as stabilized Cu(II)-As(V) complex and
deposit. Real sunlight-driven photooxidation of As(III) in the presence of CHO and As(III) photooxidation to As
(V) in solid Cu(I)-As(III) complex were also confirmed, which implying the promising application in practical
water treatment. Accordingly, the oxygen-independent and light-enhanced removal of arsenic and copper can
help develop recovery strategies for copper and arsenic.
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1. Introduction

Arsenic has aroused a global attention for its carcinogenicity and
toxicity to humans and usually enters human bodies via water [1,2].
Arsenic is usually released into water source in two primary inorganic
forms, i.e., arsenite species (As(IIl)) and arsenate species (As(V))
through natural processes or anthropogenic activities [3]. For instance,
arsenic is usually produced as a by-product of base metals smelting, in
particular copper, lead, cobalt and nickel concentrates [4]. Thus a
complex industrial wastewater is produced during the smelting of
nonferrous metal sulfide ores containing high concentrations of arsenic
and heavy metals [5]. Currently, the increased consumption of low-
grade sulfide ores with high arsenic content are exploited in smelting
plants due to the growing mineral resource shortage, which increases
arsenic levels in the wastewater (3-10 g-L_l) [6,7]. In these produced
wastewater, arsenic mainly exists as As(III) compounds (arsenious acid)
[5], which is significantly more toxic and mobile than As(V) [8]. The
long-term exposure to the high level of inorganic arsenic has led to
emergency public health incidents [9]. Thus treatment of As(III) con-
taminated water is imperative before intake.

The reliable and efficient approaches to mitigate water pollution
could be divided into two broad classes: separation [10,11] and de-
gradation [12-16]. Unsurprisingly, given that the degradation of As(III)
is theoretically impossible, diverse separation approaches for removing
arsenic have been developed [17]. For instance, precipitation is suc-
cessfully tested in laboratory and widely applied in industrial scale.
After the addition of lime or ferric salts and the up-regulation of pH, the
arsenic is removed from the wastewater by forming the precipitate with
calcium or iron [18,19]. However, the precipitation treatment usually
produces a large amount of unstable arsenic-bearing sludge, which
potentially cases secondary pollutions during long-term storage [20].
Adsorption is considered as an efficient and economic method for water
decontamination from arsenic [21,22]. Several reports showed that Cu
(II) oxides can adsorb As(V)/As(Ill) efficiently due to its high surface
area and high point of zero charge [23-29]. In alkaline solution, Gos-
wami et al. [24] found that As(III) adsorption on the Cu(Il) oxide sur-
face was more efficient compared with that at an acid pH. Previous
study has shown arsenic strongly binding to Cu(II) oxides primarily
through inner-sphere complexation structures [29]. Herein, Cu(Il)
oxides based materials are viewed as efficient absorbents for arsenic
removal under alkaline condition. Fortunately for some though, copper
usually coexists in the arsenic containing industrial wastewater because
arsenic is often contained within tennantite (51.6% Cu and 20.3% As)
or enargite (48.4% Cu and 19.1% As), as copper ores for copper
smelting [30]. The copper contaminated water also poses a severe
threat and damage to local environments and humans and even causes
various diseases [31]. The nascent Cu(Il) (hydr)oxides (CHO) generated
via the hydrolysis of Cu(Il) can capture As(V)/As(III) oxyanions forming
complexes in alkaline environments [32]. Inspired by those, the si-
multaneous removal of arsenic and copper seems to be achieved in
alkaline condition.

In the abovementioned separation methods, most of arsenic is re-
moved at the unoxidized state (As(IIl)), thus its high toxicity is not
effectively reduced. Besides, arsenic removal by Cu(Il) oxides depends
on the oxidation state of arsenic species [24]. Hence, oxidation of As
(II) to As(V) is regarded as a necessary strategy for effective arsenic
removal, causing added complexity. Based on the results of the high-
resolution X-ray photoelectron spectroscopy (XPS) of the As3d peaks,
researchers found that adsorbed As(III) can occasionally be oxidized on
the surfaces of Cu(II) oxides, whether natural or synthesized copper-
arsenic minerals [26-29,33]. This might be attributed to the high-en-
ergy X-ray-driven potential electron transfer from As(IIl) to metal ca-
tions [34,35]. However, the mechanism of As(IIl) oxidation during As
(ITII) removal by Cu(II) oxides has not been addressed in literature in a
sophisticated manner.

According to previous works, rapid oxidation of As(II) was
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observed following its surface complexation with nascent colloid ferric
hydroxide (CFH) in simulated sunlight [36]. The ligand-to-metal charge
transfer (LMCT) from the As(III) anion to the Fe(III) cation, instead of
any reactive oxygen species (ROS), was verified to account for As(III)
oxidation. In fact, the environmental photochemistry of carboxylate
complexes with Cu(II) is similar to that of Fe(IIl) [37,38]. Furthermore,
the Cu(l) complex and an oxidized ligand radical are consequently
produced through the photolysis of Cu(II) complexes with dicarbox-
ylates [39,40], amino acids [41], iminodiacetic acid [42], nitrilo-
triacetic acid [43], and dissolved organic matters (DOMs) [44] upon
irradiation of LMCT bands in the UV-vis region, and can be further
oxidized. Inspired by those, As(Ill) may form a surface complex with
CHO, and it is reasonable that As(III) can be oxidized in the same
manner of LMCT as its surface complex occurs on CFH in sunlight.
Furthermore, the produced copper arsenate precipitate possesses higher
stabilization than arsenic compounds and can be easily separated from
other copper precipitates (e.g., Cu(OH), or Cuy(OH),CO3) by settling
rates. Therefore, the light-induced removal of As(III) and Cu(II) can be
reviewed as a potential strategy for remediation of polluted water under
the iron-free condition.

In this work, we focused on identification and chemical description
of mechanisms governing light-induced oxidation of As(III) during As
(III) removal by nascent CHO under oxic and anoxic conditions. The
specific aims of this study were (i) to verify the performance of the
light-enhanced As(III) removal by nascent CHO; (ii) to confirm the
importance of surface complexation between As(III) and CHO for As(III)
oxidation and removal; (iii) to illustrate the photochemical reactions
between As(III) and Cu(Il) through LMCT within the complexes on CHO
surface. The results may help to provide a novel strategy for the re-
covery of copper and arsenic from wastewater.

2. Materials and methods
2.1. Chemicals

All chemicals are of analytical grade and used without being further
purified. The details of chemicals are presented in Text S1 in Supporting
Information (SI).

2.2. Preparation and formation of a solid Cu(I)-As(III) complex

The solid Cu(I)-As(III) product was prepared by dissolving CuSO4
in a specific amount in alkaline As(IIl) solution (Cu(II)/As(III)/NaOH
molar ratio 1:2:4), and then the solution was adjusted to pH 10 using
H,SO,. The mixture was further stirred at 20 °C for 6 h, and some green
precipitate was formed, separated by a 0.22-um filter, washed with
ultrapure water three times, and then dried in an oven at 60 °C over-
night. The characterization methodology is illustrated in Text S2.

2.3. Photochemical transformation experiments

Batch irradiation experiments were performed in a 750 mL water-
jacketed vessel. A 500 mL reaction solution containing 200 pM Cu(II)
and 5 pM As(III) was placed in the vessel exposed to the atmosphere. A
control experiment was conducted in the dark by covering the vessel
with aluminum-foil. Ten 8-W black light lamps (Phillips TLD-8 W, NL)
that emitted UV-A light with A, of 365 nm (Fig. S1) were placed
around the vessel (Fig. S2). The average irradiation intensity on the
surface suspensions in the reactor was approximately 0.2 mW cm ™2,
ascertained by a digital irradiance meter (SM206, Shenzhen Sanp-
ometer Ltd., Shenzhen, China). The lamps were pre-switched for 20 min
before the reaction to achieve stable irradiation intensity. The reaction
temperature was maintained at 25 °C, and the premeditated pH was
adjusted using 2 M NaOH solution. Subsequently, the reaction vessel
was placed into the reactor to initialize the reaction. Samples were
taken out from the reactor at certain time intervals, and preserved in



W. Ding, et al.

HCI (1:1 v/v) solution for further analysis unless noted otherwise.

In solar experiments, the real sun replaced black light lamps as the
light resource, and all other procedures were the same as in above batch
experiments. The solar experiments were conducted at different times
during a day in summer in order to simulate different light intensities.

Aeration experiments under the irradiation of black light lamps
were conducted in same reaction vessel with a rubber seal, and the
solutions containing 200 pM Cu(II) and 5 uM As(III) were purged with
compressed air (20.8% v/v O, and 79.2% v/v N, without CO,) or N,
(99.99%) for at least 30 min before and during the overall photoreac-
tion. The dissolved oxygen content of each solution was determined by
a dissolved oxygen meter (8403, AZ Instrument Co. Ltd.). During anoxic
reaction, the content of dissolved oxygen was < 0.01 mg L™ ! all the
time.

In arsenic adsorption experiments, samples were taken and cen-
trifuged for 7 min at 12000 rpm. The supernatant was acidized and
used to determine the aqueous arsenic in solution.

To investigate the aggregation effect of CHO on As(Ill) photo-
oxidation over time under alkaline conditions, the nascent CHO was
aged for 2 h at pH 10. The changes in the particle size of CHO over time
were monitored, and the aged CHO was used for As(III) photooxidation.

Prior to conducting the photolysis experiment of the solid Cu(II)-As
(III) complex at pH 10, 10 mg L™ ! of the solid Cu(II)-As(III) complex
was dispersed in 500 mL water by an ultrasonic machine (JT820HTD,
JATO Instrument Co. Ltd., Shenzhen, China) for 1 h before irradiation.

All experiments were performed in triplicate and average values are
presented. The corresponding error bars are presented in each figure.

2.4. Analysis methods

Withdrawn samples were preserved in HCl (1:1 v/v) solution, and
the acidic conditions was adopted to dissolve arsenic species and Cu(Il/
D) (hydr)oxides and to stabilize Cu(I) ions in N, atmosphere. As(III) and
As(V) concentrations were analyzed based on our previous work [45].
The concentration of As(III) and As(V) were further determined on a
liquid chromatography-hydride generation-atomic fluorescence spec-
trometry (LC-HG-AFS, Bohui Innovation Technology Co. Ltd., Beijing,
China). The determination of Cu(I) concentration was conducted with a
modified bathocuproine method [46]. In brief, the Cu(I) concentrations
were analyzed by adding the chelating agent bathocuproine in water
baths at 25 °C for 10 min and then the absorbance was recorded on a
spectrophotometry at 484 nm (Shimadzu UV-1601, Kyoto, Japan).
H,0, concentration was ascertained using DPD photometric method at
a wavelength of 551 nm [47]. The pH metric titrations method pro-
posed by Bjerrum [48] and modified by Irving and Rossotti [49] was
applied to determine the formation constants of Cu(II)-As(III) complex.
The details of analyses are described in Text S3.

The distribution of Cu(Il) species with or without tiron and the
concentration of As(III) oxyanion (AsO(OH), ) versus pH were simu-
lated using Medusa software supported by KTH Royal Institute of
Technology (Sweden).

The spectra of the solutions containing Cu(II) and/or As(IIl) were
recorded on the Shimadzu UV-1601 spectrophotometer using a 1 cm
cell. To ensure the reaction solution at pH < 3 before pH adjustment,
Cu(ID) stock solution was acidized by H,SO,4. The pH was adjusted to 10
in 2 min with 2 M NaOH solution, and the reaction solution was stirred
in dark at 25 °C for 1 h before UV-vis spectrum scanning.

3. Results and discussion

3.1. Photochemical transformation of As(III) in Cu(Il) solutions at various
pH

Batch irradiation experiments were conducted to investigate the
effect of pH on As(II) photooxidation in 200 pM Cu(II)-contained so-
lutions at pH 3-10, and the results are shown in Fig. 1a. The control
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Fig. 1. (a) Variations of As(IIl) concentrations and (b) variations of the initial
oxidation rate of As(III) (rasam) and AsO(OH), ™~ concentration fraction over pH
range 3-10. Conditions: [Cu(I)] = 200 uM, [As(IID)] = 5 uM, T = 25 °C.

experiments in dark exhibited no distinct As(III) oxidation at pH 3-10
within 120 min (data not all displayed), whereas a drop in As(III)
concentration occurred within 120 min at pH 10 under UV-A irradia-
tion. The mass balance of arsenic species during photochemical reaction
in the solution at pH 10 demonstrated that the drop in As(III) con-
centration was attributed to photooxidation (Fig. S3). As(II) oxidation
was limited under acidic or near neutral conditions (e.g. pH 3 or 6),
whereas the oxidation efficiency of As(III) was enhanced from 8.7% to
62.0% when the initial pH increased from 8 to 10.

Compared with acidic condition, the alkaline condition benefited
the adsorption of As(II) on copper (hydro)oxides [24]. Considering the
Cu(Il) species distribution in the absence of As(IIl) (Fig. S4), Cu(Il)
existed primarily as free Cu®>* under acidic conditions, exhibiting no
photochemical activity for As(II) oxidation (Fig. 1a) because no ob-
vious absorption at 365 nm was observed in the UV-vis spectra of the
Cu(ID-As(III) solution (200 uM Cu(II) and 5 uM As(II)) at pH 3 (Fig.
S5). After the CHO formation, the oxidation of As(III) occurred and
increased under UV-A irradiation as pH increased from 8 to 10. These
results indicated the dependence of As(IIl) oxidation on the formation
of CHO in alkaline solutions under lighting conditions. Besides, nega-
tive AsO(OH),~ oxyanion, as the dominant As(III) species under alka-
line conditions, possessed a lower redox potential and a higher affinity
to copper (hydr)oxides compared with As(OH)3 [24]. This suggested
that AsO(OH),~ oxyanion, relative to As(OH)s3, may be easier to react
with CHO which was formed at pH > 6. The close consistence between
the initial rates of As(II) oxidation (rasqm) and the increasing con-
centration ratio of ASO(OH), "~ is observed in Fig. 1b, suggesting that As
(II1) photooxidation might rely on both the formation of CHO and AsO
(OH),~. Thus, the reaction could be terminated by acidifying the
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samples. In the present study, HCI (1:1 v/v) was used to terminate the
reaction and dissociate Cu(I)-As(III)/As(V) complexes for As(V)/As
(II) analysis.

It is noteworthy that the pH dropped from 10 to 9.3 in the reactor
opened to air throughout As(IIl) photooxidation, whereas no obvious
variation in pH was observed in compressed air bubbling experiments
(Fig. S6a). However, the As(III) oxidation in the compressed air bub-
bling experiment was similar to that exposed to air (Fig. S6b). These
results revealed that the CO, dissolution from air to the solution ac-
counted for pH decrease, and the slight effect on As(IIl) oxidation was
probably attributed to the low concentration (ca. 78.7 uM) of H,CO3
calculated using the dissociation constants (pK,1,» = 6.35, 10.33). As
shown in Fig. S6b, the addition of 100 uM NaHCO3 didn’t affect As(III)
oxidation obviously, whereas < 10% of As(III) oxidation was observed
when CHO was replaced by Cu,(OH)»CO3 as Cu(II) source. Accordingly,
As(IIT) photooxidation may occur after its quick adsorption/complexa-
tion on CHO under alkaline conditions, and the following experiments
were performed in the reactor open to air unless noted otherwise.

3.2. Effects of HO" quencher and competitive ligand on As(III)
photooxidation

Free radicals (i.e. O,"~ and HO’) and H,O, are generally the
dominant agents leading to oxidation of As(IIl) in photochemical re-
actions [36,50]. As a reductant under alkaline conditions, O," ~ cannot
oxidize As(IIl). During the photooxidation of As(III) at pH 10, almost no
H,0, (< 0.01 uM) was detected (Fig. S7), and H,0, at such a low
concentration cannot oxidize As(III) either [45]. Thus, we investigated
the effect of HO™ quencher on As(III) photooxidation. Ethanol acted as
HO' probe with the rate constant of ko) ethanol = (1.2-2.8) x 10° M ™!
s~ at 25 °C [51], close to that between As(II) and HO (knoyasam =
(8.5-9.0) x 10° M~ ! s~ 1) at room temperature [36]. Thus, ethanol at
concentration of 20-fold As(III) should be sufficient high to inhibit As
(III) oxidation if HO" was responsible for As(III) oxidation. According to
the results in Fig. 2, even the concentration of ethanol was 100-fold that
of As(IlI), As(Ill) oxidation was not observably inhibited, which in-
dicated that CHO didn’t generate sufficient HO" that being responsible
for As(II) photooxidation under UV-A irradiation.

The previous report demonstrated that As(III) could be adsorbed
onto nascent colloidal ferric hydroxide by forming a surface complex at
pH > 6 [36]. Thus, we proposed a hypothesis that As(III) photo-
oxidation may occur through a ligand-to-metal charge-transfer (LMCT)
process between As(III) and Cu(Il) after their quick adsorption/com-
plexation on CHO wunder alkaline conditions. The adsorption/

1.0

0.8
< 0.6-
i 0.4 —— 500 uM ethanol

: —@— 100 pM tiron
—A— 0 uM ethanol or 0 uM tiron
0~2 T X T x T ¥ T i T i T X T
0 20 40 60 80 100 120

t (min)

Fig. 2. Effects of ethanol and tiron on As(III) photooxidation. Conditions: [Cu
(ID] = 200 pM, [As(IID] = 5 uM, [ethanol] = 500 uM, [tiron] = 100 uM, pH
10, T = 25 °C.
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complexation between As(III) and CHO is the prerequisite for LMCT
process and partly changes the morphology of CHO. Tiron was used as
the competitive ligand for As(IIl) since it is very soluble in water and
has an appropriate structure for complexation with Cu(Il) [52]. The
formation constants of Cu(II)-tiron complexes are 12.76 (log K;) and
23.73 (log K,), greater than those of Cu(I)-OH complexes (log K;.
4 = 7.0, 13.68, 17.00 and 18.5, respectively). The photooxidation of
5 uM As(III) was fully inhibited by 100 uM tiron (Fig. 2). In fact, 100 uM
tiron can partially affect the formation CHO, and ~ 80% of Cu(II) re-
mained in the form of CHO in the absence of As(III) at pH 10 (Fig. S8).
This result suggested that (i) tiron competed with As(III) in complexa-
tion with Cu(Il) on CHO surface and interrupted the interaction be-
tween As(III) and Cu(II); (ii) As(III) oxidation was not attributed to the
photochemical activity of CHO itself, since the rest of CHO (80%) in the
presence of tiron induced no As(III) oxidation at all. Therefore, As(III)
photooxidation might occur via LMCT between As(III) and Cu(II) after
the formation of As(III)-CHO complex.

3.3. LMCT process between As(III) and Cu(II)

In the LMCT process, the electron should be transformed from As
(III) to Cu(Il) on CHO surface along with As(III) oxidation to As(V).
Thus, the oxygen would be dispensable for As(IIl) oxidation. Herein,
comparison of As(III) photooxidation under oxic (open to air) or anoxic
(N, bubbling) conditions was studied and the results are shown in
Fig. 3a. Under anoxic conditions, 50.0% of As(III) photooxidation was
still observed after 120 min irradiation, whereas the oxidation effi-
ciency was enhanced to 62.0% under oxic condition. Results of the
photooxidation kinetics of As(III) over concentration range of 5-800 pM
in the presence of CHO are provided in Fig. S9. rasam at different initial
As(III) concentrations in the presence of 200 uM Cu(II) at pH 10 were
collected for analysis by Langmuir-Hinshelwood (L-H) equation (Eq.
(1):

kLHK [AS (III)]
L7 R10/15 e —

1+ K[As(III)] (@)

where k;y the reaction rate; K the Langmuir adsorption constant. The
kinetic curve fits well with the Langmuir-Hinshelwood model, in-
dicating the interaction between As(III) and Cu(Il) on CHO surface.
Moreover, over the range of low concentration of As(IIl), the apparent
kinetics can be simplified as pseudo-first order (inset of Fig. S9). Thus,
the observed rate constants (k.,s) of As(III) oxidation were determined
in terms of pseudo-first-order model (inset figure of Fig. 3a). The ob-
served kops under anoxic conditions (kops, n2 = 0.0063 min~?1) was
lower than that under oxic conditions (kops, air = 0.0086 min~ 1),
suggesting that oxygen can enhance the As(III) photooxidation. As
shown in Fig. 3b, most of Cu(Il) were retained under both oxic and
anoxic conditions, which ruled out the adverse effect of the slight de-
crease of Cu(Il) concentration on As(III) oxidation. The oxic conditions
led to a slower accumulation of Cu(I) relative to anoxic conditions.
Thus, the enhanced As(III) oxidation by oxygen might be due to the
formation of less Cu(I), which compete for the light quanta with Cu(II)
[53]. Oxygen enhanced 26.4% of the overall As(IIl) oxidation under
oxic condition. Accordingly, oxygen was not a necessary but an en-
hancing factor for As(IIl) photooxidation.

If the LMCT process was the dominant way for As(II) oxidation in
the presence of CHO, the direct electron transfer from As(III) to Cu(II)
should lead to the production of As(V) and Cu(I). Thus, the observation
of Cu(I) would support the LMCT process. Fig. 3b shows the generation
of Cu(l) with the As(II) photooxidation to As(V) under oxic or anoxic
conditions, suggesting the possible relationship between the reduction
of Cu(Il) and oxidation of As(III) (i.e. direct electron transfer). The
stoichiometric ratio of Cu(I) to As(V) concentrations was approximately
2.0 in anoxic solutions with N, bubbling (inset figure of Fig. 3b). It was
obviously to conclude that the successive a two-electron transfer from
one As(III) to two Cu(II) occurred under anoxic conditions. While under
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Fig. 3. (a) As(IIl) photooxidation and (b) Variations in the concentrations of As
(V) and Cu(l) during As(IIl) photooxidation in CHO systems under oxic or an-
oxic conditions. The inset figure of (a): the observed rate constants (kops) using
pseudo-first-order model; the inset figure of (b): the molar ratios of [Cu(I)] to
[As(V)]. Experimental conditions: [Cu(I)] = 200 puM, [As(II)] = 5, pH 10,
T = 25 °C.

oxic condition, only one electron transferred from As(III) to Cu(Il), and
the produced As(IV) was completed oxidized by O, rather than Cu(II)
due to large rate constant for the reaction between As(IV) and O5 (kas
avyoz = 1.4 x 10° M™'s™! at room temperature [54] and higher
concentration of dissolved oxygen (ca. 0.3 mM, 1.5-fold of Cu(Il)).
Accordingly, the maximum [Cu(I)]/[As(V)] ratio under oxic conditions
could be 1 if the produced Cu(I) was not oxidized by O, therein [55].
The experimental [Cu(I)]/[As(V)] ratio was ca. 0.75, indicating that ca.
25% produced Cu(I) was re-oxidized by O, simultaneously with As(III)
oxidation. Similarly, the photographs of the reaction solutions are
presented in Fig. S10. Without irradiation, clear solution (Fig. S10a)
was changed to the green one (Fig. S10b) after 2 h stirring. Under an-
oxic conditions, the generated Cu(I) occurred in the form of Cu,O
particles with the brown color (Fig. S10c), whereas the less color and
turbidity of the suspended solution was observed under oxic conditions
(Fig. S10d).

Based on the discussion above, the photooxidation processes of As
(III) on CHO surface include surface complexation and subsequent
LMCT processes (Scheme 1). Under alkaline condition, the soluble As
(III) oxyanion is adsorbed on CHO surface (expressed as > ) to form
the Cu(ID)-As(III) complex (reactions (2) and (3)). Subsequently, light
induces an electron transfer from As(IIl) to Cu(II) within the complex,
resulting in As(III) oxidation to As(IV) and Cu(Il) reduction to Cu(I)
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simultaneously (reactions (4)). Finally, the intermediate As(IV) was
rapidly oxidized by Cu(II) in the absence of oxygen (reaction (5)) or by
O, (reactions (6) and (7)) [50] along with the generation of Cu(I[)-As
(V) precipitates.

> Cu''(OH), + As™MO(OH),™ — > Cu''(OH)OAs™(OH), + OH~ (2)

> cu'(0H)0As™(OH), — > Cu'0,As™OH + H,O 3)
> Cu"0,As™OH + hv + OH™ — [ > Cu'0,As"(OH)5] ™ (&)
[ > Cu'0,AsV(OH),]~ + > Cu''(OH), — [ > Cu'0,AsY(O)OH]™
+ > Cu'OH + H,0 (5)
[ > Cu'0,AsV(OH),]~ + Oy — [ > Cu'0,AsY(0)OH] ™ + O, ~ + HT

(6)
[ > Cu'0,AsV(0)OH] ™~ + 0, — > Cu'0,AsV(0)OH + O, — @

3.4. Effect of irradiation energy on the initial rate of As(IIl) oxidation

In this study, As(III) was oxidized to As(V) under a relative alkaline
conditions (pH > 8) when irradiated by simulated solar radiation,
while negligible oxidation of As(III) was observed in dark (Fig. 1a),
suggesting the importance of light for As(III) oxidation at earth’s sur-
face environments. Fig. 4 presented a linear relation between rasqm and
irradiation intensity with a slope of 0.20 = 0.02. Thus the quantum
yield for the production of As(V) at 365 nm (Pasv),365nm) Was calcu-
lated as (2.3 * 0.2) x 10~ 2, following the same order of magnitude as
Cu(I)-maleate complex (®cyqy3130m = (0.8 = 0.2) x 1072) [39],
and Cu(ID)-iminodiacetic acid complex (Pcym254nm = 1.2 X 1073
[42] (Detailed description of the quantum yield calculation is provided
in Text S4). Therefore, appropriately up-regulating the irradiation in-
tensity was a suitable method to accelerate As(III) oxidation.

3.5. Formation of Cu(I)-As(II) complex

Fig. S11 shows that the CHO particle size increased over time in 1 h
at pH 10. The peak of the particle size of CHO after 60 min agitation
was extended by As(IIl) addition from the mean value of 670 nm
(410-1100 nm) to 760 nm (470-1250 nm). In dark, dissolved As(III)
concentration in the presence of CHO decreased sharply in first 10 min
due to the formation of light green precipitate (Figs. S12 and S13).
These results are consistent with As(III) adsorption on copper(II) oxides
[24,26].

In LMCT process, an electron should be transferred from the ligand
to metal, and a charge-transfer spectrum of complexes should be ob-
served in UV-vis spectroscopy [56]. The UV-vis absorption spectra of
As(III), Cu(Il), and Cu(II)-As(IIl) complex were collected at pH 10 at
various [Cu(I)]/[As(I)] ratios (Fig. S14). 10 uM of Cu(Il) alone ex-
hibited UV adsorption at 200-450 nm. The addition of As(III) up to
300 pM led to an enhancement in the UV absorption with a gradual
shift of the maximum absorbance from < 200 nm to 214.5 nm without
the appearance of any isosbestic points (inset figure of Fig. S14),
whereas As(III) alone exhibited no obvious absorption at 200-450 nm.
The variations of absorbance confirmed the complexation between As
(II1) and Cu(Il) and the formation of more than one complexes under
this specific condition.

The pH metric titration method [48,49] was applied to ascertain the
formation constant of Cu(II)-As(III) complexes (Fig. S15a and b). The
curve for Cu(II)-As(III) complex formation extended to a maximum n
value (ca. 2.2) (Fig. 5a), suggesting that the complexes had 1:1 and 1:2
metal/ligand stoichiometry at least in solutions, which contained
1 mM Cu(Il) and 4 mM As(III). However, the concentration of Cu(II)
was 40-fold higher than that of As(IIl) in the photooxidation experi-
ments. Thus, only the 1:1 Cu(ID)-As(IIl) complex was considered with
the formation constant of log K;; = 6.0, close to that of the Cu(II)-OH
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Fig. 4. Effect of irradiation energy on rasgm. The equation is rasqm =
(0.20 * 0.02) x irradiation energy, R* = 0.97. Experimental conditions: [Cu
(ID] = 200 pM, [As(ID)] = 5 puM, pH 10, T = 25 °C.

complex (log K; = 7.0). The results revealed that the addition of As(IIl)
could partially damage the structure of the Cu(II)-OH complex through
forming Cu(II)-As(III) complexes, thereby resulting in an increase in the
particle size of CHO (Fig. S11). Because As(IIl) oxidation via LMCT
mostly depended on the formation of Cu(II)-As(IlI) complex on the
nascent CHO particles, rasqm could be simply expressed as Eq. (8).

(8)

Fig. 5b presented a significantly linear correlation between the rs
am and the concentration of the Cu(II)-As(III) complex, confirming the
dependence of As(IIl) oxidation on the complexation between Cu(Il)
and As(III). The best fit obtained the rate constant of kcyan—asqm =
(6.7 = 0.4) x 1072 uM min~"! for the photolysis of Cu(II)-As(III)
complex.

Tasam = Kcuan — asam [Cu(ID-As(TII)]

3.6. Characterization of the solid Cu(I)-As(III) complex

Solid Cu(ID)-As(III) complex product was produced following the
procedure described in “experimental section”. The XRD pattern (Fig.
S16) showed that the as-obtained sample had two broad peaks and
some sharp peaks, revealing its good crystallinity with partial

amorphous structure and big particle size. Compared with the XRD
patterns of CuO (PDF#44-0706) and As,O3 (PDF#36-1490), the as-
obtained sample produced some different sharp diffraction peaks at 20
values of 22.8°, 33.4°, 35.7° and 52.6°, suggesting the formation of solid
Cu(ID-As(III) complexes. Fig. S17a and b presented the XPS spectra of
the Cu2ps,» and As3d, respectively. Fits of the Cu2p3 5 spectra resulted
in two sets of peaks at 933.5 eV and 935.2 eV for Cu(I)-O and Cu(II)-O,
close to those at 933.0 eV and 935.1 eV, respectively, after As(III) ad-
sorption and oxidation on the surface of CuO microspheres [29]. In the
meantime, given the As(IIl) binding energies generally at approxi-
mately 1 eV lower than those of As(V) [28], the fitted curve for the
As3d photoemission exhibited two sets of peaks at 44.4 eV and 45.4 eV
for As(III)-O and As(V)-O, respectively. The latter one was close to that
at 45.2 eV in Cu(II)-As(V) complex [26]. The mentioned higher binding
energies for Cu(I)-O and As(II[)-O in the as-obtained sample than
those in CuO (933.5 eV) [57] and As,03 (44.2 eV) [35] could be at-
tributed to a higher degree of charge transfer from copper to arsenic,
which confirmed the strong complexation between copper and arsenic.
Although Cu(Il) underwent reduction simultaneously with the oxida-
tion of As(III), chemical analysis, determination of arsenic and copper
species concentrations by dissolving the as-obtained sample in the HCl
(1:1 v/v) solution, presented As(II[)/Cu(II) molar ratio of ~1.97
without observed As(V) and Cu(I). Thus, the molar ratio of Cu(I)/As(V)
reached ~ 2.1 (0.55/(0.13 x 1.97)) based on the calculation of Cu(l)/
Clyotar (ca. 0.55) and As(V)/Asora (ca. 0.13) with the peak area, con-
firming that two electrons were successively transferred from As(III) to
Cu(Il) within solid Cu(II)-As(III) complex under X-ray irradiation. Ac-
cordingly, the as-obtained sample was expected as solid Cu(II)-As(III)
complex product with a ~1:2 metal/ligand stoichiometry, which un-
derwent photolysis via LMCT under the high-energy X-ray irradiation.

3.7. Solar photooxidation of As(III) by CHO and photolysis of the solid Cu
(ID-As(IIl) complex

Experiments were performed to verify the effect of real sunlight on
As(III) oxidation by CHO and results are shown in Fig. 6a. Comparison
to As(IIl) oxidation under UV-A light (0.2 mW c¢m~2), a similar oxida-
tion efficiency of As(III) (ca. 60%) was achieved in sunlight with higher
intensities (146.9-171.6 mW cm ~2). Though the utilization of sunlight
was inadequate, the result sufficiently confirmed the sunlight-driven
photooxidation of As(III) by CHO under alkaline conditions.

The rates of As(III) oxidation decreased on the aged CHO, and fur-
ther dropped within the solid Cu(II)-As(III) complex at pH 10 compared
with that on the nascent CHO (Fig. 6b). The affinity of Cu(II) oxides for
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Fig. 5. (a) Formation curves of the Cu(II)-As(IlI) complex. Conditions: [As
(IID] = 4 mM, [Cu(ID)] = 1 mM, [NaNO3] = 100 mM, [HNO3] = 10 mM,
[NaOH].q4dition = 213 mM, T = 25 °C. 1_1, the average number of ligands at-
tached per metal ion, and pL, the exponent for free ligand. (b) Plot of the initial
oxidation rates of As(III) (rasqm) versus [Cu(ID)-As(II)]. Conditions: [Cu
(ID]1 = 200 uM, [As(II)] = 5-50 uM, pH 10, T = 25 °C. The equation is written
as rasam = (6.7 * 0.4) x 10~ x [Cu(ID)-As(IID], R? = 0.98.

As(III) was obviously affected by the particle size of cupric oxides. In
general, smaller particle size of Cu(II) oxides increased their sorption
ability and reactivity for As(III) [24,26]. The nascent CHO was not
stable under alkaline conditions. CHO nanoparticles grew gradually
over time, and As(III) addition facilitated the particle growth with the
formation of Cu(II)-As(III) complex (Figs. S11 and S13). Thus, nascent
CHO with the smaller particle size facilitated As(III) complexation and
photooxidation on CHO surface compared with the aged CHO and solid
Cu(ID-As(III) complex. Although the observed oxidation rate constants
of As(III) under sunlight or in the solid Cu(II)-As(III) complex were less
than that under UV-A light in the presence of nascent CHO, they suf-
ficiently confirmed the light-induced photooxidation of As(III).

4. Conclusion

This study manifested a novel photochemical reaction system,
where the alleviation of water contamination from arsenic and copper
was simultaneously achieved. The alkalinity driven hydrolysis of Cu®*
ions producing nascent CHO, which was applied as nano-absorber and
electron acceptor for As(II) removal under irradiation. The final
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Fig. 6. (a) Effect of solar power on As(III) oxidation with nascent CHO; (b)
Effect of aging on As(III) oxidation and the photolysis of solid Cu(II)-As(IIl)
complex. Inset: (b) kops using pseudo-first-order model. Conditions: [Cu
(ID] = 200 uM, [As(IID] = 5 pM, [Cu(ID-As(IID]suq = 10 mg L™, pH 10,
T = 25 °C, ageing time = 2 h.

photoproduct can be easily recycled from the polluted water as stabi-
lized Cu(II)-As(V) complex and precipitate. The mechanism study re-
vealed that As(III) removal underwent a complexation-oxidation pro-
cess. The adsorbed As(III) on CHO quickly formed surface Cu(II)-As(III)
complex with a complexation constant of logKy; = 6.0, and As(III)
underwent photooxidation along with the reduction of Cu(II) to Cu(l) in
the LMCT band with an As(V) production quantum yield of
(2.3 £ 0.2) x 1072 The light-induced oxidation of As(Ill) in the
presence of nascent CHO was independent of oxygen. The photo-
oxidation of As(IIl) on aged CHO and within the solid Cu(II)-As(III)
complex also occurred through the LMCT process. In short, the com-
plexation between As(III) and Cu(II) as well as intramolecular electrons
transfer within the complex present an overlooked mechanism of the
photooxidative transformation of As(IIl) to As(V) under anoxic condi-
tion, especially in cases in which nascent CHO forms. This process could
be potentially applied in technologies for arsenic recovery from copper-
arsenic-containing environments.
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