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� Simultaneous conversion of Cr(VI) and As(III) was achieved in glow plasma.
� The mechanism of redox interaction between Cr(VI) and As(III) was explored.
� Adding dicarboxylic acid improved Cr(VI) reduction but retarded As(III) oxidation.
� The effects of active species in the conversion of Cr(VI)/As(III) were quantified.
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a b s t r a c t

In this study, the applicability of glow discharge plasma for simultaneous redox transformations of Cr(VI)
and As(III) was evaluated in aqueous solution. The results showed that there was a beneficially synergis-
tic effect between Cr(VI) reduction and As(III) oxidation. The presence of Cr(VI) can significantly enhance
As(III) oxidation, whereas a slight increase for Cr(VI) reduction mediated by As(III) was observed. The
added ethanol or dicarboxylic acids can increase the Cr(VI) reduction with different mechanisms, but sig-
nificantly retard As(III) oxidation. The conversions of both As(III) and Cr(VI) can also be effectively
increased from 96% to 100% and 53% to 77%, respectively, by increasing the voltage input from 530 to
600 V. Cr(VI) reduction proceeded more rapidly, approximately 96% at pH 2.0, while As(III) oxidation
was depressed under acidic conditions, only 70% at pH 2.0. And the optimal pH value for As(V) formation
facilitated by Cr(VI) is 7.0. H2O2 generated in-situ in glow discharge plasma can reduce Cr(VI) and pro-
duce highly oxidizing �OH that was responsible for As(III) oxidation. Reaction between As(III) and �OH
in turn partially avoided the re-oxidation of Cr(III) by �OH to Cr(VI), thus facilitating the net conversion
of Cr(VI). Our study demonstrated the feasibility of GDP for the coconversion of As(III) and Cr(VI), holding
a great promise for real-world wastewater remediation.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic and chromium are of particular environmental concern
due to their toxicity and are challenging to remove from industrial
wastewater. The concentrations of arsenic and chromium in natu-
ral waters, e.g., river water, lake water, seawater, and groundwater,
vary at micromolar levels and they can coexist in mine drainage
and many industrial wastewaters [1–3]. For example, the leach-
ing concentrations of arsenic and chromium from the wood
preservative wastewater are at the level of tens of milligrams per
liter [4]. The redox species of arsenic and chromium greatly influ-
ence the mobility, toxicity, bioavailability, and environmental fates
of these two inorganic elements [2]. It is known that As(III) and
Cr(VI) are greater toxic and more mobile than their counterparts,
namely As(V) and Cr(III) [5]. Therefore, the reduction of Cr(VI) to
Cr(III) and the oxidation of As(III) to As(V) are considered highly
desirable before the final removal of Cr(VI) and/or As(III) via
traditional adsorption and coagulation techniques [6].

A variety of methods, such as advanced oxidation processes
[7,8], traditional oxidation methods [9] and reduction methods
with different reducing agents [10,11], have been applied for oxi-
dizing As(III) to As(V) or reducing Cr(VI) to Cr(III). Despite of the
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success in detoxification of individual Cr(VI) or As(III), it is a big
challenge to simultaneously relieve the environmental hazard of
these two constituents in contaminated wastewaters. Till now,
the co-conversion of As(III) and Cr(VI) have been investigated by
adding H2O2 [2], in the ice phase [5], iodide-mediated photolysis
[12] or by Bacillus firmus [13]. To avoid the massive consumption
of chemical reagents and the extreme conditions, it is urgently
required to develop more efficient and widely practical technology
towards the simultaneous conversion of As(III) and Cr(VI).

Over the past several years, interest in the utilization of electri-
cal plasma technologies for wastewater remediation has increased
enormously [14–16]. Glow discharge plasma (GDP) is sustained by
glow discharges across a pointed electrode and the surface of the
liquid electrolyte. GDP is characterized by its higher yields of
reactive species including �H, �OH, H2O2 and hydrated electron
(e�aq:) than those expected on the basis of Faraday’s law [17].
Among these active species, �OH is a strong oxidizing agent
(E0(�OH/H2O) = 2.8 VNHE). The formed H2O2 increases the collective
oxidizability of the plasma and can be further transformed to �OH
via various reactions (e.g., dissociation, photolysis and metal-based
catalytic reactions) [17]. Therefore, GDP has been intensively
investigated as a promising tool for oxidative degradation of aque-
ous organic pollutants such as pesticides, dyestuffs, pharmaceuti-
cals and phenolic compounds [17]. On the other hand, the
formations of reductive species, such as e�aq:,

�H and H2O2 guarantee
the feasibility of GDP for the reduction of metal ions with high
valence [18,19]. Accordingly, we think it may be feasible for GDP
to induce the simultaneous redox conversions of As(III) and Cr(VI)
in aqueous solution. However, up till now, GDP has not been
reported for simultaneous conversions of those two heavy metals
in water.

Here, we explored the applicability of GDP for simultaneous
Cr(VI) reduction and As(III) oxidation in aqueous solution. The
effects of input energy, pH value and initial concentration on the
redox transformations of Cr(VI) and As(III) were investigated, and
the synergetic effect between Cr(VI) reduction and As(III) oxidation
was also discussed.
2. Experimental section

2.1. Materials

All chemicals were obtained from commercial sources and are
listed in the Supporting Information (Text S1). All reagents were
used as received without further purification. UltraPure water
(resistivity 18.2 MXcm) was used for all experiments. A stock solu-
tion of As(III) (1000 mg/L) and Cr(VI) (1000 mg/L) were prepared
by dissolving analytical grade K2Cr2O7 and NaAsO2 in deionized
water.
2.2. Experimental procedure

The experimental apparatus consisted of a direct current high
voltage power supply and a reactor, as described in Fig. S1. All
working solutions were freshly prepared before use by diluting
the stock solution with deionized water, and the pH was adjusted
to the desired values with concentrated solution of NaOH or H2SO4.
Typically, 150 mL of argon-purged Na2SO4 solution (conductivity:
5 mS cm�1) with 0.6 mM Cr(VI) and/or 1.0 mM As(III) was treated
by GDP (580 V/120 mA). The initial pH value was adjusted to 3.0.
All experiment were conducted at 298 ± 3 K by circulating cold
water. The depth of the electrode immersed in the solution was
carefully adjusted to stabilize the current and input voltage with
deviation less than ±2%.
2.3. Analysis

The concentrations of Cr(VI), As(V)/total arsenic and H2O2 were
measured spectrophotometrically using the modified diphenylcar-
bazide method, molybdene blue method and titanyl reagent,
respectively [2,20]. A UV–visible spectrophotometer (UV-3000,
MAPADA) was used to measure absorbance of solutions in a 1 cm
quartz cell. Estimation of total chromium after GDP treatment
was carried out using a high-resolution continuum source atomic
absorption spectrometer (HR-CSAAS), ContrAA700, Analytik Jena
AG (Jena, Germany). The conductivity and pH of the solution were
determined by conductivity meter (DDS-307A) and pH meter
(PHS-3C), respectively.

Hydrated electron (e�aq:) generated in GDP was estimated
according to Goodman’s method based on Eq. (1) [21]. 0.015, 0.1,
0.5 and 1.0 M of monochloroacetic acid were applied to scavenge
e�aq:. The yield of C1� within 3 min treatment was calculated
according to standard curve of concentration vs. absorbance.

ClCH2COOHþ e�aq: ! Cl� þ �CH2COOH k1 ¼ 6:5� 109 M�1 s�1

ð1Þ

e�aq: þ e�aq: ! H2 þ 2OH� k2 ¼ 5� 109 M�1 s�1 ð2Þ

e�aq: þH3Oþ ! HþH2O k3 ¼ 3� 1010 M�1 s�1 ð3Þ

Assuming that [e�aq:] is substantially constant in different exper-
iments, GCl� is determined simply by competition between reac-
tions (Eqs. (1)–(3)), and the kinetics lead to the following
expression:

1
GCl�

¼ 1
Ge�aq:

k4½e�aq:� þ k5½H3Oþ�
k3½ClCH2COOH� þ

1
Ge�aq:

ð4Þ

where G is defined as the ratio of the yield (mol per mol electron)
observed to the yield (mol per mol electron) stipulated by Faraday’s
law.

A plot of 1=GCl� versus 1/[ClCH2COOH] gives a straight line with
a y-intercept of 1=Ge�aq:

.
Based on Eq. (5), Coumarin fluorescence method was employed

for probing and estimating �OH in GDP [22]. The initial concentra-
tion of coumarin was 1.0 mM in each experiment. The fluorescence
emission spectrum (excited at 332 nm) of the product 7-hydroxy-
coumarin was measured on a fluorescence spectrophotometer
(F97PRO, Lengguang Tech.).

Coumarinþ �OH ! 7-hydroxycoumain k5 ¼ 2�109 M�1 s�1 ð5Þ
3. Results and discussion

3.1. Simultaneous conversion of Cr(VI) and As(III)

To examine the transformations of As(III) and Cr(VI) with GDP,
As(V), Cr(VI) and H2O2 were simultaneously monitored as a func-
tion of reaction time (Fig. 1). In the presence of Cr(VI) alone or
As(III) alone, 61% of 0.6 mM Cr(VI) was reduced or 56% of 1 mM
As(III) was oxidized after 18 min GDP treatment. As(III) exists
almost entirely as the nonionic H3AsO3 at pH 3.0 (Fig. S2), which
was highly vulnerable to �OH-induced oxidation with rate constant
of 8.5 � 109 M�1 s�1 in Eq. (6). One-electron oxidation of As(III)
would involve the formation of the unstable As(IV) intermediate,
which was further transformed to As(V) via As(IV) disproportion-
ation or further oxidizing As(IV) by dissolved O2 in Eqs. (7–10) [23].

AsðOHÞ3 þ �OH ! H2AsO3 þHþ þH2O k6 ¼ 8:5� 109 M�1 s�1

ð6Þ
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Fig. 1. As(III) oxidation (a), Cr(VI) reduction (b) and H2O2 variation (c) in the
presence or absence of GDP (voltage: 580 V; current: 120 mA; solution volume:
150 mL; pH 3.0).
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2AsðOHÞ4 ! AsðIIIÞ þ AsðVÞ k23 ¼ 8:4� 108 M�1 s�1 ð7Þ

AsðOHÞ4 þHAsO�3 ! AsðIIIÞ þ AsðVÞ k24 ¼ 2:0� 109 M�1 s�1

ð8Þ

2HAsO�3 ! AsðIIIÞ þ AsðVÞ k25 ¼ 4:5� 108 M�1 s�1 ð9Þ

AsðIVÞ þ O2 ! AsðVÞ þ �O2H=�O�2 k26 ¼ 1:1� 109 M�1 s�1 ð10Þ
In plasma generating process, the short-lived �OH (life time:
3.7 � 10�9 s) is abundant in the plasma zone [17]. Thus, H2O2, a
long-lived plasma product, can be produced via the recombination
of �OH. Fig. 1(c) shows that approximately 242 mg L�1 H2O2 was
produced after 18 min in aqueous solution. Although it was ther-
modynamically feasible (DG0(H3AsO3 + H2O2) = �51.2 kcal mol�1),
the direct oxidation of As(III) by H2O2 was negligible at pH
3.0 (k(H3AsO3 + H2O2) = 5.5 � 10�3 M�1 s�1) [2]. Hence, H2O2

production was not influenced by the presence of As(III)
(Fig. 1(c)).

In theory, H2O2 (E0(O2/H2O2) = 0.68 VNHE) is known to serve as a
reductant of Cr(VI) species (E0(HCrO4

�/Cr3+) = 1.35 VNHE). The con-
sumption of H2O2 by Cr(VI) led to only 137 mg L�1 H2O2 measured
in Cr(VI) involving GDP process. Besides, despite being transient
species, very strong reducing agents, namely e�aq: (E0ðH2O2=e�aq:Þ ¼
�2:77 VNHE) and �H (E0(H2O/�H) = �2.30 VNHE) were very likely to
contribute to Cr(VI) reduction [19].

Now it is evident that H2O2 can efficiently reduce Cr(VI), but
cannot oxidize As(III) at acidic pH. However, when H2O2, Cr(VI)
and As(III) were mixed together, an evident conversion of As(III)
and Cr(VI) was observed by Wang et al. [2], although the direct oxi-
dation of As(III) by Cr(VI) was negligibly slow in dilute solution.
Thus, it can be expected that GDP with producing large amount
of H2O2 can provide a desirable condition for simultaneous redox
reactions of As(III)/Cr(VI).

In Fig. 1(a), when Cr(VI)/As(III)-containing solution was
exposed to GDP, As(III) was completely transformed to As(V)
and meanwhile, approximately 9% more of Cr(VI) was reduced
than that for Cr(VI) alone solution. For the solution of As(III)/
Cr(III), only 53% of As(III) species was slowly oxidized to As(V)
and a small amount of Cr(VI), approximately 1.5 mg L�1, were
produced. When As(V) and Cr(VI) initially coexisted in solution,
approximately 61% of Cr(VI) reduction was achieved, without
measurable decrease in As(V) concentration. This indicated that
GDP can induce the reduction of Cr(VI) to Cr(III), but cannot lead
to the conversion of As(V) to As(III).

Fig. S3 indicates a significant enhancement of �OH generation at
9 min occurred in Cr(VI) solution in comparison to that in pure
water solution. This suggested the enhanced in As(III) oxidation
mediated by Cr(VI) should be ascribed to the formation of addi-
tional �OH via the reactions of Cr(VI) activating H2O2 [24]. In addi-
tion, the rate of Cr(VI) reduction also increased in As(III)/Cr(VI)
system because As(III) was thought to alleviate Cr(III) re-oxidation
to Cr(VI) by scavenging partial �OH (Eqs. (11) and (12)). In this pro-
cess, ionic As(V) species (H2AsO4

�) and Cr(III) species (Cr3+ and
Cr(OH)2+) were simultaneously generated resulting in the rising
solution conductivity from 5.0 to 5.46 mS cm�1 as shown in
Fig. S4. Besides, in the case of As(III)/Cr(VI) solution, the removals
of As(III) and Cr(VI) in GDP system drastically increased
accompanied with equal amount of As(V) and Cr(III) productions
(in Fig. S5).
CrðIIIÞ þ �OH ! CrðIVÞ þ OH� k7 ¼ 3:8� 105 M�1 s�1 ð11Þ
CrðVÞ þ �OH ! CrðVIÞ þ OH� k8 ¼ 1:5� 109 M�1 s�1 ð12Þ

To verify whether H2O2 was the only trigger for the simulta-
neous redox conversion of As(III) and Cr(VI), 242 mg L�1 H2O2

was added into As(III)/Cr(VI) solution without GDP. Fig. 1 shows
initially rapid Cr(VI) reduction and gradual increasing As(V) gener-
ation were achieved in H2O2 solution. However, the conversion
efficiencies of both species were lower at the cost of larger amount
of H2O2 than these in GDP. Hence, H2O2 generated in GDP played a
principal role on the redox reaction of As(III)/Cr(VI) but was defi-
nitely not a sole factor.
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Fig. 3. Effect of the applied voltage and current on H2O2 formation rate and the mol
H2O2 (mol electron)�1 (As(III) concentration: 1 mM; Cr(VI) concentration: 0.6 mM;
solution volume: 150 mL; pH 3.0).
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3.2. Effect of input energy

Figs. 2–4 show the effects of energy input on active species pro-
duction and redox conversions of As(III)/Cr(VI) in GDP. In the light
of the study of monochloroacetic acid as a scavenger of e�aq:, a
decreasing Ge�aq:

from 3.66 to 2.90 mol (mol electrons)�1 was
obtained for increasing energy input from 530 V/80 mA to
600 V/140 mA, which correspondingly led to an enhancement for
the yield of e�aq: from 3.21 to 4.56 � 10�2 mol after 18 min treat-
ment. The yields of e�aq: were theoretically responsible for reduction
of 1.07 to 1.52 � 10�2 mol Cr(VI) reduction. However, with consid-
ering the amount of Cr(VI) reduction in GDP in Fig. 4, e�aq: actually
contributed little to Cr(VI) reduction and this can be ascribed to its
fast reactions with �OH, �H and H2O2 as follows [25]:

e�aq: þ �OH ! OH� k9 ¼ 3:0� 1010 M�1 s�1 ð13Þ

e�aq: þ �HþH2O ! OH� þH2 k10 ¼ 2:5� 1010 M�1 s�1 ð14Þ

e�aq: þH2O2 ! �OHþ OH� k11 ¼ 1:2� 1010 M�1 s�1 ð15Þ

Accompanied with e�aq: formation, many other active radicals
were also generated in GDP. Fig. 2 presents that the yield of �OH
was enhanced as a function of the energy input. According to
Fig. 2. Effect of the applied voltage and current on active species generation: (a)
Fluorescence spectrum intensity; (b) Hydrated electron (e�aq:).

Fig. 4. Effect of the applied voltage and current on As(III) oxidation and Cr(VI)
reduction (As(III) concentration: 1 mM; Cr(VI) concentration: 0.6 mM; solution
volume: 150 mL; pH 3.0).
Eq. (1), higher energy was also favorable for more �H generation,
which has been reported in the previous study [26]. However, a
majority of �H may be depleted with itself or �OH forming H2 or
H2O, respectively. Besides, as shown in Fig. 3, with increasing the
energy from 530 V/80 mA to 600 V/140 mA, the formation rate of
H2O2 increased from 9.9 to 15.6 mg L�1 min�1, which averagely
corresponded to 0.82 mol H2O2 (mol electron)�1, much higher than
that expected from Faraday’s law (0.5 mol H2O2/mol electron).

Overall, higher input energy can induce higher active species
production and therefore, led to faster As(III) oxidation and Cr(VI)
reduction as presented in Fig. 4. For example, Cr(VI) reduction effi-
ciency rose from 53% to 77% with increasing the voltage from 530
to 600 V. In these processes, a large portion of species were con-
sumed which can be partially suggested by lower H2O2 formation
rates and mol H2O2 (mol electron)�1 (averagely 0.42) in compari-
son with blank tests in Fig. 3.
3.3. Effect of solution properties

The conversion efficiencies of As(III)/Cr(VI) at the pH range of
2.0 to 10.5 were compared. Fig. 5(a) shows that the As(V) forma-
tion increased significantly from 34% to 56% and 63% to 77% at



Fig. 5. Effect of solution pH on As(III) oxidation (a and b) and Cr(VI) reduction (c and d) (As(III) concentration: 1 mM; Cr(VI) concentration: 0.6 mM; voltage: 580 V; current:
120 mA; solution volume: 150 mL).
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pH from 2.0 to 3.0 and 9.0 to 10.5, respectively, whereas only slight
enhancement at pH 5.0–9.0. These results cannot be ascribed to the
variation of �OH concentration generated at different pH (Fig. 6).
Partial reason may be the change in E0(As(IV)/As(III)) with pH. As
presented in Eqs. (16) and (17), E0(As(IV)/As(III)) decreased as a
function of pH resulting in larger difference between E0(�OH/H2O)
and E0(As(IV)/As(III)), which was favorable for As(III) oxidation.
Fig. 6. Effect of solution pH on �OH formation in blank solution and Cr(VI) mediated
solution at 9 min (Cr(VI) concentration: 0.6 mM; voltage: 580 V; current: 120 mA;
solution volume: 150 mL).
For example, the difference between E0(�OH/H2O) and
E0(As(IV)/As(III)) was calculated to be 0.99 and 1.23 VNHE at pH
5.0 and 7.0, respectively.

HAsO�3 þ 2Hþ þ e�aq: ! AsðOHÞ3 ð16Þ
E0ð�OH =H2OÞ � E0ðAsðIVÞ=AsðIIIÞÞ

¼ 0:4þ 0:0592 log
½AsIIIðOHÞ3�
½HAsIVO3�

þ 0:1184pH ð17Þ

Transformation of As(III) to As(IV) was accompanied with pro-
ton production in Eq. (6) and this was in accord with the pH change
in Fig. S4. Thus, the acidic pH did not favor the oxidation of As(III).
As depicted in Fig. S2, an increase in the fractions of As(III) as
H2AsO3

�, HAsO3
2� and AsO3

3� was present at pH > 9.0, which were
expected to be stronger nucleophiles than As(OH)3 [27]. In this
case, H2O2 can be the primary reagent instead of �OH for As(III)
oxidation, whereas ionic As(III) species exerted negligible influence
on As(V) formation at pH < 8.5, since fractions of these species
are very small (<5 � 10�6). The overall rate constant of As(III)
oxidation with H2O2 can be presented as:

k ¼ k01aH2AsO�3 þ k02aHAsO2�
3
þ k03aAsO3�

3
ð18Þ

where ai is the molar fraction of As(III) species and k0 i is the rate
constant of H2O2 reacting with corresponding As(III) species.

Pettine et al. gave the values: 42 ± 20, (8 ± 1) � 104 and
(72 ± 18) � 106 M�1 min�1 for k01, k02 and k03, respectively, in
0.01 M NaCl for the oxidation of 0.65 lM As(III) with 0.91 mM
H2O2 at 25 �C [28].
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With regard to Cr(VI) reduction, a maximum Cr(VI) reduction
efficiency was obtained at strong acidic solution in Fig. 5(c and
d). A significant increase of Cr(VI) reduction was obtained, e.g.,
from 61% to 96% and 70% to 96% in the absence and presence of
As(III), respectively when pH reduced from 3.0 to 2.0. The reason
argued by Wang et al. was that Cr2O7

2� was predominant in acid
media and the rate constant of its reaction with �H was 2.0 � 1010

M�1 s�1, which was larger than that of CrO4
2� (8.2 � 109 M�1 s�1), a

predominant species in neutral or basic media [18]. Nevertheless,
Cr2O7

2� is predominantly present only when total Cr(VI) concentra-
tion is above the scale of 10�2 M at acid condition. In this study,
Cr2O7

2� accounted only approximately 4.4% in total Cr(VI) in
Fig. S6, indicating higher reaction rate of Cr2O7

2� and �H may be
not the main reason for rapid Cr(VI) reduction at pH 2.0. Cr(VI)
can be also reduced by e�aq:, which also can be consumed by H3O+

at a rate comparable to that of the reaction of e�aq: with CrO4
2�

(3 � 1010 M�1 s�1) [29]. At pH 2.0, Cr(VI) reduction by e�aq: play a
minor role in overall Cr(VI) transformation due to much higher
proton concentration (1 � 10�2 M) than Cr(VI) concentration
(6 � 10�4 M). A significant enhancement of Cr(VI) reduction with
decreasing pH from 3.0 to 2.0 should be attributed to Cr(VI) reduc-
tion by H2O2. Fig. S6 depicts that the major Cr(VI) species at
pH < 6.0 is HCrO4

�, while CrO4
2� is the major species at pH > 6.0,

which is a much weaker oxidant than HCrO4
� [E0(CrO4

2�/
Cr(OH)3) = 0.56 VNHE (pH = 7.0) vs E0(HCrO4

�/Cr3+) = 0.94 VNHE

(pH = 3.0)). Decreasing pH value from 3.0 to 2.0 significantly
increased oxidation potential of Cr(VI), which was favorable for
Cr(VI) reduction by H2O2. Since CrO4

2� is less active than HCrO4
�

for Cr(VI)-induced oxidative decomposition of H2O2 [24]. Thus,
the reactive intermediate oxidants generated in situ in the course
of Cr(VI) reduction could be favored at lower pH. It should be also
mentioned that, Cr(III) species produced from Cr(VI) reduction at
neutral and near-alkaline pH can also initiate similar catalytic reac-
tions inducing �OH generation as below [30]:

CrðIIIÞ þH2O2 ! CrðIVÞ þ �OHþ OH� ð19Þ
CrðIVÞ þH2O2 ! CrðVÞ þ �OHþ OH� ð20Þ
2CrðIVÞ ! CrðVÞ þ CrðIIIÞ ð21Þ
Fig. 7. Effect of ethanol addition in GDP and H2O2 concentration on Cr(VI)
reduction, As(III) oxidation and H2O2 consumption with or without GDP (As(III)
concentration: 1 mM; Cr(VI) concentration: 0.6 mM; H2O2 concentration:
242 mg L�1; voltage: 580 V; current: 120 mA; solution volume: 150 mL; pH 3.0;
time: 18 min).
CrðVÞ þH2O2 ! CrðVIÞ þ �OHþ OH� ð22Þ

However, Cr(III) existed as inert hexaaquo complex [Cr(H2O)6]3+

(pKa = 4) at strong acid solution and Cr(III)-oligomers in strong
alkaline condition, respectively, which unreactively activated
H2O2 to efficiently generate �OH [31]. Thus, the preferable oxidative
capacity of the proposed Cr(III)/H2O2 system can be obtained over a
pH wide range (5.0–11.0) [30]. As a result, �OH concentration rose
at the pH range of 2.0 to 10.5 in the processes mediated by Cr(VI)
under GDP treatment in comparison with blank test in Fig. 6 and
the largest amount of �OH can be obtained at pH 7.0, which were
coincident with the change of As(V) formation efficiency in
Fig. 5(b).

Fig. S7 describes the effect of As(III)/Cr(VI) ratio on DAs(III)/
DCr(VI) variation. GDP tended to induce faster reaction rate for
As(III) oxidation than that for Cr(VI) reduction and this tendency
was more remarkable in the case of higher As(III) concentration.
For example, DAs(III)/DCr(VI) enhanced from 1.59 to 6.79 at
3 min and from 0.83 to 5.60 at 18 min with As(III) concentration
increasing from 0.33 to 3 mM at Cr(VI) concentration of 0.6 mM.
These results show that As(III) oxidation efficiency on the response
of Cr(VI) concentration change was high sensitivity, whereas slight
for Cr(VI) reduction efficiency. Increasing the concentration of
Cr(VI) offered larger possibilities for additional �OH formation
and therefore, greatly accelerated As(V) formation.
3.4. Effect of hydroxyl radical scavenger

To investigate the role of �OH in GDP-induced redox transforma-
tion, a radical scavenging experiment was conducted. Ethanol, a
typical �OH scavenger, was used to quench �OH (Eq. (23)). Fluores-
cence intensity of 7-hydroxycoumarin (Fig. S8) was significantly
reduced with the addition of ethanol, which resulted in decreasing
H2O2 production in Fig. S9. Because of ethanol completing with
As(III) species for �OH, it finally retarded the As(V) generation in
Fig. 7. This additionally validated that �OH was the primary agent
responsible for As(III) oxidation.

Fig. 7 also shows that ethanol addition was in favor of Cr(VI)
reduction at the expense of less H2O2 and the optimal ethanol
addition was 1.0 mL. However, in the H2O2/Cr(VI)solution, less
Cr(VI) was reduced by consuming much more H2O2 in comparison
with that in GDP. For example, with addition of 1.0 mL ethanol,
approximately 1.45 mM H2O2 was consumed for 0.58 mM Cr(VI)
reduction in GDP whereas only 0.18 mM Cr(VI) was reduced by
depleting 3.23 mM H2O2 without GDP. This large difference can
be interpreted by the fact that with scavenging �OH, ethanol allevi-
ated �OH reoxidizing Cr(III) to Cr(IV) and meanwhile, weakened the
reaction of �OH with e�aq: and �H. However, with further addition of
ethanol (>1.0 mL), the reduction of Cr(VI) diminished. Ethanol
addition retarded the yield of H2O2 for Cr(VI) reduction as shown
in Fig. S9. It is also likely that excessive ethanol can scavenge not
only �OH but also �H and e�aq: in Eqs. (24) and (25), which inhibited
Cr(VI) reduction by �H and e�aq: [32].

C2H5OHþ �OH ! �C2H4OHþH2O k19 ¼ 1:9� 109 M s�1 ð23Þ
C2H5OHþ �H ! �C2H4OHþH2 k20 ¼ 1:7� 107 M s�1 ð24Þ
C2H5OHþ e�aq: ! �Hþ �C2H5O k21 ¼ 1:0� 106 M s�1 ð25Þ

GDP is very complicated since a large number of the short-lived
active species, primary of which diffuse no further than 2000 nm
into the bulk solution, e.g., approximately 6 nm for �OH,
88–404 nm for �H and 959–1981 nm for e�aq:, respectively [17]. Con-
sequently, when adding ethanol with approximately 57 (0.5 mL
ethanol) times As(III) concentration, no significant H2O2 decrease
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was observed and only 7% of As(V) formation was reduced in As(III)
alone solution, much less than approximately 30% in Cr(VI)/As(III)
system in Fig. S10. These results indicated that As(III) species can
be simultaneously oxidized in heterogeneous plasma zone and in
homogeneous solution facilitated by Cr(VI) activating H2O2.

3.5. Effect of organics and metal ions

In practice, wastewaters often contain various organic matters
and metal ions and these species may exert various influences on
wastewater treatment efficiency. As demonstrated in Fig. 8(a),
the presence of acetic acid did not pose evident effect on the redox
of Cr(VI)/As(III) in comparison with equivalent ethanol due to its
weaker radical scavenging capacity (k(�OH + acetic acid) = 1.5 �
107 M s�1) [33]. Interestingly, As(III) oxidation was greatly inhib-
ited and Cr(VI) reduction was significantly enhanced in the pres-
ence of 0.5 mM oxalic acid or citric acid. These cannot be
ascribed to their competing reactions against As(III) for �OH, since
oxalic acid and citric acid were less reactive toward �OH with rate
constants of 7.7 � 106 M�1 s�1 and 5 � 107 M�1 s�1, respectively
[34]. Taking oxalic acid as an example, oxalic acid can reversibly
complex with Cr(V) (oxalato–Cr(V)) and H2O2 may not replace a
coordinated ligand in oxalato–Cr(V) complex. Thus, the formation
of the precursor for �OH radical-tetraperoxochromate(V) was sig-
nificantly inhibited leading to the negligible formation of addi-
tional �OH and this can be proved by coumarin fluorescence
intensity in Fig. 9. Then the formed oxalato-Cr(V) complex can
quickly decompose to Cr(III) by inner-sphere electron transfer
Fig. 8. Effect of organics (a) and metal ions (b) on As(III) oxidation and Cr(VI)
reduction in GDP (As(III) concentration: 1 mM; Cr(VI) concentration: 0.6 mM;
voltage: 580 V; current: 120 mA; solution volume: 150 mL; pH 3.0; time: 18 min;
additive agent concentration 0.5 mM).
[35]. Consequently, only 82% of As(III) was converted to As(V) after
18 min GDP treatment, while highlighted Cr(VI) reduction effi-
ciency was approximately 92%. In the presence of equivalent phe-
nol, As(III) oxidation were reasonably depressed owing to very
high rate constant of 9 � 109 M�1 s�1 for its reaction with �OH.
Unexpectedly, phenol also drastically promoted Cr(VI) reduction,
which can be ascribed to the direct reaction of Cr(VI) with phenol
or its degradation intermediate products of dicarboxylic acids, such
as maleic acid and oxalic acid in GDP [36]. All in all, the presence
of organic matters in As(III)/Cr(VI) enhanced Cr(VI) reduction
but retarded As(III) oxidation. To relieve the inhibition of As(III)
oxidation owning to organic matters in wastewaters, the effective
strategy was prolongating the plasma treatment time with much
more active species generation.

The redox conversions of As(III)/Cr(VI) in the presences of Ni(II),
Cu(II), Co(II) or Mn(II) are compared in Fig. 9. These metal ions did
not significantly affect As(III) oxidation, whereas some of these
ions enhanced Cr(VI) reduction. For example, Mn(II) can be oxi-
dized by Cr(VI) and trap the intermediate chromium(IV), thus
enhancing the conversion of Cr(VI) to Cr(III) [37].

Recently, to enhance the applicability of GDP in industry, add-
ing iron ions can catalytically transform H2O2 to hydroxyl radicals
via Fenton reactions [17]. However, this plasma-Fenton system are
severely limited by the precipitation of Fe3+ ions at pH > 3.0, which
limits the process to acidic conditions, requires large amount of
ferrous salts and creates additional problem of iron sludge. Every
year, large volumes of Cr-containing effluents are produced from
industries such as metal finishing, leather tanning, dyeing, electro-
plating, and textile factories [38]. Traditional methods (e.g., ferrous
sulfate or sulfur dioxide) for Cr(VI) reduction create additional
pollution due to the excessive use of reducing chemicals and the
production of toxic by-products. Our study presents that Cr(VI)
can activate H2O2 into hydroxyl radical over a wide pH range and
have successfully established the process viability by using GDP
for simultaneous remediation of As(III)/Cr(VI)-contaminated
wastewater. Thus, plasma-Cr(VI) process should be also ideally
suited for organic pollutants contaminated wastewaters treat-
ment. Although the deliberate addition of Cr(VI) into wastewaters
would not be sensible, proposed plasma-Cr(VI) process provides an
economical treatment method for wastewater containing Cr(VI)
species remediation.
Fig. 9. Fluorescence spectrum intensity changes for different solution in GDP
(Cr(VI) concentration: 0.6 mM; voltage: 580 V; current: 120 mA; solution volume:
150 mL; pH 3.0; time: 18 min; Ox concentration: 0.5 mM).
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4. Conclusion

In summary, we have developed a strategy for simultaneous
reduction of Cr(VI) to Cr(III) and the oxidation of As(III) to As(V)
via glow discharge plasma. A beneficially synergistic effect is found
between Cr(VI) and As(III). The presence of Cr(VI) can significantly
enhance As(III) oxidation, whereas a slight increase for Cr(VI)
reduction mediated by As(III) is observed. The added ethanol or
dicarboxylic acids can increase the Cr(VI) reduction, but with dif-
ferent mechanisms. The conversions of both As(III) and Cr(VI) can
also be effectively increased by increasing the energy input. GPD
coupled with the synergetic effect between Cr(VI) reduction and
As(III) oxidation lead to the effective conversion of Cr(VI) and
As(III), holding a great promise for real-world heavy-metal water
remediation.
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