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DPAA  can  be  degraded  into  inorganic
arsenics  under  the  irradiation  of  UV-C
light.
The  photodegradation  of DPAA
mainly depended  on  its  direct
photolysis.
The 1O2 was  generated,  but  had  little
effect on DPAA  photolysis.
Cl− promoted  the  photolytic  rate  of
DPAA, but  NO3

−,  NO2
− and  HA  inhib-

ited  it.
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a  b  s  t r  a  c  t

Diphenylarsinic  acid  (DPAA)  is  a major  contaminant  in  environments  polluted  by  chemical  weapons  and
abandoned  after  World  Wars  I  and  II and  poses  high  risks  to biota  but  remediation  methods  for  this
contaminant  are  rare.  Here,  the  photodegradtion  of  DPAA  was  studied  under  high-pressure  Hg  lamp
irradiation.  DPAA  was degraded  completely  into  inorganic  arsenic  species  in 30  min  under  UV-C  irra-
diation.  The  photodegradation  of  DPAA  depended  mainly  on its  direct  photolysis  through  excited-state
DPAA.  By  contrast,  the  generation  of 1O2 during  the  photodegradation  of  DPAA  was confirmed  by elec-
tron  paramagnetic  resonance  (EPR)  studies,  but 1O2 had  little  effect  on the  photodegradation  of  DPAA.
Phtotodegradation  of DPAA  was  also studied  in  soil  leachates  and  groundwater  and  the  photolytic  rate
of  DPAA  was  controlled  by  the  total  organic  carbon  (TOC)  content  in  soil  leachates  and  by  the  NO3

− con-

seudo-first-order kinetics centration  in groundwater.  Finally,  studies  on  the  effects  of  common  solutes  on the photodegradation
of  DPAA  show  that  Cl− can  increase  the  photolytic  rate  of  DPAA  by  prolonging  the  lifetime  of  excited-

state  DPAA.  Moreover,  NO3

−, 

suppressing  the  production  of 

photodegradation  and  provide
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NO2
−, and  humic  acid  (HA)  can  decrease  the  photolytic  rate  of DPAA by

excited-state  DPAA.  This research  shows  the  detailed  mechanism  of DPAA
s  a new  and  effective  method  for DPAA  decontamination.

© 2016  Elsevier  B.V.  All  rights  reserved.

ion, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China.

dx.doi.org/10.1016/j.jhazmat.2016.01.049
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2016.01.049&domain=pdf
mailto:ymluo@yic.ac.cn
dx.doi.org/10.1016/j.jhazmat.2016.01.049


2 rdous 

1

i
c
(
d
e
c
m
d
t
C
t
o
p
a
t

t
r
p
c
h
a
s
m
o
t

p
r
B
i
U
s
o
i
l

s
H
i
r
r
(

t
e
N
w
u
r
e

2

2

J
h
d
M
r

00 A. Wang et al. / Journal of Haza

. Introduction

Phenylarsenicals are widely known as the arsenic-based chem-
cal weapons Clark I (diphenylchloroarsine), Clark II (diphenyl-
yanoarsine), Adamsite (phenarsazine chloride), and Pfiffikus
phenylarsine dichloride) [1,2]. They were produced extensively
uring the First and Second World Wars and were discarded in sev-
ral parts of post-war China, Japan and Europe [3–5]. These agents
an be transformed by oxidation and hydrolysis, leading to the for-
ation of diphenylarsinic acid (DPAA) [6]. Numerous studies have

etected DPAA as the predominant arsenic species in fields con-
aminated by residues of chemical warfare agents [7,8]. In Kamisu
ity, Ibaraki, Japan, DPAA-contaminated groundwater caused cen-
ral nervous disorders in numerous inhabitants [9]. Thus, the study
f environmental transformation processes of DPAA and related
henylarsenicals is important as well as finding effective remedi-
tion methods. The latter remains a challenge, mainly because of
he slow natural attenuation of DPAA [4].

Some studies have been conducted on the environmental
ransformation of phenylarsenicals. For example, Arao et al. [10]
eported that methylation and dephenylation are key metabolic
athways for DPAA and phenylarsenic acid (PAA) under anaerobic
onditions. Several bacterial strains able to degrade DPAA directly
ave been isolated [6,11,12]. In addition, the transformation of PAA
nd DPAA can be enhanced by indigenous microorganisms under
ulfate-reducing conditions [4,13]. However, these bioremediation
ethods cannot degrade DPAA but only transform it into other

rganic forms and they are time-consuming. More effective decon-
amination methods are required.

Photodegradation by UV irradiation is a major transformation
athway for chemical compounds and has been used successfully to
emediate organic pollutants including organoarsenicals [14–16].
ednar et al. [17] once reported the photodegradation of roxarsone

n soil leachates. Jaworek et al. [18] and Adak et al. [19] applied the
V-based advanced oxidation process (AOP) in the photodecompo-

ition of PAA, roxarsone and nitarsone. The kinetics and mechanism
f photo-oxidation of p-arsanilic acid by UV irradiation was also

nvestigated [20,21]. However, until now there have been no pub-
ished studies on the photodegradation of DPAA.

In addition, photodegradation can be affected by some common
olutes such as humic acids (HA), Cl−, NO3

−, I−, CO3
2−, and Fe3+.

A and Cl− possess the dual properties of promoting and inhibit-
ng the photodegradation of organic compounds [22,23]. NO3

− can
etard direct photolysis of organic materials while initiating indi-
ect photolysis through the generation of reactive oxygen species
ROS) [24].

The main aim of the present study was to investigate the pho-
odegradation process of DPAA, the mechanisms involved and the
ffects of common constituents in natural waters (e.g., HA, Cl−,
O3

− and NO2
−). In addition, a proposed degradation pathway

as established through identification of the transformation prod-
cts. The results of this study suggest an efficient method for the
emoval of DPAA and related phenylarsenicals from contaminated
nvironments.

. Experimental section

.1. Chemicals

DPAA (purity 97%) was purchased from Wako Company, Osaka,
apan. PAA (purity 99%) was provided by Aladdin Company, Shang-

ai, China. Humic acids (HA, Fluka no. 53680) and superoxide
ismutase (SOD, 99%) were purchased from Sigma Aldrich, Inc.,
ilwaukee, WI.  The elemental composition of the HA has been

eported to contain: 48.36% of C, 26.91% of O, 4.24%of H, 0.78% of
Materials 308 (2016) 199–207

N, and 0.78% of S, and its atomic ratios (1.04 (H/C), 0.42 (O/C), and
0.012 (N/C)) reported in the literature are within the values for soil
HAs, except for the N/C ratio [25]. High-performance liquid chro-
matography (HPLC) grade acetonitrile was  acquired from Tedia Inc.,
Fairfield, OH. Ultrapure water (18.2 M�-cm) was obtained using
a Millipore-Milli Q system, Millipore Corporation, Billerica, MA,
and was used to prepare all necessary solutions. Other chemical
reagents were of analytical grade and used as received.

2.2. Soil and groundwater samples

The groundwater and soil samples were all collected from
provinces throughout China in June 2013. Groundwater samples
were all from wells used by local residents, and the soil samples
were three representative soils from China (Acrisol, Luvisols and
Phaeozems). The sampling procedure, preparation and selected
properties of soil samples were listed in Support information.

2.3. Photodegradation experiments

A merry-go-round photochemical reactor (NBeT Electrome-
chanical Plant, Beijing, China) was  equipped with two sets of light
irradiation system, (a) UV lamp irradiation (� > 200 nm) simulated
by a 500 W high-pressure mercury lamp, and (b) simulated solar
(� > 300 nm)  irradiation via a 500 W xenon lamp with a 300 nm
cut-off filter. The light source irradiation spectra are shown in Fig. 1
and the light intensities in the center of the reaction position were
41 mW/cm−2 (200–500 nm)  and 35 mW/cm−2 (300–2500 nm) for
the mercury lamp and xenon lamp, respectively (provided by the
manufacturers). Quartz tubes were employed to contain the reac-
tion solutions. During irradiation, aliquots of solution (∼1.5 mL)
were withdrawn at periodic intervals for subsequent analysis.
Unless noted otherwise, the initial concentration of DPAA for
experiments was  20 mg  L−1, which was slightly higher than the
maximum concentration of DPAA (∼15 mg  L−1) reported in water
[3]. A 0.1 M phosphate buffer and Na2SO4 were applied to adjust the
pH value and ionic strength respectively. The ROS scavengers NaN3,
NaHCO3 and superoxide dismutase (SOD) were added to the reac-
tion solution to study the involvement of ROS (e.g., 1O2, •OH, •O2

−)
in photodegradation [26]. Quantum yields of the direct photolysis
of DPAA in pure water were measured with UV lamp irradiation
in the wavelength range 200–425 nm (see detailed method in the
Supporting information) and the photon rate was determined by
potassium ferrioxalate actinometry [27], yielding a photon flux of
7.35 × 10−5 Einstein L−1 s−1.

To illustrate the effects of common aqueous solutes (HA, Cl−,
NO3

− and NO2
−) on the photodegradation kinetics of DPAA with

different light sources, the representative reagents were dissolved
within their normal environmental levels. In addition, dark controls
shielded from light with aluminum foil were set up under the same
experimental conditions simultaneously. Unless stated otherwise
all treatments were conducted at pH 4.5, which is the pH value of
the 20 mg  L−1 DPAA solution in MilliQ water. All treatments were
set up in triplicate. A light screening factor (S�) was  applied to study
the light screening effect, and its determination is detailed in the
Supporting information.

2.4. Electron paramagnetic resonance (epr) studies

EPR spectroscopy was  employed to identify the ROS radi-
cals generated from the reaction solutions to further understand
the role of ROS in the photodegradation mechanism of DPAA.

The changes in peak intensity of free radicals were also
recorded to indicate the changes in their concentrations [28].
2,2,6,6-Tetramethyl-4-piperidone (TEMP, 95%, Sigma–Aldrich) and
5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 97%, Sigma–Aldrich)



A. Wang et al. / Journal of Hazardous Materials 308 (2016) 199–207 201

0.0

0.5

1.0

B

eleng

 500 W Xe Lamp (f iltered)
 500 W Hg Lamp

R
el

at
iv

e 
in

te
ns

it
y

A

200 225 250 275 300 325 350 375 400 425
0

2

A
bs

or
ba

nc
e

As

OH

O

study.

w
2
t
o
B
2
o
�
f
q

2

J
w
s
1
fi
a
a
(
m
A
w
t
m
t
W
a
r
m
w
[
m
w
v

Wav

Fig. 1. (A) Emission spectra of two light sources used in this 

ere used as the spin traps of 1O2 and •OH/O2
−•, respectively.

00 �L of reaction solution was mixed with 20 �l of TEMP solu-
ion (500 mM)  or 100 �L of reaction solution was mixed with 50 �L
f DMPO solution (200 mM).  The EPR spectra were recorded on a
ruker EMX  10/12 spectrometer (Billerica, MA)  equipped with a
00 W mercury lamp as the irradiation light source (� > 200 nm)
r the irradiation light was filtered with Pyrex glass to obtain

 > 290 nm light if needed. The EPR settings were: modulation
requency 100 kHz, modulation amplitude 2.00 G, microwave fre-
uency 9.40 GHz and power 5.10 mW.

.5. Analytical methods

The concentration of DPAA was determined by HPLC (Shimadzu,
apan) with a SPD-m20A detector (Shimadzu, Japan). The column

as a Shimadzu VP-ODS C18 column (4.6 × 150 mm,  5 �m).  The
ample injection volume was 10 �L and the mobile phase was
9% acetonitrile and 81% 0.02 mol  L−1 in KH2PO4 solution (acidi-
ed with phosphoric acid at pH 2.7). The flow rate was  1 mL  min−1

nd the detector wavelength was 220 nm.  The organic intermedi-
tes were identified with an LCQ Fleet ion-trap mass spectrometer
Thermo Fisher Scientific, Waltham, MA)  operated in negative-ion

ode. PAA was quantified using a Thermo Fisher TSQ Quantum
ccess MAX  triple stage quadrupole mass spectrometer equipped
ith an Ion MaxTM source with negative HESI mode. Mass spec-

rometry detection was performed under the selective reaction
onitoring (SRM) mode. The chromatographic separation condi-

ions were as follows: a SunFire C18 column (4.6 × 250 mm,  5 �m,
aters Corp., Milford, MA)  was used. The mobile phase was 19%

cetonitrile and 81% in 0.1% acetic acid solution (pH = 2.7) at a flow
ate of 0.8 mL  min−1. The sample injection volume was 10 �L. The

inimum detection limit of PAA was 0.1 mg  L−1 and the recovery
as 104.1%. The inorganic arsenicals were analyzed by LC–ICP–MS
29,30]. The total organic carbon (TOC) of water samples was  deter-
ined with a Shimadzu TOC-VCPH analyzer. Anions were analyzed
ith a Dionex ICS-3000 ion chromatograph (Dionex Corp., Sunny-

ale, CA)
th (nm)

 (B) Absorption spectrum of 20 mg L−1 DPAA in MilliQ water.

2.6. Germination experiment

Cucumber (Cucumis sativus L.) seeds are commonly used in phy-
totoxicity testing [31], were pur-chased from Yantai Dazhong Seed
Co., Ltd. The average germination rates of the seeds were >85% as
shown in a trial study. Cucumber seeds were immersed in a 10%
NaClO solution for 10 min  and rinsed three times with DI-water
to ensure surface sterility. The seeds were then soaked in MilliQ
water and DPAA solution after different time of UVC irradiation (0,
1 min, 5 min, 30 min, 1 h and 2 h), respectively, for 2 h. One piece of
filter paper was put into each 100 × 15 mm Petri dish, and 5 mL of
the solution mentioned above was  added. Ten Seeds were evenly
placed onto the filter paper. Petri dishes were then covered and
placed in an incubator. There were four replicate dishes for each
treatment. Germination was  quantified when the bud length sur-
passed half of the seed length [32]. After 5 days in the dark under
room temperature, more than 85% of the control seeds (only adding
MilliQ water) germinated. Then, the germination was  halted, seed
germination rate was  calculated, and seedling root length was mea-
sured.

3. Results and discussion

3.1. Direct photolysis of DPAA at various pH values

No obvious loss of DPAA was found in the dark control or in
the solution under simulated solar irradiation (� > 300 nm)  which
would be rationalized by the light absorbance of DPAA. As shown
in Fig. 1, DPAA did not absorb light when � > 300 nm and there-
fore could not undergo direct photolysis. In contrast, the direct
photolysis of DPAA was rapid when exposed to UV lamp irradi-
ation, due to the overlap of the DPAA UV–vis spectrum and the
emission spectrum of the high-pressure Hg lamp (� > 200 nm). Loss
of DPAA followed the exponential decay curve and thus pseudo-
first-order kinetics well describe the photolytic kinetics of DPAA
(r2 > 0.95). Under UV lamp irradiation, the wavelength-averaged

(200–300 nm)  quantum yield of DPAA photolysis was  determined
to be 0.067 ± 0.002.

Table 1 also shows the direct photodegradation rates of DPAA
at various pH values. The most rapid rate was  observed at pH 4.5,
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Table 1
Photolytic rate constants (k) of DPAA in different treatments under UV lamp irradi-
ation (� > 200 nm). The data are means ± standard errors (n = 3).

Matrix DPAA 20 mg  L−1

(k ± SD)* (10−2 s−1) r2

Pure watera 2.94 ± 0.04bc 0.998
pH  3.0b 2.77 ± 0.20 cd 0.954
pH  4.5b 3.11 ± 0.16b 0.981
pH 6.0b 2.63 ± 0.16de 0.966
pH  7.0b 2.48 ± 0.16e 0.966
pH  9.0b 2.45 ± 0.15e 0.968
Bubbling N2

a (pH = 4.5) 3.56 ± 0.05a 0.994
Bubbling O2

a (pH = 4.5) 3.07 ± 0.05b 0.998

NB: different letters indicate significant difference among treatments (P > 0.05).
a DPAA was  dissolved in MilliQ water.
b DPAA was  dissolved in 0.1 M phosphate buffer.

Fig. 2. Effect of ROS scavengers on the photodegradation of DPAA. The concentra-
t
1
d

a
[
t
(
o
r
c
d
f

3

p
t

d
s
o
t
q
k
o
w
s
t
[
i
t
t
i
s

0 1 2 3 4 5
-0.25

-0.20

-0.15

-0.10

-0.05

0.00
 100 mg L-1

 1000  mg L-1

 2000  mg L-1

ln
(C

/C
0)

Irr adiation Time (hour)

0 20 40 60 80 100 120

-3

-2

-1

0

ln
(C

/C
0)

Irr adiation Time (min)

Fig. 3. Effect of rose rengal (RB) on DPAA photolysis under visible light irradiation.
The  initial concentration of DPAA was 20 mg  L−1. Inset are the photodegradation
kinetics of different concentrations of RB under same light irradiation at the same
time. Error bars are the standard deviations of tripicate determinations.

-3

-2.5

-2

-1.5

-1

-0.5

0

0 10 20 30 40 50 60

ln
(C

/C
0)

 

Irr adiation Tim e (sec)

10 ppm

40 ppm

Sorbic Acid  (20 pp m)

20 ppm

Milli Q Wa ter 4 0 mg L-1

Milli Q Wa ter 1 0 mg L-1

Milli Q Wa ter (20  mg L-1)

Sorbic Acid (20  mg L-1)

Fig. 4. Effect of sorbic acid and initial concentrations on DPAA photolysis under Hg
ion of DPAA was 20 mg L−1. The concentrations of NaN3, NaHCO3 and SOD were
00 mg L−1, 100 mg  L−1 and 400 unit ml−1, respectively. Error bars are the standard
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nd photolysis rates at the pH over the pKa of DPAA (pKa = 5.25
6]) were slower than the ones at the pH under the pKa. According
o the UV–vis spectra of DPAA at various pH values from 3.0 to 9.0
Fig. S1), the absorbance of DPAA at pH 4.5 was the highest than rest
f them and this may  contribute to a more rapid photodegradation
ate of DPAA. It suggested the photodegradation rates of DPAA were
orrelated with its pH-dependent molar absorptivities, which were
etermined by the ratio of the molecular form and deprotonated

orm of DPAA.

.2. DPAA photolytic mechanism

The contributions of both direct and indirect reactions to the
hotolysis of DPAA were studied. The results show that direct pho-
odegradation was the dominant reaction pathway.

The reactive oxygen species (ROS) quenching experiments were
esigned firstly to show the roles of different ROS in the photoly-
is of DPAA (Fig. 2). The addition of NaN3 (a quencher of singlet
xygen and hydroxyl radicals) retarded the photolytic rate. In con-
rast, bicarbonate (a quencher of the hydroxyl radical) and SOD (a
uencher of superoxide radicals) had little effect on the reaction
inetics in this study. Combined with the EPR measurement, the
ccurrence of 1O2 in the DPAA solution exposed to UV irradiation
as also confirmed (Fig. S2e). Under UV lamp irradiation the DPAA

olution containing TEMP displayed a significant 1:1:1 triple signal,
he characteristic spectrum of TEMP-adduct with singlet oxygen
33]. In contrast, there was no signal in the DPAA solution contain-
ng DMPO with or without irradiation (Fig. S2b and d). Furthermore,

he NaN3 in the irradiation solution can suppress the strength of
he TEMP-adduct signal (Fig. S2f) and in contrast the addition of
sopropanol, a quencher of hydroxyl radicals, had no effect on the
trength of the triple signal (Fig. S2g).
lamp light irradiation. Error bars are the standard deviations of tripicate determi-
nations.

Considering the effective retardation by NaN3, it seems that
the indirect photolysis via 1O2 oxidation would have taken up
a large proportion of DPAA photodegradation. However, further
experiments with two well-known 1O2 generation systems (humic
acid and Rose Bengal irradiated by simulated solar light) have
found the reaction rate between DPAA and pure 1O2 to be much
slower than expected. Under the same simulated solar irradia-
tion, DPAA was not removed from the solution containing HA, and
decayed only very slowly in that containing RB (Fig. 3). In the RB
solution the fastest degradation rate constant of DPAA was only
(4.38 ± 0.06) × 10−2 h−1, several orders of magnitude smaller than
that observed in MilliQ water. In addition, the second order rate
constant (k 1O2, DPAA) for the reaction between DPAA and 1O2 was
also determined as 1.32 × 106 M−1 s−1. Azide has been reported to
be a good quencher not only for 1O2, but also for the excited state
of some photosensitizers [34–36]. In this case, quenching excited-
state DPAA (such as triplet-state DPAA) by NaN3 might contribute
to the clear inhibitory effect on the DPAA photolytic rate under UV
irradiation, not by quenching 1O2. In conclusion, 1O2 was the only
one ROS generated during the photodegradation of DPAA under
UV-C irradiation but had little effect on the DPAA photodegradation
rate.

The involvement of triplet state DPAA (3DPAA*) in the direct
photolysis of DPAA was also studied by adding the triplet state
quencher sorbic acid to the reaction solution. As shown in Fig. 4,

the presence of sorbic acid retarded the direct photodegradation
of DPAA. This result indicates that the 3DPAA* was key to DPAA
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Fig. 5. ESI–MS spectrum showing possi

irect photolysis, and that it can be formed through an intersystem
rossing (ISC) process from singlet-state DPAA (1DPAA*).

Further study shows that dissolved oxygen (DO) in water also
ffected the photodegradation rate of DPAA, and this result may  be
ttributed to 3DPAA* quenching by DO. As shown in Table 1, bub-
ling N2 through the DPAA solution promoted the photolytic rate.
owever, bubbling O2 through the DPAA solution had no effect on

he reaction rate. This result is consistent with previous reports [37]
nd may  be explained by DO acting as a quencher of the excited
tate of DPAA (e.g., 3DPAA*) and then generating 1O2 through
nergy transfer. When oxygen is removed, DPAA can decompose
hrough direct photolysis more quickly without 3DPAA* scavenger.

In addition, the direct photolysis rate of DPAA was  also found to
e concentration-dependent. As shown in Fig. 4, the degradation
ates of DPAA decreased with its increasing initial concentration.
he results imply that the excited-state DPAA can also be quenched
y itself.

Based on the results above, under UV-C irradiation DPAA can
ndergo direct photolysis as follows:

PAA
hv→1DPAA∗ISC→3DPAA∗ → Products (1)
PAA
hv→1DPAA∗ISC→3DPAA∗ → Products (2)

During this process, 1O2 was generated but the indirect photol-
sis was so slow that it can be ignored.
otolytic degradation products of DPAA.

3.3. Phototransformation pathway and total arsenic mass
balance

The main intermediates in photodegradation were identified.
An ESI–MS spectrum of the photolysis of DPAA happening in MilliQ
water after 1 min  is shown in Fig. 5. According to the molecular
weight, the ion (in negative ion mode) at m/z 200.95 represented
PAA. Ions at m/z 140.9 and 122.9 were concluded to be arsenate
and arsenite, respectively. The ion at m/z 108.9 corresponded to
dihydroxybenzenes.

The occurrence of different arsenic species was noted carefully
because of the relatively high toxicity of elemental arsenic. PAA was
identified by ESI–MS (Fig. S3). Inorganic arsenicals were also con-
firmed by HPLC–ICP–MS (Fig. S4). A balance for total arsenic during
the whole irradiation period (30 min) was calculated to fully under-
stand its fate (Table 2). The concentration of PAA increased at the
early stages of photolysis and then dissipated within 30 min. In con-
trast, inorganic As increased with increasing irradiation time. Under
UV lamp irradiation, DPAA was transformed into PAA at the initial
stages and then decomposed completely into inorganic arsenicals.
The occurrence of resorcinol and phenol was  confirmed by HPLC
measurement, and the TOC in the photolysis solution was found to

reduce during the photodegradtion of DPAA (shown in Fig. S5). The
decrease of TOC suggested that intermediates of the photolysis of
DPAA could be mineralized. Phenol was  reported that it could be
converted into CO2 under the UVC treatment [38,39]. A proposed
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Table 2
Total arsenic balance with standard deviation during UV lamp irradiation. Recovery is calculated as the sum of total arsenic of every intermediate at each time interval divided
by  the total arsenic in DPAA at the start.

Arsenic species Time after UV lamp irradiation (min)

0 0.5 1 5 30

mg  As kg−1

DPAA 6.23 ± 0.83 2.27 ± 0.23 0.91 ± 0.14 0.02 ± 0.002 0
PAA  0 3.32 ± 0.29 3.62 ± 0.32 0.69 ± 0.26 0
As(III) 0 0.28 ± 0.23 0.33 ± 0.20 1.21 ± 0.02 2.30 ± 0.90
As(V)  0 0.63 ± 0.02 1.44 ± 0.03 4.17 ± 0.23 3.93 ± 0.34
Recovery 104% 101% 98% 100%

 for th

p
(

3

n
s

Scheme 1. Proposed pathway

hototransformation process was established based on the results
Scheme 1).

.4. DPAA photolysis in natural water
The photolysis of DPAA was also conducted in two types of
atural water affected by the soil environment. One group was
oil leachates and the other was groundwater. DPAA was also
e photodegradation of DPAA.

found to be photodegraded quickly in all natural water sam-
ples under the UV lamp irradiation (Table 3). The results also
show that in soil leachates the photolytic rate constants were sig-
nificantly negatively correlated with total organic carbon (TOC)

(r > 0.976), possibly due to higher TOC contents in the soil leachates.
In groundwater the photolytic rate constants of DPAA were nega-
tively correlated only with NO3

− (r > 0.968), the content of which
was higher than those of other common solutes. It can be inferred
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Table  3
Selected properties and photodegradation rate constants (k) with standard deviation in soil leachates and groundwaters.

Category No. (k ± SD)* 10−2 (s−1) pH TOC (C mg L−1) NO3
− (mg  L−1) Cl− (mg L−1) Sample location (province)

Soil leachate 1 2.22 ± 0.03 5.01 14.18 0.62 0.41 Jiangxi
2  1.78 ± 0.14 4.68 49.10 4.56 0.66 Jiangxi
3  2.13 ± 0.12 4.52 15.82 2.52 1.23 Jiangxi
4  1.97 ± 0.03 6.23 37.39 3.40 1.43 Jiangxi
5  1.64 ± 0.16 5.38 19.67 1.67 1.55 Jiangsu
6  1.18 ± 0.08 6.63 50.50 1.29 4.40 Heilongjiang

Groundwater 7  2.02 ± 0.07 7.71 5.44 2.60 38.91 Anhui
8  1.72 ± 0.11 7.81 8.50 51.40 14.13 Beijing city
9  2.09 ± 0.03 8.13 3.93 0.58 29.52 Jiangsu
10  1.62 ± 0.05 7.86 4.86 48.80 17.61 Jiangxi
11  1.58 ± 0.13 7.62 12.21 76.10 67.74 Anhui
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ig. 6. Effects of major solutes on the photodegradation kinetics of DPAA under UV
he  standard deviations.

hat the aquatic photolytic rate of DPAA was controlled by soluble
omponents in the reaction solution.

.5. Effect of main solutes on DPAA photolysis

The effects of common aquatic solutes on DPAA photolysis at
he same pH value were investigated. The results show that NO3

−,
O2

− and HA had concentration-dependent effects on the DPAA
hotolytic rate which decayed with increasing solute concentra-
ions, while the presence of Cl− promoted the reaction rate (Fig. 6).

The accelerating effect caused by Cl− may  be explained by
his halide ion enhancing the concentration of triplet-state DPAA.
lover and Rosario-Ortiz [40] found that halides can enhance the

ntersystem crossing of DOM from singlet state to triplet state,
hus increasing the steady state concentration of triplet-state DOM.
n addition, the increased generation of 1O2 also confirms the
nhancement of triplet-state DOM because the occurrence of 1O2
as through the quenching of 3DOM* by dissolved oxygen. In
ur study the EPR experiment also found that the addition of Cl−

ncreased the 1O2 signature (Fig. S2h). This shows that the 3DPAA*
oncentration increased, and thus the direct photolytic rate of DPAA
as enhanced.
 irradiation. The initial concentration of DPAA was 20 mg  L−1. Error bars represent

It is worth mentioning that Parker et al. [41] found that the
triplet-state natural organic matter (3NOM*) lifetime could be pro-
longed by the effect of IS. Here, in this study, the addition of
PO4

3− and SO4
2− had little effect on DPAA photolytic rate (data not

shown). Therefore, the positive effect of Cl− on the DPAA photolytic
rate was  ion-dependent only.

To elucidate the effects of NO3
−, NO2

− and HA on the DPAA
photolytic rate, the “light screening factor” (S�) was introduced to
estimate an upper-limit expected DPAA direct photolytic rate in any
given solution [42]. As shown in Table 4, all of the solutes should
have enhanced the direct photolysis rate of DPAA at every given
level, but they all inhibited the photolytic rate of DPAA much less
than expected. In addition, Fig. S2 (l,k,m) also shows that the pres-
ence of these particular solutes lowered the signal intensity of 1O2,
in other words, decreased the concentration of 3DPAA*. Considering
the insignificance of indirect photolysis by ROS in the photodegra-
dation of DPAA under UV-C irradiation, the results imply that the
production of 3DPAA* was suppressed by these solutes which can
compete with DPAA in UV-C adsorption. According to the inhibi-

tion efficiency shown in Table 4, the inhibitory capabilities of these
specific solutes on excited-state DPAA were as follows from small
to large: NO3

− <NO2
− <HA.
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Table 4
Estimated direct photolytic rate constants (kest) of DPAA in the presence of various solutes at different levels.

Solute Concentration (mg  L−1) kobs (k × 10−2 s−1) S� (225–275) kest (k × 10−2 s−1) Inhibition efficiency(%)

MilliQ water 0 2.94 – – –

Humic  acid 2 3.10 5.67 16.7 81.4%
20  1.25 99.1 291 99.6%
50  0.63 266 783 99.9%

NO2
− 2 3.13 2.05 6.02 48.0%

10  2.42 6.31 18.6 87.0%
20  2.18 10.0 29.4 92.6%

NO3
− 3 3.28 1.73 5.10 35.7%

15 2.94 2.92 8.59 65.8%
30  2.72 5.27 15.5 82.4%
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ig. 7. Acute toxicity of DPAA solution on root elongation of cucumber seed durin
eans  (p < 0.05).

.6. Toxicity of photolysis solution

Cucumber seedling was applied to evaluate the toxicity of DPAA
nd its photolytic intermediates. All reaction solutions had no sta-
istically significant effect on the germination rates of cucumber
eeds, which were more than 85%. Fig. 7 shows all treatments
nhibited the root elongation of cucumber seeds. The reduction
f root growth in initial DPAA solution (20 mg  L−1) and its 1 min
nd 5 min  photolysis solutions was more than it in the reaction
olutions after 30 min  UVC irradiation. The toxicity of photolysis
olution could contribute to the combination of DPAA, organic and
norganic arsenic species and phenol compounds [21]. At the initial
hotolysis stage, all these reactant and products existed in the solu-
ion causing a higher toxicity. After 30 min  UVC irradiation, some
henol compounds could be mineralized reducing the toxicity.

. Conclusions

The present study has shown that DPAA can be degraded
fficiently under UV-C irradiation. This photodegradtion process
epended mainly on direct photolysis via excited-state DPAA. The
O2 was generated in this process but played an insignificant role in
PAA photolysis. Furthermore, common solutes such as Cl−, NO2

−,
O3

− and HA can influence the DPAA photolytic rate by control-
ing the existence of its excited state. Last but not least, the main
nd-product of the photodegradation of DPAA was identified as

norganic arsenic species.

Although soil is the main pool for DPAA and other arsenical
hemical weapon residuals, its poor capacity to retain such contam-
nants allows that DPAA can move downward easily [43,44]. Soil
C irradiation. Different letters mean significant difference between the treatment

leachates and groundwater will bear the brunt of DPAA discharged
into the environment.

Comparing to biodegradation of DPAA, which is time-
consuming, limited degradation capacity and poor inorganic-
arsenic yield [6,11,13], the photodegradation of DPAA can be a
promising treatment for DPAA decontamination. DPAA can degrade
in a short time at a relatively high concentration (20 mg  L−1 of
DPAA is much higher than 5 mg  L−1 of it reported in biodegrada-
tion studies) under UV-C irradiation. In addition, the UV treatment
is a mature technology for water purifying and has been applied in
practices widely [19,45–47]. Finally, through UVC treatment DPAA
decomposed entirely into inorganic arsenic species, which can be
readily absorbed by hyperaccumulator plant species such as Pteris
vittata L. [48] or removed by various adsorbents [49–51].

The future studies should consider the application of UVC treat-
ment in real practice for the decontamination of DPAA-like residues
from chemical weapons. To achieve the aim, the fluence-based rate
constant could be applied to study the photodegradtion. This rate
constant is a function of UV-dose, and thus can guide the require-
ment of UVC irradiation energy for specific treatment [19].
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