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ABSTRACT

p-Arsanilic acid (p-ASA) is widely used in China as livestock and poultry feed additive
for promoting animal growth. The use of organoarsenics poses a potential threat to the
environment because it is mostly excreted by animals in its original form and can be
transformed by UV-Vis light excitation. This work examined the initial rate and efficiency
of p-ASA phototransformation under UV-C disinfection lamp. Several factors influencing
p-ASA phototransformation, namely, pH, initial concentration, temperature, as well as the
presence of NaCl, NHi, and humic acid, were investigated. Quenching experiments and
LC-MS were performed to investigate the mechanism of p-ASA phototransformation.
Results show that p-ASA was decomposed to inorganic arsenic (including As(III) and As(V))
and aromatic products by UV-C light through direct photolysis and indirect oxidation. The
oxidation efficency of p-ASA by direct photosis was about 32%, and those by HO. and *0,
were 19% and 49%, respectively. Cleavage of the arsenic-benzene bond through direct
photolysis, HO. oxidation or 'O, oxidation results in simultaneous formation of inorganic
As(1II), As(IV), and As(V). Inorganic As(Ill) is oxidized to As(IV) and then to As(V) by 0, or
HO.. As(IV) can undergo dismutation or simply react with oxygen to produce As(V) as well.
Reactions of the organic moieties of p-ASA produce aniline, aminophenol and azobenzene
derivatives as main products. The photoconvertible property of p-ASA implies that UV
disinfection of wastewaters from poultry and swine farms containing p-ASA poses a
potential threat to the ecosystem, especially agricultural environments.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

with average arsenic levels of 21.2 and 7.0 mg/kg in the form
of p-ASA and ROX, respectively. Most p-ASA or ROX that is

The phenylarsonic (PA) compounds p-arsanilic acid (p-ASA)
and roxarsone (ROX) have been used mainly as feed additives
for promoting growth and as antibiotics for poultry and swine
(Levander, 1977). Levels of p-ASA and ROX in antibiotics for
pigs and chickens are about 45 and 30 mg/kg respectively
(Straw et al., 2002). Yao et al. (2013) reported in a study of 146
animal feeds that 25.4% of them contained organoarsenics,

ingested is excreted in its original chemical form (Morrison,
1969). Previous work about the potential risk of organic
arsenic (Brown et al., 2005; Garbarino et al., 2003; Rutherford
et al., 2003) was mainly focused on ROX due to several reports
(Jackson and Bertsch, 2001; Jackson et al., 2003; Makris et al.,
2008) that found that the concentration of p-ASA in some area
in the United States is relatively low. However, p-ASA is
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widely used in swine farms in China, and its dosage in animal
feeds is higher than that of ROX (Yao et al., 2013); p-ASA is
known to remain as a residue in soil or in wastewater from
swine farms. Recently, a study (Liu et al., 2014) has established
p-ASA concentrations in environmental matrixes (surface
soils, sediments, and surface waters) from dense swine farms
in the Pearl River Delta (southern China). It is reported that
p-ASA and inorganic As(V)/As(IIl) are the major arsenic species
in these matrixes but ROX was not detectable. Interestingly,
the environmental behavior and effect of p-ASA residues in
swine farm wastes or agricultural soils amended with swine
manure have drawn attention after a plague that killed pigs in
Zhejiang Province in China in 2013 (Wang et al., 2014; Zhu et
al., 2014). Great attention has been paid to the transformation
of organic arsenic species into the more toxic inorganic forms,
As(V) and As(Ill), because of seafood safety (Devesa et al., 2001).
Such transformations are also the major fate of organoarsenic
additives excreted into environments, resulting in increased
concentrations of As(V) and As(IIl) in receiving waters or soils.

Solar photolysis has been thought to be the key process of
abiotic degradation of organic arsenic species during waste
storage or treatment (Jackson and Bertsch, 2001; Jackson et al.,
2003; Makris et al., 2008). Bednar et al. (2003) proposed that
As(IlI) can be photolytically cleaved from the ROX moiety at
pH 4-8 by using radiation with 300 nm maximum emission
line. They observed in this study the oxidation of As(IlI) to
As(V). Arroyo-Abad et al. (2012) investigated the transformation
of PA under irradiation with visible light by using a high-pressure
mercury lamp with filter for wavelengths above 400 nm. They
found that PA derivatives identified as various forms of
hydroxyphenylarsonic acid appeared with increasing irradiation
time. Zhu et al. (2014) investigated p-ASA photolysis under
simulated sunlight by using a 500 W medium-pressure mercury
lamp with wavelength above 290 nm. Citing the work of Bednar
et al. (2003) they proposed that ionization of the phenolic groups
of p-ASA intermediates produced by irradiation may resultin the
formation of electron-rich As-C bonds and may promote As(III)
elimination from the aromatic ring. But the substrate in the
study by Bednar et al. (2003) was ROX, which is different from
p-ASA. Moreover, Bednar et al. (2003) only proposed a plausible
mechanism of ROX photodegradation in the presence of nitrate
through photolytic reductive cleavage of the As-C bond,; they did
not perform a detailed investigation on the exact mechanism of
direct photolysis of p-ASA. p-ASA is very sensitive to ionizing
radiation (e.g., y rays) and produces arsenate-centered radicals
([(OH),As = O].) (Karabulut and Tapramaz, 1999) as As(IV)
intermediates. Xu et al. (2007) investigated the hydroxyl radical
(HO.) oxidation of PA by vy radiolysis under conditions that
generate HO.. They observed the initial formation of As(IIl) and
As(V) at approximately 1:1 molar ratio, which was consistent
with the disproportion of an As(IV) intermediate produced by
homolytic cleavage of the As-C bond. Although the aforemen-
tioned works revealed the solar photochemical transformation
of p-ASA to inorganic As(V) and As(Ill) in water, the mechanism
of direct photolysis of p-ASA through As-C bond cleavage is still
poorly understood.

A potentially important risk of p-ASA in swine farms has
been ignored in previous studies. Ultraviolet (UV) disinfection
has often been used in the wastewater treatment system
(Lindenauer and Darby, 1994) and also for eliminating bacteria

and viruses in poultry and swine farms (Turner and Burton,
1997). For this purpose, low-pressure mercury lamps with
major emission at 254 nm wavelength are commonly used.
When Czaplicka et al. (2014) did a short study on p-ASA
photodegradation at low pH using a UV lamp with wavelength
emission at 254 nm, they identified aniline as the main
degradation product and proposed a possible mechanism
based on the photolytic reductive cleavage of the As-C bond
that generates aniline and inorganic arsenic compounds.
However, they did not detect inorganic As(V) and As(III)
species by any speciation methods and did not provide exact
data on the distribution of inorganic As(V) and As(III).

Although the pathways for decomposition of p-ASA and
production of inorganic arsenic are predictable, those of p-ASA
photolysis during UV disinfection and their potential effects are
still unknown. This study aims at helping in understanding the
transformation behaviors during UV disinfection and the poten-
tial effect of the photolysis products of p-ASA on the receiving
environments. All proposed reactions of the inorganic arsenic
species involved and the scavenging reactions of reactive oxygen
species (mainly HO. and 'O,) are presented in Table 1.

1. Material and methods
1.1. Chemicals and reagents

p-ASA (C¢HgAsNOs3, 98%) was purchased from Aladdin Indus-
trial Corporation (Shanghai, China) and was used without any
further purification. Na,HAsO,4-7H,0 was purchased from Alfa
Aesar (Ward Hill, MA, USA). Humic acid (HA, technical grade)
was purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
USA). Isopropyl alcohol (IPA, >99.9%) was purchased from
Tianjin Kermel Chemical Reagent Co., Ltd., and furfuryl
alcohol (FFA, 98%) was purchased from Shanghai Jinshan
Tingxin Chemical Reagent Co., Ltd. All other reagents were
analytically pure and were purchased from Sinopharm
Chemical Reagent Co., Ltd. The real wastewater containing
p-ASA was obtained from a swine farm at Jinmen City (Hubei
Province, China) and was centrifuged at 12,000 r/min for
10 min before photolysis. Ultrapure water with 18 MQ cm
resistivity obtained through a water purification system
(Liyuan Electric Instrument Co., Beijing, China) was used in
all experiments. All prepared solutions were stored at 4°C and
were protected from light.

1.2. Photochemical experiments

Fig. 1a depicts the structure of the photochemical reactor and the
UV-C lamp used for disinfection. A cylinder hollow cooling
equipment was used for the reaction and the parameters of
reactor have been tagged in figure. The circulating cooling water
was used to ensure the reaction conducted at desire temperature.
An 8 W UV-C disinfection lamp (Apax = 254 nm) was used as light
source and was immersed in solution during the reaction. The
parameters of UV-C lamp was shown in the right side, the light
intensity was (4.5 + 0.3) mW/cm? and the width of irradiation
zone was 1.47 cm. Fig. 1b shows the light emission spectrum of
UV-C lamp and the absorbance of p-ASA at various pH values.
The lamp had several emission peaks and the strongest peak was
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Table 1 - Summary of reactions between inorganic arsenic and oxidants that are possibly involved in UV disinfection, as

well as reactions used for radical scavenging.

Reaction k ((mol/L) *sec™?) References

As(OH)4 + As(OH)s — As(V)(OH)s + As(III)(OH)3 8.4 x 108 Klaening et al. (1989)
As(III)(OH)5 + HO. — As(IV)(OH)4 8.5 x 10° Dutta et al. (2005)
As(IV)(OH), + HO. — HyAs (V)O3 + H50" very fast Lee and Choi (2002)
As(IV)(OH)4 + 05 — As(V) + 03. 1.4 x 10° Klaening et al. (1989)
As(OH);0™ + O, — As(V) + O3. 1.1 x 10° Klaening et al. (1989)

HO. + isopropanol — product 1.9 x 10° Buxton et al. (1988)

10, + FFA — products 1.4 x 108 Gottfried and Kimel (1991)
Furfuryl alcohol + HO. — addition 1.5 x 10™ Savel’eva et al. (1972)

at 254 nm. The lamp also had several emission peaks in the range
of 290400 nm, while the absorbance of p-ASA was very weak
over this range of wavelengths.

The concentration of p-ASA stock solution was 289.41 mg/L.
2.5 mL of p-ASA stock solution was added to a 500 mL-flask and
then diluted with ultrapure water. The resulting solution was
placed in the cooling equipment after it was blended well.
Dilute H,SO4 and NaOH solutions were used to adjust the
solution to the desired pH value, and then the lamp was
switched on. The solutions were stirred continuously by
using a magnetic stirrer. At specified intervals, a sample of
the solution was collected for analysis. The content of
dissolved oxygen in the solution was 6 mg/L. In the N,
purging experiment, the top of the cylinder reactor was
sealed with a rubber stopper. The solution was purged with
high-purity N, (99.99%) for 30 min before photolysis and was
retained during photolysis. Experiments involving addition
of isopropyl alcohol (IPA) and furfuryl alcohol (FFA) were
conducted to investigate the contribution of HO. and 0,,
respectively, with the IPA or FFA dosages being 2000 times
that of the initial p-ASA mole concentration.

In real wastewater phototransformation experiments,
500 mL of real wastewater from swine farm was used instead
of simulated p-ASA containing wastewater for reaction, other
procedures was the same as mentioned above.

1.3. Analytical methods

Analysis of inorganic arsenic was conducted by using hydride
generation atomic fluorescence spectrometry (HG-AFS, Jitian
Instrument Co. Ltd., Beijing, China). The analytical method for
determination of total concentration of inorganic arsenic was
based on our previous work (Xu et al., 2013; Wang et al., 2013).
Experiments were conducted at least twice and results are
shown as mean values with error bars. The limit detection and
precision of HG-AFS was discussed in detail in the reports of Ren
et al. (2011) and Liao and Deng (2006), the influence of As(V)
during As(Ill) determination was subtracted by making stan-
dard curve at different ratios of As(Ill) and As(V).

The p-ASA concentration was determined by high-
performance liquid chromatography (HPLC, Shimadzu Instru-
ment Co. Ltd.,, Japan) at 25°C using a 10ADVP pump, an
SPD-10AVP detector, and a C18 column (Supelco Discovery,
46 mm x 250 mm, 5 um). The detector wavelength was
254 nm, and the retention time was 4.2 min. The mobile phase
was a 2.5% formic acid/methanol solution (95:5, V/V), and the
flow rate was 1.0 mL/min. The detection limit (DL) of analytical

method for p-ASA and precision of the used analytical methods
was 6.29 pg/L and 0.48% respectively.

Products were identified by liquid chromatography-mass
spectrometry (LC-MS, Agilent Technologies Co. Ltd., China)
using an electrospray ionization ion source under positive
mode. The ionization dry temperature was 350°C. The nebuliz-
er pressure, dry gas flow rate, and HV capillary voltage were set
at 40.00 psi, 10.00 L/min, and 4000 V, respectively. The column
and mobile phase used for LC-MS were the same as those for
HPLC. The sample was concentrated by vacuum freeze-drying
and then redissolved in several milliliters of deionized water.

In UV-Vis absorption spectroscopic experiments, the
reaction was conducted in a 10 cm quartz cuvette at room
temperature. A glass rod was used to stir the solution during
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Fig. 1 - Photochemical reactor (a) and (b) light emission
spectrum of UV-C lamp used for disinfection and absorbance
of 1.45 mg/L p-Arsanilic acid (p-ASA) at various pH values.
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Fig. 2 - Changes in inorganic arsenic concentration with reaction time at dark and light conditions (a). Initial p-ASA
concentration = 1.45 mg/L, initial pH = 6, temperature = 20°C. Mass balance and concentration changes of simulated
wastewater in each arsenic species with reaction time (b). The concentration in figure is expressed in terms of atoms of
inorganic arsenic. Initial p-ASA concentration = 1.45 mg/L, initial pH = 6, temperature = 20°C.

the reaction. Each sample was analyzed in a spectrophotom-
eter (UV-1601, Shimadzu, Japan) over a wavelength range of
200-800 nm. Total organic carbon (TOC) was determined by
using a multi N/C 2100 TOC analyzer (Jena, Germany).

2. Results and discussion

2.1. Mass balance of arsenic species during aerobic
phototransformation of p-ASA

Experiments were conducted at pH 6 to investigate the transfor-
mation of p-ASA under both light and dark conditions (results
are shown in Fig. 2a). In the dark condition, no transformation of
p-ASA was observed within 30 min. In contrast, the increase in
inorganic arsenic content under UV-C irradiation within the
same period was significant; 90% of p-ASA was converted into
the inorganic form in 15 min. Meanwhile, the amounts of p-ASA
and inorganic As(IIl), As(V) were also determined to investigate
the mass balance of the phototransformation reaction. As
shown in Fig. 2b, under the irradiation of UV-C light at pH 6,
the concentration of p-ASA decreased, and that of inorganic
arsenic increased simultaneously. Among the inorganic arsenic
species, the amount of As(V) was much higher than that of
As(III). However, the total amount of arsenic (calculated from the
sum of As(Ill), As(V), and p-ASA concentrations) decreased
slightly during the first 5 min and remained stable afterward.
This behavior indicates that unknown organic arsenic species
(<10%) formed during photolysis.

Phototransformation experiments for the real swine waste-
water were also conducted (Fig. 3). The initial concentration of
p-ASA in the real swine wastewater was 0.1 mg/L that is lower
than those in the simulated wastewater used in this work.
After 30 min irradiation, 35% of p-ASA was phototransformed
and the concentration of inorganic arsenic in solution was
5.29 ug/L and 5.70 pg/L for As(IIl) and As(V) respectively. The
phototransformation efficiency of the real wastewater is much
lower than that in the simulated wastewater, which might be
due to the complicated components in the real wastewater
that contained multiple organic substances. This result

verified the occurrence of p-ASA in swine farm wastewater
and the existence of its transformation during UV disinfection.

2.2. Reaction kinetics and effect of temperature

The effect of initial p-ASA concentration C, (289.41, 578.83,
1447.07, 231531 and 2894.13 ug/L) on the initial photo-
transformation rate ro was investigated at pH 6 and 20°C. The
initial rate ro was calculated in terms of the generation rate of
total inorganic arsenic from the first four points during the time
of photolysis (0, 1, 2, and 3 min; results are shown in Fig. 4). The
first-order kinetic model was used to fit the results. The kinetic
equation that we obtained is 1y = (0.046 + 0.002) Co (R* = 0.9938).
The observed reaction rate constant (k) was 0.046 min~%, and the
half-life of p-ASA found under this condition was 3.77 min.

The effect of temperature on the initial rate of p-ASA
phototransformation is shown in Fig. 5. The experiments
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Fig. 3 - Mass balance and concentration changes of real swine
wastewater in each arsenic species with reaction time. The
concentration in figure is expressed in terms of atoms of
inorganic arsenic. Initial p-ASA concentration = 0.1 mg/L,
initial pH = 6, temperature = 20°C.



JOURNAL OF ENVIRONMENTAL SCIENCES 47 (2016) 39-438 43

150

120 |

90 r

r, (ug/(L.min))
|

0 500 1000 1500 2000 2500 3000
C,(ng/L)

Fig. 4 - Kinetics of p-ASA phototransformation under 254 nm
light. Initial pH = 6, temperature = 20°C.

demonstrated that the initial phototransformation rate was
highly related to the temperature over the range of 10-30°C.
Since direct photolysis is usually independent of the reaction
temperature, results for temperature effects imply that
aerobic p-ASA phototransformation was not a simple direct
photolytic process, as confirmed later by radical-scavenging
experiments.

2.3. Effect of initial pH value, halide ion, ammonia, and humic
acid

Fig. 6a shows the changes in inorganic arsenic concentration at
various initial pH values under of UV-C irradiation, indicating
that pH value had a significant effect on the initial rate of p-ASA
phototransformation. The initial phototransformation rate was
67.8 pg/(L-min) at pH7 and increased to 100.6 pg/(L-min) at
PH 9. At high pH, p-ASA mainly exists as a negatively charged
ion (pKaj 2.00, pKay = 4.02, pKas = 8.92 (Pergantis, 1997)) and can
therefore easily ionize during phototransformation. The final
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Fig. 5 - Initial rate and efficiency of p-ASA transformation
under 254 nm light at various working temperatures. Initial
p-ASA concentration = 1.45 mg/L, initial pH = 6°C.
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Fig. 6 - Initial rate and efficiency of p-ASA transformation
under 254 nm light at various initial concentrations of H* (a),
halide ion (b), ammonia nitrogen (c), and HA (d). Initial p-ASA
concentration = 1.45 mg/L, initial pH = 6 (except in Fig. 6a),
temperature = 20°C.

efficiencies of p-ASA transformation at 30 min at each pH value
were similar, each approaching 100%. This result suggests that
the pH value of the solution did not affect the final transforma-
tion efficiency and that organic arsenic could convert totally
into the inorganic form.

Halide ion, ammonia nitrogen, and HA are widespread in
livestock and poultry farms or in environments that are close
to them,; therefore, the effects of these substances on the
phototransformation rate were investigated. NaCl, a typical
halide salt, was used to investigate the effect of halide ion
(results are shown in Fig. 6b). In the concentration range of 0.1
to 10 mmol/L, CI” did not show any obvious effect on the
initial rate of p-ASA transformation; but when the concentra-
tion of CI” reached 1000 mmol/L, the initial transformation rate
decreased from 72.5 to 55.4 pg/(L-min). The occurrence of Cl~
could react with free radicals (eg. CI" + HO. — CIOH, k=43 +
0.4 x 10° L/(mol'sec) (Jayson et al., 1973)) and thus decrease the
transformation rate by competing with p-ASA. Moreover, halide
ion and its derivate might affect the formation and stability of
aromatic intermediates and thus reduce the mineral efficiency
of arsenic by halogenating benzene ring (Price, 1941). The
presence of CI” at 0.1 to 1000 mmol/L did not affect the final
efficiency of p-ASA transformation (100%). This result implies
that though excess CI” ions might inhibit indirect photolysis by
scavenging HO. radicals or other pathways. The effect of
ammonia (NHj) at concentrations of 0-1000 mg/L (the concen-
tration is expressed in terms of atoms of nitrogen) on p-ASA
phototransformation at pH 6 was determined. Results in Fig. 6¢
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show that the presence of NH; did not affect the initial rate of
p-ASA phototransformation and the final transformation effi-
ciency. Results for the effect HA effect in Fig. 6d indicate that HA
also reduced the rate of p-ASA phototransformation. In the
range of 0-10 mmol/L, the inhibition effect shows a linear
relationship with the HA concentration. The presence of HA did
not affect the final efficiency of p-ASA transformation as well.
Therefore, the decrease in the initial rate might be mainly due
to absorption of UV-C light by HA, and the sufficiently long
irradiation time (30 min) could compensate for the reduction of
light absorption of p-ASA in the presence of HA.

2.4. Variations of UV-Vis spectra and TOC

UV-Vis spectra were obtained to investigate the change in
absorbance of the solution during the reaction. Absorption
spectra obtained by scanning from 200 to 800 nm during the
30 min reaction are shown in Fig. 7. At the start of the
reaction, p-ASA showed characteristic peaks only at 220 and
252 nm. Along with the phototransformation of p-ASA, a
characteristic peak emerged at 521 nm. The inset of the two
figures depicts the transition of the absorbance at 521 and
252 nm. The absorbance at 521 nm increased within the first
10 min and decreased afterward. This behavior indicates that
azo products formed in this system and underwent transfor-
mation afterward upon UV-C irradiation. The generation of azo
products was also confirmed in LC-MS results which will be
discussed later. The characteristic absorption peak at 252 nm,
which represents the benzene ring (Han et al, 2004), its
intensity decreased initially and then reached a plateau,
indicating that the benzene ring was intact during the reaction
and that initial changes were due to transformation of the bond
between arsenic and the benzene ring (i.e., As-C bond).

To determine the variation of organic constituents of the
sample, TOC experiments were conducted. As shown in Fig. 8,
96.3% of p-ASA was degraded, while the TOC did not change
obviously. The results also prove that the organic moiety of
p-ASA was intact during UV-C irradiation.
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Fig. 7 - Change in p-ASA absorbance at characteristic
wavelengths during 30 min photoreaction. Initial p-ASA
concentration = 7.24 mg/L, initial pH = 6.
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Fig. 8 - Changes in p-ASA concentration and total organic
carbon (TOC) under 254 nm light. Initial p-ASA
concentration = 1.45 mg/L, initial pH = 6, temperature = 20°C.

2.5. Mechanism of p-ASA transformation under UV-C
irradiation

To investigate the mechanism of p-ASA phototransformation
in this system, we conducted experiments involving addition
of various inhibitors. N, purging was done before and during
the reaction that was used for investigation of direct
photolysis. IPA and FFA were used to quench HO. and 'O,.
Both the decrease in the p-ASA content and the increase in
levels of inorganic arsenic (As(IlI) and As(V)) were determined.
As shown in Fig. 9, the degradation rate under the N,
atmosphere was much higher than that under air condition.
This demonstrates that under UV-C irradiation, p-ASA could
undergo excitation to the p-ASA* state under a N, atmosphere
and that p-ASA* undergoes direct photolysis to aniline and
inorganic arsenic. In the presence of O,, p-ASA* could excite
O,, generating 10,, which would revert to the ground state and
thereby lower the phototransformation rate. Observed rate
constants of p-ASA under different conditions are shown in
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Fig. 9 - Changes in p-ASA concentration under 254 nm light
with different quenchers. Initial p-ASA concentration =
1.45 mg/L, initial pH = 6, temperature = 20°C.
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Table 2 - Observed rate constants of p-ASA and r, of inorganic arsenic under different conditions.

Robs Of p-ASA Robs/Robs, Air Toas(1r) ToAs(V) "'OAs(V)/ Toas(tir)
(initial 10 min) (ng/(L-min)) (ng/(L-min))

Air 0.241 + 0.009 100% 8.0+ 0.5 64.5 + 1.0 8.1

IPA 0.196 + 0.018 81.3% 7.7 +0.7 60.0 + 1.0 7.9

FFA 0.078 + 0.000 32.3% 4.1+ 0.5 264 +0.2 6.4

N, 0.484 + 0.010 / 35.6 +1.8 89.0 + 1.3 2.5

Table 2, and the calculated relative contributions of direct or
indirect (HO. or '0,) photolysis are shown in Table 3. Results
show that in the quencher experiment, the degradation rate
decreased by 18.7% and 67.7% in the presence of IPA or FFA,
respectively, indicating that only 32.3% of p-ASA transforma-
tion under air was due to direct photolysis, while 18.7% was
due to generated HO., and the remaining 49.0% was due to
generated '0,.

The initial rates of As(Ill) and As(V) generation were also
investigated (Table 2). Results show that As(III) comprised 28.6%
of the inorganic arsenic that initially formed in the absence of
oxygen. Upon irradiation, p-ASA generated As(Ill), As(V), and
As(IV) simultaneously, and the generated intermediate As(IV)
underwent disproportionation reaction to As(Ill) and As(V)
(Klaening et al., 1989). Therefore, both As(Ill) and As(V) were
detectable. In the presence of oxygen, more As(V) than As(IIl)
was generated during p-ASA phototransformation; only 11.3%—
13.4% of generated inorganic arsenic was As(Ill), and the rest
was As(V). Indeed, in the presence of oxygen, a condition in
which HO. and 'O, exist, As(Ill) and As(IV) can be oxidized
quickly to As(V) (Klaening et al., 1989; Dutta et al., 2005; Lee and
Choi, 2002), therefore decreased the observed generation rate of
As(Ill). As mentioned above, the effect of HO. in this system was
minimal; thus, the As(V)/As(Ill) ratio changed slightly during
addition of IPA and changed more during FFA addition than it
did during IPA addition because the contribution of 'O, was
greater than that of HO.. Although the generated HO. and 'O,
could be quenched by FFA, oxygen could still affect the pathway
for inorganic arsenic and lead to the oxidation of As(Ill) and
As(IV) (Klaening et al., 1989). Therefore, the As(V)/As(III) ratios in
these systems were much higher than those in systems purged

Table 3 - The relative contribution of direct or indirect

photolysis.

Pathways Relative Calculation
contribution equations
Pairec(%) 32.3% Pairect = Tt
Pindirect(%) P1,, 49.0% D1, = iﬁ ~ Pdirect
(%)
Pro 18.7% Pro=1-Pdirect~P1,,

(%)

p denotes the contribution of specific pathway to the total
photolysis rate of p-ASA. Robsrra, Robs, air, Robsipa denote the
observed rate of p-ASA in the presence of FFA, air (stirring), or IPA
respectively.

2.6. Product identification and proposed pathways of p-ASA
phototransformation

The total ion chromatography (TIC) of LC-MS results are
shown in Fig. 10 and identified products are shown in Table 4.
At 3.0 min, aminophenol, the tentative derivative of aniline
oxidized by 'O, (Briviba et al., 1993) and HO. (Canel et al., 2005),
was detected. Substances detected at 6.2 and 13.9 min,
tentatively designated as 4-(2-phenyldiazenyl)phenylarsonic
and hydroxyazobenzene, respectively, are derivatives of
aminophenol (Farhadi et al., 2007; Laha and Luthy, 1990). The
presence of an azo compound explains the characteristic peak
at 521 nm. Notably, in experiments using stirring and involv-
ing IPA addition, the solution showed absorbance at 521 nm.
In contrast, experiments involving N, purging and addition of
FFA solution did not show obvious absorbance at the same
wavelength. This difference indicates that azo compounds
could emerge only with the generation of aminophenol. p-ASA
was detected at 4.2 min, while a substance with an identical
m/z ratio was detected at 11.5 min, suggesting an isomer of
p-ASA. The generation of the isomer and the substances at
3.9 min (4-aminohydroxyphenylarsonic acid) and 6.2 min
(4-(2-phenyldiazenyl)phenylarsonic acid), which contain the
arsenic acid group, could explain the variability of the total
amount of arsenic in Fig. 1.

The proposed pathways of p-ASA transformation are shown
in Scheme 1. Upon UV-C irradiation, p-ASA undergoes three
different pathways of decomposition. 'O, transforms 49.0% of
p-ASA, and HO. transforms 18.7%. The remaining 32.3% of p-ASA
undergoes direct photolysis mainly via excitation to p-ASA*
followed by cleavage of the As-C bond. p-ASA* could also react
with oxygen, thereby generating 'O, and subsequently
deactivating. Cleavage of the arsenic-benzene bond results in
simultaneous formation of inorganic As(Ill), As(IV), and As(V).
0, or HO. oxidizes As(IIl) to As(IV), and As(IV) oxidizes to As(V)
subsequently. As(IV) can undergo dismutation, generating As(V)

— TIC +All MS

Intensity (x107)
S = N W AR W

0 2 4 6 8 100 12 14 16 18
Time (min)

Fig. 10 — The total ion chromatography (TIC) of LC-MS.
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Table 4 - Photolysis products in the presence of air during UV disinfection identified by LC-MS.

) ) ) Chemicals
Retention time (min) m/z :
Appellation Structure
3.0-3.1 109.7 Aminophenol HO\
\ / NH,
OH
3.0-3.5 142.5-142.7  H3AsO, |
OH—As—0
OH
HO. OH
3.9 233.6 4-Amino-hydroxyphenylarsonic acid (HO-PAA) /\ \ |
HoN 4 As=——0
OH
OH
4.2 217.5 p-ASA |
H,N Ts=0
OH
OH
6.2 308.7 4-(2-Phenyldiazenyl)phenylarsonic acid H |
NH—N /|\s= O
OH
NH,
11.5 217.7 0-ASA OH
Ts:O
OH
13.9 199.8 Hydroxy-azo-benzene

0

and As(IIl) or can simply react with oxygen, producing As(V) as
well. Reactions of the organic moieties of p-ASA during UV
photolysis are more complex. Upon cleavage of the As-C bond,
aniline is obtained as the initial product. Part of the aniline is
then oxidized by 'O, and/or HO. to aminophenol. Aniline and
aminophenol undergo different pathways, forming other organ-
ic substances like azobenzene derivatives.

3. Conclusions

The phototransformation rate of p-ASA is affected by its initial
concentration, solution pH, ionic strength, temperature and
HA concentration, while the occurrence of ammonia does not
pose influence on the transformation rate. Moreover, p-ASA

NH, -
2
- /OH
49.0% ‘
> p-ASA+'0,—> AN
D N
. - As(V)
HO*?S*O NH, (‘)H
OH s HZNOASZO 0,,'0,, HO®
IS
J ) hv 18.7% \\OH OH i
NHL* Al < —> p-ASA + HO'—> ou |Fi< asavy—= ;
3 H \ ; As(V) i
NH—N /‘*S:O | Dismutation H
OH Oz, - i
HO® :
As(II)
323% Decomposition ———> N As(II) H
HO—As=0 \
| p-ASA* —» |  emeccmmcecrsscscmsscccsseecosneeonsncanteneasnn e s nena e
(e} . .
ASA Direct photolysis p-ASA* + 0, p-ASA+ 10,

Scheme 1 - Proposed pathways of p-ASA transformation in solution at pH 6 during UV disinfection.
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can be eventually transformed to inorganic form at those
various conditions.

With the irradiation of UV-C light, 32.3% of p-ASA was
decomposed by direct photolysis, and 18.7% and 49.0% was
decomposed via oxidation by HO. and 'O,, respectively.
Cleavage of the arsenic-benzene bond results in the simulta-
neous formation of inorganic As(Ill), As(IV), and As(V), and
then As(IIl) and As(IV) can be oxidized to As(V) in the presence
of oxygen. Organic moieties such as aniline, aminophenol and
azobenzene derivatives were also generated during photo-
transformation reaction.

p-ASA can pose a significant threat by transforming to
higher toxic form (inorganic As(Ill) and As(V)) under the
irradiation of UV-C light in farmland environment or during
wastewater treatment, and eventually introduce arsenic into
agricultural environment and can lead to arsenic accumulation.
Therefore gradual decrease and eventual cessation of the use of
PA compounds is imperative. Technologies for the removal of
inorganic arsenic after UV-C disinfection and for end-of-the-
pipe control of p-ASA-related contamination, such as adsorp-
tion and precipitation, should be considered.
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