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Abstract The photocatalytic degradation of three
neonicotinoid insecticides (NIs), thiamethoxam (TH),
imidacloprid (IM) and acetamiprid (AC), in pure water has
been studied using zinc oxide (ZnO) and titanium dioxide
(TiO,) as photocatalysts under natural sunlight and artificial
light irradiation. Photocatalytic experiments showed that the
addition of these chalcogenide oxides in tandem with the elec-
tron acceptor (Na,S,0g) strongly enhances the degradation
rate of these compounds in comparison with those carried
out with ZnO and TiO, alone and photolytic tests.
Comparison of catalysts showed that ZnO is the most efficient
for the removal of such insecticides in optimal conditions and
at constant volumetric rate of photon absorption. Thus, the
complete disappearance of all the studied compounds was
achieved after 10 and 30 min of artificial light irradiation, in
the ZnO/Na,S,0g and TiO,/Na,S,0g systems, respectively.
The highest degradation rate was noticed for IM, while the
lowest rate constant was obtained for AC under artificial light
irradiation. In addition, solar irradiation was more efficient
compared to artificial light for the removal of these insecti-
cides from water. The main photocatalytic intermediates de-
tected during the degradation of NIs were identified.
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Introduction

Insecticides are substances used to destroy insect pests. The
use of these substances is one of the most important ways to
assure good and high quality agricultural production.
However, incorrect application practices may cause the con-
tamination of different environmental matrices such as water
or soil.

Neonicotinoids are a relatively new group of insecticides,
based on their structural similarity to nicotine and their com-
mon mode of action. They act on the central nervous system
of insects by blocking postsynaptic nicotinic acetylcholine
receptors (Roberts and Hutson 1999). Thiamethoxam (TH),
imidacloprid (IM) and acetamiprid (AC) are three commercial
neonicotinoids used extensively as seed dressings, as soil
treatment and as foliar treatment for the control of important
agricultural crop pests (Tomlin 2009). Neonicotinoids may
leach through the soil profile (Gonzalez-Pradas et al. 2002;
Drozdzynski 2008; Gupta et al. 2008; Tomlin 2009).

Consequently, it is of primary importance to apply remedi-
ation strategies to polluted waters in order to protect water
resources. Advanced oxidation processes (AOPs) have been
widely applied as techniques to destroy organic pollutants in
water like pesticides (Malato et al. 2009; Ahmed et al. 2011).
Among these AOPs, heterogeneous photocatalysis using
semiconductors (SCs), such as TiO, and ZnO, has been the
subject of great research interest due to their favourable cata-
lytic properties. (Pichat et al. 2004; Rao and Chu 2010; Fenoll
et al. 2012a). This technique mainly relies on the in situ gen-
eration of hydroxyl radicals ("OH) which are strong oxidant,
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capable of destroying a wide range of organic pollutants under
the combined action of SC, an energetic radiation and an ox-
idizing agent (Malato et al. 2003; Shawaqfeh and Al Momami
2010). In general, with an appropriate light irradiation /v>E,
(band gap energy), the SC generates electron/hole pairs with
electrons excited from the valence band to the conduction
band and leaving positive holes in the valence band. These
electron/hole pairs produce hydroxyl radicals, which are ca-
pable of initiating a series of chemical reactions that eventu-
ally mineralize pesticides to CO,, H,O and inorganic salts (Al
Momami et al. 2007; Antoniou et al. 2008). Some excellent
reviews have been published in the last decade about the fun-
daments of this technique and its application to degradation of
pesticides in water (Devipriya and Yesodharan 2005; Malato
et al. 2009; Ahmed et al. 2011; Reddy and Kim 2015).

Although TiO, is the most widely used photocatalyst due
to their unique blend of properties, ZnO is sometimes pre-
ferred over TiO, for degradation of organic pollutants due to
its high efficiency (Sakthivel et al. 2003; Daneshvar et al.
2004; Rao et al. 2009; Fenoll et al. 2012b, 2013). In addition,
ZnO has a similar band gap (about 3.2 eV) and follows the
same mechanism of photodegradation as TiO, (Ahmed et al.
2011). However, it is photocorroded in acidic aqueous suspen-
sions (Evgenidou et al. 2005).

In recent years, the photocatalytic degradation of
neonicotinoids in aqueous solution has been studied using
TiO, as catalyst (Malato et al. 2001; Cernigoj et al. 2007,
Cao et al. 2008; Kitsiou et al. 2009; Bernabeu et al. 2011;
Guzsvany et al. 2012; Zabar et al. 2012; Mir et al. 2013).
However, the effect of ZnO for the removal of these insecti-
cides from water has received little attention. In a previous
study carried out by Papp (2014), the photocatalytic degrada-
tion of imidacloprid using ZnO was only studied after 1 h of
solar irradiation. In this study, silver-modified zinc oxides

showed the highest activity in comparison with unmodified
ZnO. Thus, to contribute to the actual application of this tech-
nology, the main goal of this research is to assess and compare
the effectiveness of the photocatalytic process for the decon-
tamination of water polluted by TH, IM and AC and its gen-
erated intermediates using two SC oxides under different
types of irradiation.

Experimental
Pesticides and reagents

Analytical standards of IM, AC and TH used for standardiza-
tion of the analytical procedures were purchased from Dr.
Ehrenstorfer (Augsburg, Germany). The commercial formu-
lations (Actara 25WG, thiamethoxam 25 % w/w; Couraze,
imidacloprid 20 % w/v SL; and Epik, acetamiprid 20 % w/w
SP) used for photocatalytical experiments were purchased
from Fitodolores SL (Murcia, Spain). Zinc oxide (ZnO
99.99 %, 5 m* g ', <210 nm) was purchased from Alfa
Aesar (Karlsruhe, Germany). Titanium dioxide P25 Degussa
(99.5 %, 50 m* g ', <21 nm) was supplied from Nippon
Aerosil Co., Ltd. (Osaka, Japan). Sodium peroxydisulfate
(98 %) was purchased from Panreac Quimica (Barcelona,
Spain). Acetonitrile was supplied by Scharlab (Barcelona,
Spain).

Preparation of solutions

Several standard solutions (1-200 ug L") were prepared in
acetonitrile to obtain the linearity of the detector response.
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Fig. 1 Schematic drawing of the experimental setup. a Photochemical reactor with UV artificial light and b sunlight batch reactor
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Photocatalysis experiment using artificial light

The photolytic and photocatalytic experiments were per-
formed in a cylindrical glass (250 mm long, 100 mm in diam-
eter) photochemical reactor (SBS, Barcelona, Spain) equipped

with a magnetic stirring bar, and a 8-W low-pressure mercury
lamp. The photochemical reactor was loaded with 2000 mL of
water spiked at 0.1 mg L' of each active ingredient. The
irradiated volume of suspension (V;eactor) Was 1660 mL. The
intensity of the light was approximately 8.5 mW c¢cm ~ in the

Table 1  Analytical conditions of insecticides studied
Insecticide tr (min ) SRM; Fragmentor: (V) Collision Energyi (V) SRM: Fragmentor: (V) Collision Energy: (V)
CH3 NO2
( Y/C% 1371 2925211 90 5 2025181 9 20
thiamethoxam (TH)
B
cl —Q\/ NH NH \NOZ
15.14 250169 90 5 250132 90 10
N
CH,
clothianidin (TH-1)
CHs
L o
( \i///\/“\ 1539 248132 140 20 248—99 140 10
(T I
~ s a
thiamethoxam urea (TH-2)
N/>
)\N 15.60 256209 120 10 256175 120 10
N \
H
NO,
imidacloprid (IM)
N COOH 14.60 158122 120 20 158578 120 20
Q/
6- chloronlcotlmc acid (IM-1)
NO2
13.86 272226 120 10 272191 120 10
No2
hydroxy imidacloprid (IM-2)
o
RN N
| \\ 1373 212128 120 20 21278 120 40
Cl N/ N\
H
imidacloprid urea (IM-3)
rm
P )\N 13.25 254205 120 10 254171 120 10
el N N \
H

NO,
imidacloprid olefin (IM-4)

@ Springer



15058

Environ Sci Pollut Res (2015) 22:15055-15066

Table 1

Cl
R
N~ NW /CH3 16.52 223126 120

) EN
acetamiprid (AC)

(continued)

Cl

N
N ”YC”S 1526 2095126 120
|
EN
acetamiprid-desmethyl (AC-1)
Cl
s
CHy 1432 1995126 120

N A NT

o
acetamiprid acetate (AC-2)

30 223590 140 30
10 209—-90 100 30
30 199156 120 30

wavelength range 300-460 nm with major emission output at
366 nm (based on manufacturer’s data). The photon irradiance
at the wall of the lamp (UVA) was approximately 24 W m 2.
The photon flux from the lamp was controlled using a portable
photoradiometer Delta Ohm HD 2102.2 (Caseelle di
Selvazzano, Italy) fitted with a 366-nm UVA sensor (range
315400 nm). The study was carried out in a batch recircula-
tion mode. The reactant solution containing different amounts
of the semiconductor powder (50300 mg L") and Na,$S,05
(50-350 mg L") as electron acceptor was circulated at a flow
rate of 600 mL min ', The reaction system was periodically
bubbled with air because dissolved oxygen acts as an electron
sink in the photodegradation process, forming the superoxide
radical (O,+e —O,") and avoiding the recombination of h*/
e, continuously stirred to achieve a homogeneous suspension
and thermostated by circulating water to keep the temperature
at 23+1 °C during 2 h of irradiation. The diagram of the
experimental system used is shown in Fig. la.

Solar photocatalysis experiment

All photodegradation experiments were carried out in Murcia,
SE Spain (latitude 37° 59’ N, longitude 1° 08" W), in Pyrex
glass vessels (110 mm long, 80 mm in diameter) containing
500 mL of water spiked at 0.1 mg L' of each active ingredi-
ent for effect of nature irradiation and 10 mg L™" for identifi-
cation of the transformation products using natural sunlight
irradiation during July, 2013 (Fig. 1b). The reaction system
was continuously stirred to achieve a homogeneous suspen-
sion. The values (mean+SD) of visible plus near-infrared
(400-1100 nm), UVA (315-400 nm) and UVB (280—
315 nm) irradiation were measured with the same
photoradiometer previously mentioned. Several samples were

@ Springer

taken during the photoperiod (120 min), from 12 to 14 h. The
mean values of visible plus near-infrared, UVA and UVB at
13 hwere 1060.3+56.1,29.8+3.5 and 2.1£0.2 (all in W m ),
respectively.

For both experiments, initially, 2000 mL (experiment
using artificial light) or 500 mL (experiment using sun-
light) of type II analytical-grade water (pH 7.1, ORP
225 mV, resistivity >5 MQ cm (25 °C), conductivity
<1.09 uS ecm ', total organic carbon (TOC) <30 ug L',
microorganisms <10 cfu mL ') was mixed with commer-
cial formulation, homogenizing the mixture for 20 min in
the dark. After this time, the appropriate amount of cata-
lyst (ZnO, 200 mg L™, and TiO,, 200 mg L") and oxi-
dant (Na,S,0g, 250 mg Lfl) was added to the reaction
solution. The respective mixtures were maintained for
30 min in the dark prior to irradiation in order to achieve
the maximum adsorption of each insecticide onto the
semiconductor surface. Several samples from 0 to
120 min were taken during the irradiation period. Two
parallel blank assays, without semiconductor or oxidant,
were carried out (i) to test photolytic process and (ii) to
assess the evaporated water volume during the treatments.
In all cases, assays were replicated three times.

Analytical determinations

Water samples were extracted and analysed according to the
procedure described by Fenoll et al. (2011). Analysis of
neonicotinoid insecticides (NIs) and transformation products
was achieved by using an HPLC system (consisting of vacu-
um degasser, autosampler and a binary pump; Agilent Series
1100, Agilent Technologies, Santa Clara, CA, USA) equipped
with a reversed phase C8 analytical column of 150%4.6 mm
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and 5-pum particle size (Zorbax Eclipse XDB-C8) and an
G6410A triple quadrupole mass spectrometer from Agilent
equipped with an electrospray ionization (ESI) interface oper-
ating in positive ion mode. The mobile phases A and B were
acetonitrile and 0.1 % formic acid, respectively. The gradient
program started with 10 % A, constant for 5 min, followed by
a linear gradient to 100 % A after 35 min. After this 35-min
run time, 10 min of post-run time followed using initial 10 %
of A. The flow rate was held constant (0.6 mL min ") during
the whole process, and 5 pL of samples was injected in every
case. Various fragmentor voltages and collision energies were
applied to the compounds under study. Table 1 lists the studied
compounds along with their retention times and their opti-
mized SRM transitions.

Blank samples were used to establish the limit of
detection (LOD) and the limit of quantification (LOQ).
Both LODs and LOQs were calculated from the signal-
to-noise (S/N) ratio 3 and 10, respectively. The calibra-
tion samples were analysed by spiking pesticides at 1—
200 pg L' levels into water samples in five replicates.
The correlation coefficient was found to be >0.99 and
the limits of quantification were 0.1, 0.1 and 0.2 pug L'
for IM, AC and TH, respectively.

A Shimadzu TOC-L Analyser (Kyoto, Japan) equipped
with an NDIR detector (680 °C combustion catalytic ox-
idation technique) was used. The dissolved organic car-
bon (DOC) procedure requires the sample be passed
through a 0.45-um filter prior to analysis to remove par-
ticulate OC from the sample.

An OPTIMA™ ICP-OES (Perkin Elmer Inc., MA, USA)
equipped with double-monochromator, Scott spray chamber,
GemTip™ nebulizer and dual backside-illuminated charge-
coupled device (DBI-CCD) detector was used for analysis of
Zn*" in water.

Statistical analysis

The curve fitting and statistical data were obtained using
SigmaPlot version 12.0 statistical software (Systat, Software
Inc., San Jose, CA).

Results and discussion

Effect of photocatalyst loading, Na,S,05 concentration
and pH

Screening experiments were performed to assess the catalytic
activity of ZnO and TiO,. The variables studied for optimiza-
tion of photocatalytic heterogeneous process were catalyst
loading, Na,S,0g concentration and initial pH of the slurries.

The effect of the photocatalyst loading on the degradation
kinetics of the studied NIs has been investigated using

different concentrations of catalyst (ZnO and TiO,) varying
from 50 to 300 mg L™'. The insecticide degradation initially
increases by increasing ZnO and TiO, concentrations from 0
to 200 mg L' for both ZnO and TiO,, remaining constant
over this concentration. This behaviour can be explained by
the increase in the number of active sites as a result of the
increasing dosage of catalyst (Mendez-Arriaga et al. 2008).
As a consequence, the optimum value for both catalysts was
found to be 200 mg L.
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Fig. 2 Degradation kinetics of NIs (0.1 mg L™" of each compound) by
photolysis and photocatalysis using ZnO, ZnO/Na,S,0s, TiO, and TiO,/
Na,$,05. ZnO = 200 mg L', TiO, = 200 mg L' and Na,S,05 =
250 mg L' under artificial light. Error bars denote standard deviation
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Fig. 3 Effect of the irradiation nature (sunlight or artificial light) on the
photodegradation rate of NIs (as mean value) in the presence of TiO»/
Na,S,05 (200 mg L™'/250 mg L") and ZnO/Na,S,0g (200 mg L™/

The addition of electron acceptors, such as inorganic
peroxides (S,0g”), to a semiconductor suspension usually
enhances the photodegradation rate of organic pollutants as
a result of increased degradation rates compared to molec-
ular oxygen because these substances capture the
photogenerated electrons more efficiently than dissolved
oxygen (Ahmed et al. 2011), leading to a reduction in
the electron—hole recombination and generating SO4™ rad-
icals, which are also a very strong oxidizing species (E°=
2.6 V). In this study, the effect of adding electron acceptor
reactant on the degradation kinetics of the studied NIs has
been evaluated using different concentrations of S,Og>~
(from 50 to 350 mg L™"). Increased concentration of
peroxydisulfate in tandem with a fixed concentration of
ZnO led to an increase on the reaction rate for these

250 mg L™"). Insecticide = 0.1 mg L' of each compound. Error bars
denote standard deviation

pesticides until it reached a plateau. The optimum value
for peroxydisulfate was 250 mg L', Similar results were
observed for TiO,.

The influence of the initial pH value on the rate constant of
the process using ZnO and TiO, was also investigated. The
point of zero charge (the pH at which the surface exhibits a
neutral net electrical charge) of TiO, and ZnO is about 6 and 9,
respectively (Parks 1965). Therefore, the surface is predomi-
nantly positively charged below those pHs and negatively
charged above those values. Electrostatic attraction or repul-
sion between NIs and catalysts could be in place and, conse-
quently, the NI photooxidation rate could be enhanced or
inhibited. However, initial pH values from 6 to 8 produce an
insignificant effect for TiO, and ZnO, since NIs are non-
ionized compounds at those pHs. Thus, the pH of the water

Table 2 Kinetic parameters for photocatalysis (TiO,, TiO,/Na,S,0g, ZnO and ZnO/Na,S,0s) of neonicotinoid insecticides in water under artificial

and sunlight irradiation

Insecticides C=Cy ekt
T102 TiOZ/Nazszog ZnO ZnO/NazSzOg
C K ty, R? C K ty, R? C K ty, R? C K ty, R?
(min) (min) (min) (min)
Artificial light
Thiamethoxam 105.3 0.0169 41.0 0.965 1004 09122 0.8 0.994 91.5 0.1139 6.1 0.974 100.1 1.5852 0.4 0.999
Imidacloprid 103.6 0.0171 40.5 0964 100.3 1.1127 0.6 0.998 874 0.1166 5.9 0.957 100.0 19328 0.4 0.999
Acetamiprid 1043 0.0112 619 0971 1004 0.6363 1.1 0994 899 0.0451 154 0957 999 1.1398 0.6 0.999
Sunlight
Thiamethoxam 104.5 0.3458 2.0 0989 99.5 0.6464 1.1 0993 989 05452 1.3 0.997 100.0 2.0500 0.3 0.999
Imidacloprid 100.8 03517 2.0 0999 999 0.8724 0.8 0997 989 0.5347 1.3 0.995 100.0 24110 0.3 0.999
Acetamiprid 1064 02062 34 0989 97.0 03761 1.8 0.992 102.7 03628 19 0.994 100.1 1.5880 0.4 0.999
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Table 3  Photocatalyst concentration (Cy,) that achieves the same
proportion of photon absorption in the reactor and apparent rate
constants of neonicotinoid insecticides in water under artificial and

sunlight irradiation per unit reactor volume (k,), per gram of catalyst
(K,) and per unit surface area of catalyst (Kj)

Insecticides TiO, TiO,/Na,S,05 ZnO Zn0/Na,S,0g
K, K K, K K, K K, K
(min' g ") (min"' m?) (min"' g ") (min~' m?) (min' g ") (min~' m?) (min' g ") (min~' m?)
Attificial light
Cy(gL™ 0.035 0.035 0.200 0.200
Thiamethoxam 0.145 0.003 3.925 0.079 0.343 0.069 4.775 0.955
Imidacloprid 0.137 0.003 4.454 0.089 0.351 0.070 5.822 1.164
Acetamiprid 0.101 0.002 2.738 0.055 0.136 0.027 3.433 0.687
Sunlight
Cy(gL™ 0.068 0.068 0.200 0.200
Thiamethoxam 9.246 0.185 12.846 0.257 5.452 1.090 20.500 4.100
Imidacloprid 8.995 0.180 18.328 0.367 5.347 1.069 24.110 4.822
Acetamiprid 5.888 0.118 7.629 0.153 3.628 0.726 15.880 3.176

should not be adjusted. As photodegradation progressed, there
was a weak decrease in pH (about 0.2—0.3 units).

Similar optimal conditions (photocatalyst = 200 mg L™,
peroxydisulfate =250 mg L™'. pHy=7.1) were obtained under
natural sunlight and artificial light irradiation.

Evolution of NI residues

The photocatalytic oxidation of NIs both in the absence and
in the presence of semiconductor catalysts is presented in
Fig. 2. It is clear that the photocatalytic degradation of all
NIs in the presence of the semiconductor oxides leads to the
disappearance of these substances. Thus, the residual levels
of TH, IM and AC at the end of the experiment using ZnO
were 3.0, 2.6 and 14.3 pg L™, respectively. In the case of
TiO,, the residual levels after 120 min of light exposure
were 8.9, 6.6 and 22.0 ug L™, respectively. In the absence
of a catalyst, the photolytic decomposition of these com-
pounds occurs at a very slow rate and only a 30 % reduction
of its concentration is achieved after 120 min of irradiation.
The photocatalytic degradation of the studied
neonicotinoids using the tandem ZnO/Na,S,0g5 and TiO»/
Na,S,0gy is also presented in Fig. 2. In the presence of ZnO/
Na,S,0g¢ and TiO,/Na,S,0g, complete disappearance was
achieved after 10 and 30 min of irradiation, respectively.

Effect of solar irradiation on the photocatalytic
degradation rate of NIs using ZnO and TiO, as catalysts

In the photocatalytic oxidation process, pesticides are de-
graded in the presence of ZnO and TiO,, an energetic light
source and an oxidizing agent such as oxygen or air.
However, only photons with energy (A<387 nm) greater
than the wide band gap energy (—3.2 eV) can result in the

excitation of valence band electrons which then promote
the possible reactions with pesticides (Ahmed et al. 2011).
The effect of solar irradiation, a renewable source of ener-
gy, on the photodegradation rate of NIs (as mean value)
using ZnO/Na,S,0g, ZnO, TiO,/Na,S,0g and TiO, was
also studied in an area as SE of Spain receiving more than
3000 h of sunlight per year. As can be seen in Fig. 3, under
solar irradiation, complete disappearance was achieved af-
ter 5 and 30 min of illumination using ZnO/Na,S,0g and
Ti0,/Na,S,0g, respectively.

Kinetics of photo-assisted catalysis in ZnO and TiO,
suspensions

The Langmuir—Hinshelwood (L-H) model (Eq. 1)
(Konstantinou and Albanis 2003; Herrmann 2005) considers
photocatalytic reactions of contaminants adsorbed on the catalyst
surface following a Langmuir isotherm and is commonly used to
model photocatalytic degradation of chemical contaminants:

FZ_dC/dIZkLHKLC/1+KLC (1)

in which r is the rate of reaction, C is the concentration of
the target compound, k;y is the apparent L-H rate con-
stant for the reaction, and K is the Langmuir adsorption
constant. However, this model is not able in some cases to
explain the photodegradation when the pollutant is not
adsorbed on the surface of catalyst (Minero 1999).
Nonetheless, it will undoubtedly continue to be used by
many researchers because of its simplicity in fitting the
experimental results (Malato et al. 2009). At low substrate
concentrations (kp C<<1), the photocatalytic degradation
rate of organic compounds, including pesticides, can be
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<« Fig. 4 Evolution of transition intensity (SRM;) of NIs (10 mg L' of
each compound) and their derivatives detected by HPLC-ESI'-MS/MS in
water during the photocatalytic experiment with ZnO/Na,S,0g and TiO,/
Na,S,0g under solar irradiation. ZnO = 200 mg L', TiO, =200 mg L!
and Na,S,0g =250 mg Lfl]. Error bars denote standard deviation. Inset:
magnification of the plot at low levels. a AC+TiO,/Na,S,0g5, b AC+
ZnO/Na252Og, Cc IM+TiOz/Nazszog, d lM+ZnO/N3.2()SzOg, e TH+
TiOZ/Nazszog, f TH+ZHO/N328208

described by a pseudo-first-order kinetic equation, which
is rationalized in terms of the L-H kinetic model:

~dCy / dt = ko Chp )

where Cp is the concentration of the organic compound
and k,, (in units of time ') is the apparent first-order rate
constant and, by integration, we obtain:

Cp = Cpge " (3)

The kinetic parameters of NIs in optimal conditions un-
der artificial and sunlight irradiation are shown in Table 2
where the apparent rate constants and half-lives are listed.
The degradation fitted well the exponential decay curve,
following first-order behaviour consistent to the
Langmuir-Hinshelwood model with R? ranging from
0.957 to 0.999. This behaviour is in accordance with other
studies performed on neonicotinoids. However, the appar-
ent rate constants and half-lives calculated within our study
differ in comparison to other photocatalytic works, due to
the different experimental setups and conditions such as
photon flux, photocatalyst concentration and Na,S,0g con-
centration (Malato et al. 2001; Cernigoj et al. 2007; Kitsiou
et al. 2009; Zabar et al. 2012). Therefore, a comparison of
photocatalytic degradation of NIs with ZnO and TiO, was
evaluated at equal level of photon absorption following the
method proposed by Dolat et al. (2012). This can be easily
realized under solar and artificial irradiation by adding the
correct amount of catalyst in the suspension until the pho-
ton irradiance emerging from a particular reactor wall
transparent to UV radiation remains equal. The absorbed
percentage of light for the catalyst under solar and artifi-
cial irradiation was calculated bearing in mind the photon
irradiance (UV lamp and sunlight) and absorbed light
(water and glass). Table 3 shows the catalyst concentra-
tion (Cy,) that achieves the same proportion of photon
absorption in the reactor for each catalyst, the observed
rate constant of the catalyst per gram of catalyst (K) and
per unit surface area of catalyst (Kj):

Ky = (k)/(VreactorX Cw) (4)

Ky =Ky/A; (3)

where £ is the apparent first-order rate constant obtained by a
catalyst concentration C, Vieactor 1S the irradiated volume of
the reactor, and A, is the BET surface area.

ZnO appears to be more effective on NI oxidation than
TiO, under different types of irradiation. This result is in
agreement with other studies with different pesticides
(Fenoll et al. 2012a, b, ¢, 2013). The observed differences
between ZnO and TiO, are certainly related to the crystallin-
ity, particle size, surface area, concentration of the impurities
and optical properties of the photocatalyst (Salah et al. 2004).
ZnO has a lower specific surface area (5 m*> g ') and higher
particle size (<210 nm) than TiO, (50 m? g~', <21 nm).
However, it has the advantage of higher electronic mobility,
indicating lower charge recombination (Kitsiou et al. 2009).
Moreover, the apparent extra reaction rate of ZnO under solar
irradiation is very likely due to the fact that it absorbs large
fraction of the solar spectrum and absorption of more light
quanta than TiO, (Sakthivel et al. 2003; Malato et al. 2009).
In contrast, the main disadvantage when ZnO is used as
photocatalyst is that it can be photocorroded under band gap
excitation (Kudo and Miseki 2009). Toxicity in the illuminat-
ed ZnO system may be magnified by the release of Zn*" into
water as consequence of the attack of Zn-O bonds by the
photogenerated holes according to the following equation:
ZnO+2 h*—Zn*" + %40,. The maximum admissible Zn>*
concentration in industrial discharges established in the
Segura River Basin (Region of Murcia, SE of Spain) accord-
ing to Decree-Laws 1664/1998 and 16/1999 varies from 5 to
15 mg L', depending to the discharge area. On the other
hand, the World Health Organization and the US
Environmental Protection Agency (EPA) propose a legal limit
in drinking water of 3 and 5 mg L', respectively to avoid
human health concerns. In our experiment, we observed a
weak increase in the concentration of Zn>" during the degra-
dation process. Thus, the maximum concentration of Zn*"
obtained (2.2 mg L") in the range of pH studied during the
irradiation time was below the legal limit recommended in
drinking water. If necessary, the concentration of Zn*" can
be decreased by adjusting the pH of water to about 9.5 after
heterogeneous photocatalytic treatment to form the insoluble
hydroxide salt (Fenoll et al. 2012c¢). Thus, the concentration of
Zn”" in water after precipitation treatment was below
0.1 mg L™". Zinc removal is not complete until the metal solid
is physically removed from the water, by subsequent sedimen-
tation and filtration. However, this proposal presents some
disadvantages, such as an increase of salinity and cost treat-
ment. In addition, these results obtained under the same ex-
perimental conditions suggest that the difference in calculated
rate constants is only due to the different chemical properties
of selected insecticides. The highest degradation rate was no-
ticed for IM followed by TH showing AC the lowest rate
constant and the higher half-life. Similarly, Bani¢ et al.
(2014) found that thiamethoxam and imidacloprid exhibited
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low persistence to photolysis due to the presence of a
nitroguanidine functional group, whereas acetamiprid, con-
taining a cyanoimine functional group, was stable to
photolysis.

On other hand, at equal level of photon absorption, TiO,
and ZnO present a better efficiency for catalysing the removal
of these insecticides under natural sunlight than that exhibited
under UV artificial light (Table 3). This behaviour is due to the
higher percentage of light absorbed for the catalysts under
solar irradiation (41 %), while only a 17 % of light is absorbed
using artificial light. Therefore, solar irradiation was selected
for further experiments, avoiding the relatively high cost of
UV lamps and electricity.

Identification and evolution of the organic intermediates

The degradation of TH, IM, and AC under photocatalytic
processes leads to the formation of several transformation
products (TPs). The identification of the most relevant TPs
is a very important task to predict the environmental impact
of the parent compound or to evaluate the efficiency of the
photocatalytic treatment. In order to investigate and elucidate
the yielded TPs during insecticide degradation, the kinetic
evolution of the main intermediates was also followed during
the solar irradiation experiment by HPLC-ESI'-MS/MS
(Fig. 4). This study was carried out using a high concentration
of NIs so that photoproducts could be identified. Several sam-
ples from 0 to 240 min were taken during the illumination
period. Complete disappearance of all the studied compounds
was achieved after 60 and 240 min of illumination, in the
Zn0O/Na,S,0g and TiO,/Na,S,0g systems, respectively.
Several TPs of TH (2), IM (4), and AC (2) were isolated and
identified using two transitions for each TP. These transitions
obtained by HPLC-ESI'-MS/MS were correlated with previ-
ously published data (Kim et al. 2012a, b; Zabar et al. 2012;
Yamamuro et al. 2014).

For TH, two transformation products, clothianidin (TH-1)
and thiamethoxam urea (TH-2), were found during the exper-
iment. TH-1, with the major ESI" fragment m/z 250 (M+H),
was identified with the major MS® fragments with m/z 169
[M+H-NO,-CI] and m/z 132 [M+H-C,HgN,40,]. The forma-
tion of TH-2, with the major ESI" fragment m/z 248 (M+H),
by the replacement of the more polar nitro group, with a car-
boxyl one, was also identified. The major MS? fragments m/z
132 to [M+H-C4HgO,N,] and m/z 99 could correspond to
[M+H-C4H4NOCIS]. However, the two transformation prod-
ucts found by Zabar et al. (2012) with major ESI" fragment m/
z 206 and 208 were not detected, probably due to a higher
degradation rate obtained by solar irradiation in the present
study.

Four photoproducts were identified for IM during the irra-
diation time: 6-chloronicotinic acid (IM-1) with the major
ESI" fragment m/z 158 (M+H) and MS? fragments m/z 122

@ Springer

[M+H-CI] and m/z 132 [M+H-COOH-CI1], hydroxy
imidacloprid (IM-2) with the major ESI" fragment m/z 272
(M+H) and MS? fragments m/z 226 [M+H-NO,] and m/z
191 [M+H-NO,-Cl], imidacloprid urea (IM-3) with the major
ESI" fragment m/z 212 (M+H) and MS? fragments m/z 128
[M+H-C3H4N,0] and m/z 78 [M+H-C4H;N,OCI] and
imidacloprid olefin (IM-4) with the major ESI" fragment m/z
254 (M+H) and MS? fragments m/z 205 [M+H-H-NO,] and
m/z 171 [M+H-NO,-Cl]. Other intermediates as imidacloprid
urea keto or imidacloprid olefin desnitro were not detected
due to a high degradation rate of this compound obtained by
solar irradiation.

Finally, two transformation products for AC were found.
Acetamiprid desmethyl (AC-1) with the major ESI" fragment
m/z 209 (M+H) and MS? fragments m/z 126 [M+H-C3HsN5]
and m/z 90 [M+H-C3H¢N3-Cl], and acetamiprid acetate (AC-
2) with the major ESI" fragment m/z 199 (M+H) and MS>
fragments m/z 156 [M+H-C,H;0] and m/z 126 [M+H-
C3H;NO]. Other intermediates for AC described by
Yamamuro et al. (2014) in human serum and urine were not
detected.

For ZnO/Na,S,0g system, none of the above mentioned
transformation products were found in the end of the experi-
ment (240 min), except IM-2, while IM-1, IM-2 and AC-1
were found using TiO,/Na,S,0g at the end of the experiment.
The observed differences in the number and concentration of
intermediates for both systems can be attributed to the rela-
tionship between mineralizarion/transformation processes.
Apparently, the mineralization processes seemed to be slower
than transformation processes since the degradation of trans-
formation products showed to be slower than degradation of
parent compounds. The investigation of mineralization degree
for all three insecticides was additionally performed by dis-
solved organic carbon (DOC) measurements. As expected, the
DOC analyses confirmed a very low mineralization rate.
Thus, decay in the DOC was observed during the irradiation
time (240 min). In ZnO/Na,S,0g system, 22.5, 36.9 and
37.6 % of the organic carbon was still present after 240 min
for TH, IM and AC, respectively, while in TiO,/Na,S,0g sys-
tem, 35.4, 40.1 and 59.0 % of the organic carbon was still
present for TH, IM and AC, respectively. These percentages
should be due to the formation of non-degradable organic
intermediates produced during the experiments and/or other
organic compounds (coadjuvants) present in the commercial
insecticide samples.

Conclusions

TH, IM and AC were totally degraded in aqueous suspensions
of ZnO/Na,S,0g and TiO,/Na,S,0g under artificial light irra-
diation after 10 and 30 min, respectively. However, these sys-
tems present a better efficiency for catalysing the removal of
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these insecticides under natural sunlight than that exhibited by
these catalysts under UV artificial light. ZnO proved to be the
more efficient photocatalyst since the oxidation and decom-
position of these NIs proceeded at higher reaction rates. The
rate constants of the NIs using ZnO/Na,S,0g4 and TiO,/
Na,S,0g under artificial light irradiation were in the order
IM>TH>AC. In addition, the main photocatalytic intermedi-
ates were identified by HPLC-MS/MS during the experiments
under solar irradiation. Finally, the DOC analyses confirmed a
very low mineralization rate indicating that several non-
degradable organic intermediates were formed.
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