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Imidacloprid (I) and thiamethoxam (T) are widely used neonicotinoid insecticides with high persistence in
the environment and thus included in the watch list of substances for European Union-wide monitoring
reported in the Decision 2015/495/EU. In this work aqueous solutions of I, T and I + T were subjected to
advanced oxidation by air plasma produced by negative DC corona discharges above the liquid surface. The
oxidative degradation of each pollutant was investigated by monitoring the rate and the products of its decay
when treated alone and in the presence of variable amounts of the other compound. The results show that
both I and T are readily degraded and that mineralization can be achieved in this process, as proven by the
measurement of the residual organic carbon and by the quantitative conversion of chlorine and sulfur into
inorganic chloride and sulfate, respectively. The major organic intermediates formed during the complex
stepwise oxidation of I and T were identified and monitored by HPLC-MS/MS analysis. The results of
kinetic studies show that both for I and T the reaction rate depends inversely on the insecticide initial
concentration, that [ and T have similar reactivities and that they do not interfere reciprocally in any specific
way when treated in mixture at a total concentration of ca 1-10* M. Based on literature data and on previous
results with the same reactor, it is reasonable to propose that the oxidation of I and T is initiated by the

reaction with OH radicals.
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1 — Introduction

Neonicotinoids, first introduced in 1991, have steadily replaced the older classes of organochlorine,
organophosphate and carbamate insecticides and are presently the most important family of
insecticides on the market [1]. Their desirable properties include broad-spectrum insecticidal
activity, persistent effect and systemic nature [2, 3]. Due to their high water solubility and
persistence in soil, however, neonicotinoids represent a threat of water contamination. Thus, despite
a widespread consensus on the fact that neonicotinoids should pose low risks to fish and mammals
[4, 5], their effects on aquatic ecosystems and on human health are yet to be fully ascertained.

Neonicotinoids are persistent in waste water treatment plants and constructed treatment wetland and



significant amounts have been found in the aquatic ecosystems in various countries [6] and also in
tap water [7]. Therefore, neonicotinoid pesticides, including imidacloprid (I) and thiamethoxam (T),
the two compounds considered in this work (Chart 1), are listed in the watch list of substances for
European Union-wide monitoring reported in the Decision 2015/495/EU [6]. And, not surprisingly,
there are numerous recent studies dealing with the degradation of neonicotinoid insecticides in
water, specifically of imidacloprid and thiamethoxam, by various advanced oxidation processes
(AOPs), mostly by UV [8], photocatalytic [9], UV/chlorine [10], photo-Fenton [11],
electrochemical [12], electro-Fenton [13, 14] and ozonation processes [15]. Specifically, the
photoassisted degradation of imidacloprid was studied under different conditions [16—20], including
also treatment in a pilot-scale plant by photolysis with Fe(III)-EDDS as complexing agent [21].
Similarly, recent papers report on the degradation of thiamethoxam induced by ozonation [22], UV

[8], UV, ozone and UV/ozone [23], and photocatalysis in aqueous suspension of TiO2 [24].
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Among the novel AOPs being considered and developed for water and wastewater treatment ([25]
and references therein), non-thermal plasma (NTP) is being actively pursued as a means to activate
the degradation of recalcitrant organic pollutants. Depending on discharge type and energy, reactor
design and other experimental conditions, NTPs in air/liquid water systems may expose organic
pollutants dissolved in water to the effect of various very reactive species, ROS and RNS, excited
molecules, solvated electrons and photons [26]. In the above cited very recent critical review,
plasma based processes are listed among those which presently are likely too energy intensive for
most practical applications but “might still provide attractive solutions for specific challenges and
full-scale applicability of these processes should be further investigated” [25]. Encouraging results
have indeed been obtained with small lab-scale prototype NTP reactors of different design and
configuration, which are described and classified in recent review articles [26—28]. Discharge
conditions and reactor design are indeed major issues in the development of efficient NTP based
technologies and research is very active in this field [29] also in our laboratory [30-33]. A recent

interesting paper on NTP induced degradation of most recalcitrant perfluoroalkyl substances



suggests that reactor design and experimental conditions should be tailored and optimized for

treatment of the specific target class of organic pollutants [34].

Many different prototypal NTP setups have been tested to treat an array of organic compounds in
water ranging from humic substances, used as models of dissolved natural organic matter [35], to
organic pollutants including, to cite a few important classes, pharmaceuticals [36, 37], dyes [38,
39], perfluoroalkyl substances [34] pesticides [40—42]. As for imidacloprid and thiamethoxam, the
neonicotinoids used in this work, to the best of our knowledge there is only one paper in the
literature reporting on NTP treatment of a 3.4-10* M solution of thiamethoxam with dielectric
barrier discharge in the presence of TiO2 [43]. A removal rate of 86% was achieved in 160 min with
a discharge power of 150 W. Product analysis was carried out by HPLC-MS and speculative
structures and mechanisms of formation have been arbitrarily proposed for the detected species. No
data are reported on the extent of mineralization achieved, i.e. conversion of all organic carbon to
carbon dioxide [43]. Obviously, this is a crucial issue for NTP based treatments, as well as for any
other AOP. It could be argued that complete mineralization may not necessarily be the ultimate goal
of NTP processing, since the organic intermediates formed from the original recalcitrant pollutant,
especially those in the late stages of the degradation path, i.e. short chain carboxylic acids, should
be amenable to oxidation in the traditional water treatment processes. Although reasonable, this
expectation should however be verified experimentally, a formidable, practically impossible task.
Indeed numerous examples are known of oxidation intermediates which are more toxic than the
precursor pollutant [44, 45]. Another most important aspect still to be investigated is the matrix
effect. Most published studies deal with the treatment of individual pollutants in artificial solutions
and very little information is available on the behavior of organic pollutants treated in more
complex matrices like natural waters and waste waters containing many different pollutants. Aim of
this investigation was to contribute to this area by studying the behavior of the two important
neonicotinoids imidacloprid and thiamethoxam when treated individually and in mixture in a well

characterized NTP reactor we developed and tested previously [33, 42].

2 - Experimental section

2.1 - Materials

Imidacloprid (>98%), thiamethoxam (>98%), formic acid (98%), methanol (99.9%), sodium
carbonate (>99%), sodium bicarbonate (>99.5%), sodium sulfate (>99%), sodium chloride (>99%)
and potassium hydrogen phthalate (>99%) were purchased from Sigma-Aldrich. Ultrapure grade

water (milliQ water) was obtained by filtration of deionized water with a Millipore system. Pure air



used in the experiments was a synthetic mixture (80% nitrogen and 20% oxygen) from Air Liquide

with specific impurities of H>O (<3 ppm) and of CyHx (<0.5 ppm).

2.2 - Experimental apparatus

The configuration of the experimental set-up employed in this work has been described in detail in
[33] and [42]. The reactor is a container made of Plexiglass with dimensions 360x149x53 mm,
closed hermetically with a Plexiglass top. The effective volume of the reactor is 2112 mL; 170 mL
are occupied by the solution to be treated and the remaining 2092 mL by air. The active electrode (7
electrically connected parallel wires) are mounted in the reactor top and are connected to the power
supply. The counter electrode, constituted by a steel plate (1.5 mm thickness), is in the reactor base,
in contact with the solution, and is connected with a system for the measurement of the electric
current and to the ground. The reactor top has three ports, one for the gas inlet, one for the gas
outlet and the third, with a silicon septum, for sampling the solution.

The reactor was energized by a negative DC voltage (-9.5 kV) provided by a Spellman PTV30
power supply. We used two multimeters to measure the voltage and current signals every 5 minutes.
The power of the reactor was calculated as the product of voltage and current. Since the
instantaneous power was not always constant during the experiment, we calculated an average
power weighted on the treatment time for each experiment. The average power was 5.5 W but a
variability of = 1 W was observed in different experiments performed under the same experimental
conditions. Energy was obtained as the product of the averaged power multiplied by the treatment
time.

During the experiment, synthetic air was flown through the reactor. Before entering the reactor the

air was humidified to prevent evaporation of the solution from the reactor.

2.3 - Analytical procedures

Mother solutions (110 M) of imidacloprid and thiamethoxam in milliQ water were diluted to
achieve the desired concentration to used in the plasma experiments. In the experiments in which
we treated mixtures of the two pollutants, we prepared solutions with a total concentration equal to
ca 1-10* M and varied the relative amounts of the two pollutants.

The actual concentrations of the solutions used for the experiments, as well as the pollutants
residual concentrations as a function of the plasma treatment time, were obtained by HPLC/UV-Vis
analysis.

For the experiments in which the pollutants were treated individually, we used a Thermo Scientific

Products instrument with a P2000 pump and an UV600LP Diode array detector, a Phenomenex



Kinetex EVO C18 column (5 um, 100 A, 150x4.6 mm) and a mobile phase composed of water with
0.05% of formic acid (A) and methanol with 0.05% of formic acid. The LC gradient for the analysis
of thiamethoxam was: from 0 to 5 min 5% B isocratic, from 5 to 15 min a linear increase of B from
5 to 60%, from 15 to 17 min 60% B isocratic, initial conditions were reestablished in 5 min. The LC
gradient for the analysis of imidacloprid was: from 0 to 25 min a linear increase of B from 5 to
70%, from 25 to 27 min 70% B isocratic, initial conditions were reestablished in 5 min. The eluition
was followed at 250 nm for thiamethoxam and at 270 nm for imidacloprid. The flow rate was 1
mL/min.

For the analysis of the experiments in which the pollutants were treated in mixture we used a
Agilent 1260 Infinity II instrument (G7112B Binary Pump, G7129A Autosampler, G7114A VWD
detector) a Agilent InfinityLAb Poroshell 120 EC-C18 (2.7 um, 3.0x150 mm) and a mobile phase
composed of water with 0.1% of formic acid (A) and acetonitrile with 0.1% of formic acid. The LC
gradient for the analysis was: from 0 to 1 min 5% B isocratic, from 1 to 8 min linear increase of B
from 5 to 60%, from 8 to 8.5 min 60% B isocratic, initial conditions were reestablished in 1.5 min.
The flow rate was 0.6 mL/min.

Standard solutions of imidacloprid and thiamethoxam prepared at known concentrations were used
for calibration of both HPLC instruments.

The solution pH and conductivity were measured, in all experiments, before and after plasma
treatment using a a Mettler-Toledo S220 pH-meter equipped with an InLab Versatile Pro electrode
and a Metrohm 660 Conductometer equipped with a 6.0901.130 electrode, respectively. In
agreement with observations reported previously [42], after a 5 hr plasma treatment the solution pH
had dropped from neutral to about 2.8-3.0 in all experiments performed, with one or two pollutants
as well as with ultrapure water used as control. The acidification of the medium is due to HNO;
formed by reaction of plasma generated NOx as detailed in ref. 42. As for the solution conductivity,
following 5 hr plasma treatment it increased from the very low values of all untreated solutions (a
few units - tens of uS/cm) to about 450 uS/cm in the case of ultrapure water and to somewhat
higher values (500-650 uS/cm) in the case of pollutant containing solutions.

The efficiency of degradation of the pollutants during plasma treatment was evaluated using the half
life time (#;2), obtained by interpolation of the residual concentrations as function of the treatment

time () using the following equation:

C(t) = CO ) e_kt.t
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where C(t) and Cy are the concentration at time ¢ and the initial concentration, respectively, and £; is
the decay kinetic constant. However, as k; depends on the applied electrical power, we considered
also the energy constant (kz), obtained by interpolation of the residual concentrations as function of

the energy of the treatment (£)

C(E)=Cy-e keE

The analysis of the oxidation products of the pollutants was done using the same column, eluents
and gradients as specified above for the single pollutants experiments but with a different HPLC
system (Agilent 1100 Series) connected to a diode array and a mass spectrometer detector (MSD
Trap SL model G2245D). The ionization was performed within an electrospray (ESI) source in
positive polarity using the following parameters: nebulizer 50.0 psi, dry gas flow rate 8 L/min, dry
gas temperature 350 °C, capillary voltage -3.5 kV, capillary exit 128.5 V, skimmer 40 V.

The concentration of chloride and sulfate ions released in solution after the plasma treatment of the
pollutants was measured by ion chromatography using a Dionex-ICS-900 instrument equipped with
a Dionex IonPac AS22 IC column after proper calibration with standard solutions of sodium sulfate
and sodium chloride. 4.5 mM sodium carbonate and 1.4 mM sodium bicarbonate were used as
eluent at a flow rate of 1.2 mL/min for 15 min.

The total amount of carbon in solution, before and after plasma treatment, was measured using a
Shimadzu TOC-VCSN analyzer, equipped with an autosampler and an automatic diluter. The

instrument was calibrated using standard solutions of potassium hydrogen phthalate.

3 - Results and Discussion

3.1 - Experiments with I and T treated individually

The effect of the pollutant initial concentration on the NTP process efficiency was investigated first
in experiments in which each insecticide was treated individually. The explored range, 1-10° — 1-10°
4 M, could not be extended to lower concentrations, which would be more consistent with those
found in the environment, because under those conditions the reaction rates were too high to be
measured by our experimental protocol. The results are displayed in Fig. 1 which reports plots of
the pollutant residual concentration (C/Cy) vs energy. It is seen that, as previously found with other
organic pollutants treated in the same reactor under the same experimental conditions [42], the
pollutant concentration decays according to approximately a first order exponential curve and that

the process efficiency depends on the pollutant initial concentration (the lower the initial



concentration the higher the efficiency). It was also found that the reactivities of I (Fig. 1a) and T
(Fig. 1b) are quite similar, as can be best appreciated considering Table 1 which summarizes all
energy constant (kz) and half-life time (#;2) data. It is interesting to compare the performance of our
reactor in the degradation of thiamethoxam with the data reported by Li et al. [43]. We obtain an
energy efficiency (calculated as Gso [46]) equal to 1.70 g/kWh for the experiment with
thiamethoxam starting concentration equal to 9.2-10° M (average power 4.7 W) while Li et al. have

an energy efficiency of about 0.3 g/lkWh (starting concentration 3.4-10* M, average power 150 W).
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Figure 1. Pollutant residual concentration as a function of energy for experiments with: a) I; b) T. The

dashed lines were obtained by fitting the experimental data with a first order exponential function.

Table 1. Energy constant (kz) and half-life time (#;2) for Imidacloprid (I) and Thiametoxam (T) decay in

NTP advanced oxidation process.”

I (M) ke (kJ7) t12(s) T (M) ke (kJ™) t12(s)
1.1-10° 0.81 £0.01 182 £2 9.8-10°° 1.04 £0.03 127£5
3.1-10° 0.35 + 0.04 490 + 50 3.0-10° 0.38+0.01 333+5
5.0-10° 0.24 +0.02 530 £ 40 49107 0.24 £0.01 540 + 20
7.0-107 0.20+£0.01 560+ 10 6.8:107 0.204 + 0.008 580+ 20
1.0-10% 0.17 £ 0.01 870 =+ 50 9.2:10° 0.135 + 0.008 1130+ 70

9 Details are given in the Experimental Section.
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Figure 2. Dependence of kz on 1/Cy for I and T subjected individually to NTP treatment.

From the plots in Fig. 2 it is seen that both for I and T the efficiency of the process, expressed by
the energy constant kz, depends linearly, in first approximation, on 1/Cy. This behavior is consistent
with previous reports in the literature showing that the pseudo-first order rate constant (k) of air
non-thermal plasma induced oxidation of organic pollutants depends on the pollutant initial
concentration, Cy, and often increases linearly with increasing 1/Cy [32, 47, 48]. Such a dependence
is predicted, under some approximations, by a simple kinetic model based on a mechanism of
inhibition by products proposed by Slater and Douglas-Hamilton [49]. Thus, it is expected that the
process should be highly efficient for treatment of very dilute solutions, as are generally found in
the environment. Moreover, according to the Slater and Douglas-Hamilton model, the slope (S) of
the & vs 1/Cp linear plot is the rate of formation, assumed to be constant by the model, of the
reactive species responsible for the pollutant decay. The fact that the slopes in the two plots of Fig.
2 are similar, therefore, suggests that the reactive species involved in the oxidation rate limiting step
are the same for [ and T.

The high efficiency of the process observed at low pollutant concentrations made it possible to
achieve within a reasonably long treatment time the mineralization of all organic matter, i.e. the
complete degradation not only of the pollutant itself but also of its organic products formed en route
to COz. Relevant results are summarized in Table 2 which reports the extent of mineralization found
for I and T, each treated individually for the same time (5 h) at two different initial concentrations,
1:10° and 1:10* M. The data are based on TOC and ion chromatographic analyses which allowed
us to determine, respectively, the amount of residual organic carbon in solution and the conversion
of chlorine and sulfur into their inorganic ions, Cl" and SO4>. The corresponding quantitative

determination of mass balance of total nitrogen was prevented by the high background of nitrate



derived from plasma produced NOx. The data reported in Table 2 show that both I and T undergo
complete mineralization when present at 1:10° M initial concentration. This result is quite
encouraging for technological developments of this approach for treatment of contaminated waters
in which the concentrations of these pollutants are much lower (below nM [1]). Thus, based on the
findings described above (Fig. 2) it is expected that mineralization should be achieved at these low
concentrations in relatively short times and at affordable energy costs. Also reassuring is the self-
consistency of the results obtained by independent and quite different types of analyses monitoring
carbon, chlorine and sulfur in the treated solutions. The mineralization yield achieved in the case of
more concentrated solutions treated in the NTP reactor for the same time is considerably lower,
despite the fact that the original pollutant, I or T, was completely converted at this reaction time. It
was therefore of interest to analyze the solution at various treatment times to detect and identify the
organic products formed, from which possibly also gain insight into the mechanism of the reaction.
These analyses were performed by means of HPLC-MS-MS procedures as detailed in the
experimental section. A typical chromatogram showing the complexity of the reaction mixture
obtained after a 30 min treatment of I is reproduced in Figure 3a. There are numerous peaks,
besides that due to residual I, which are attributed to organic species formed along the oxidation
pathways of I to CO,. Fig. 3b shows the time/energy profiles of the intensity of the major peaks
detected in the analysis of solution samples withdrawn at various treatment times. All peaks behave
similarly in that their intensity, which is proportional to the corresponding compound concentration
in solution, grows from zero in the untreated solution to a maximum at specific treatment times and
then decays. This behavior is typical of reaction intermediates which are in turn decomposed by the
plasma generated reactive species leading eventually to complete mineralization of organic carbon
to COz. The characterization of the major intermediates detected in our experiments was based on
MS and MS/MS analyses and on the comparison of our results with published data on oxidation
pathways of imidacloprid. Most useful was also a detailed study on the fragmentation behavior of
protonated imidacloprid [50], fragmentation which affects initially the nitro-guanidine moiety via
primary losses of N>O (44 Da), NO, (46 Da) and HNO, (47 Da). The three major intermediates
detected in our system, I3, 14 and I5 are isomers all giving in the mass spectrum a signal at m/z 270
attributed to their protonated species, [M+H]". Considering the mass increase of 14 Da with respect
to I, it is reasonable to identify these isomeric species as early products of oxidation in which a
methylene unit (-CH»-) has been converted into a carbonyl group (>C=0). As there are three such
units in imidacloprid, products I3 — I5 can be associated to the structures shown in Scheme 1,
although it is no possible to establish which is which. The MS/MS spectra of the protonated form,
[M+H]", of I3 — I5 (Fig.s 3c)-3¢)) show the same characteristic losses described above for



protonated imidacloprid. Interestingly, these intermediates were also detected in a study on the
ozonation of imidacloprid, in which it was proposed that they are formed from the corresponding
alcohols as shown in Scheme 1 [15]. A similar path is likely occurring in our process as confirmed
by the detection of at least one of such hydroxylated precursors (peak 12 in the chromatogram of
Fig. 3a), characterized by an [M+H]" signal at m/z 272. Finally, intermediate 11, giving an [M+H]"

signal at m/z 230, was also identified as shown in Scheme 1, as suggested by Bourgin et al [15].
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Table 2. Mineralization yield of Imidacloprid (I) and Thiamethoxam (T) in NTP advanced oxidation
a)

process.
Insecticide (M) Carbon (%)” Chlorine (%)“ Sulfur (%)?
1(1-107%) 95+11 91 £10 -
1(1-10%) 65+6 68+ 7 -
T (1-10%) 83+ 12 112+ 17 100 = 30
T (1-10%) 75+4 69+9 79 +7

9In all these experiments the treatment time was 5 hr. ” Determined by analysis of residual organic carbon in treated

solution with TOC analyzer. ¢ Determined by ion chromatography of treated solution.



a) IMID b) Time (min)
0 25 50 75 100 125
13 1 1 l‘\ ¥ 1 L 1 1 ¥ 1
(m/z 270) .
- 15 FAEERS
b4 kS
12 (m/z 270) (m/z 270) e -
(m/z 272) *--® " gz %
J5. A0t SYO8
. aad A W enning et v14
5 A S
(m/z 230) & Ry e AI3
\ o"'. . . SO @----mnnn- o2
k N e Mo T Il
8 9 10 11 12 13 o 5 10 15 20 25
Time (min) Energy (kJ)
c) 27p.1 d) a1 [M+H]* e) 270.1
[M+H]" [M+H]*
13 14 I5
292.1
223.1 [ [M+Na]*
226.1
WMWM‘M‘ ;ll...,...:u sl “h."‘[ nsy ILLJ...-.: prdioitl Lesant s \ ‘.E . . "
100 150 200 250 300 350 m/iz100 150 200 250 300 350 miz100 150 200 250 300 350 miz

Figure 3. a) HPLC-UV chromatogram recorded at 270 nm of a solution of I (10* M) treated in the

NTP plasma reactor for 30 min. b) Time and energy profiles of the intensity of major reaction

intermediates, labeled as in Fig. 3a. ¢) — e) Mass spectra of and inferred structures for major

intermediates 13 — 15.
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Figure 4. a) HPLC-UV chromatogram recorded at 270 nm of a solution of T (1-10* M) treated in
the NTP plasma reactor for 30 min. b) Time and energy profiles of the intensity of major reaction
intermediates, labeled as in Fig. 4a. ¢) Mass spectrum of intermediate T1; d) MS/MS spectrum of
ion with m/z 459, identified as [M+Na]"-M; e) MS/MS spectrum of ion with m/z 241, identified as

[M+Na]".

Analogous product studies were carried out for thiamethoxam (Fig. 4). There appears to be only one
relatively abundant intermediate formed in our NTP-induced process, labeled T1 on the
chromatogram shown in Fig. 4a, all other detected species being way less abundant at any treatment
time (Fig. 4b). T1 and all the other less abundant products appear to reach a maximum
concentration during the process and then to decay completely at longer treatment times (Fig. 4b).
The positive ion ESI mass spectrum of T1 (Fig. 4c) shows lack of chlorine in this compound and an
intense signal at m/z 459 which is attributed to an ionic complex formed, upon ionization in the ESI

source, by two molecules of T1 and a sodium cation, abbreviated here as [M+Na]"™-M. The presence



of intense signals at m/z 241 ([M+Na]") and m/z 219 ([M+H]") is consistent with this interpretation
and suggests that T1 has a molecular mass of 218. Further support for this assignment and some
structural insight come from the MS/MS spectra of the ions at m/z 459 ([M+Na]"-M) and m/z 241
([M+Na]"), shown in Fig.s 4d and 4e, respectively. The [M+Na]"-M complex dissociates by loss of
a neutral M molecule to give [M+Na]" (peak at m/z 241, Fig. 4d). The sodiated species, [M+Na]",
forms numerous fragment ions via neutral losses of 46 Da (NO>), 30 Da (CH>=0), 28 Da (CO) and
42 Da. Interestingly, a product with molecular mass of 218 Da was also observed by Sojic et al. but
not identified in their study of thiamethoxam degradation by UV, O3 and UV/O3 processes [23].
This product gave a signal at m/z 217 in negative ion ionization mode indicating the presence of
acidic functional groups. Based on these indications from the literature and on the fragmentation
behavior reported above we suggest the CsHsN4Os elemental composition for T1 and speculate as
possible structure that shown in Fig. 4.

As for the other minor intermediates detected (T2 — T4, Fig.s 4a-b), the available information is not
sufficient for unambiguous identifications. It is however interesting to note that the mass spectrum
of our product T2 matches that reported by Sojic et al. for an unidentified intermediate of molecular
mass of 155 Da [23]. In contrast, there is no match with the intermediate products reported by Li et
al. in their paper on DBD induced degradation of thiamethoxam [43], the structures of which

appear to have been drawn improperly and assigned arbitrarily.

3.2 - Experiments with I and T treated in the same solution
Next, solutions containing both I and T were treated and analyzed. Table 2 and Figure 5a
summarize the results of these experiments in which the total initial concentration of pollutants (I +

T) in solution was the same (ca 1-10™* M) but their molar ratio was changed.

Table 2. Energy constant (kz) for Imidacloprid (I) and Thiametoxam (T) decay in NTP advanced oxidation

process when treated together within the same solution.

G total” (VD " ke (kI
I T
1.13-10* 0.50 1.51+0.11 1.53+0.12
1.06:10* 0.70 1.32+0.16 1.36 £0.17
6.96:10* 0.31 1.94+0.14 2.01+0.14
1.08-10* 0.53 1.40+0.17 1.47+£0.16
1.07-10* 0.95 1.20+0.13 1.19+0.12
1.13-10* 0.50 1.41 £0.15 1.41+£0.16
1.11-10* 0.72 1.28 +£0.17 1.27+0.17

@ The sum of I and T molarity. ” The molar fraction of T. The molar fraction of I is 1 - XT.
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Figure S. Energy constants for [ and T as a function of: a) yr, the molar fraction of T in experiments in which
I and T were treated together with a total initial concentration of ca 1:10* M. The black dashed line is the
linear fit of the experimental data. The data for yru4 = 0.3 were not included in the fitting because the total
concentration of the pollutants in that experiment was significantly lower than 1-10* M; b) Cy, the initial
concentration of I treated individually (open symbol) and in mixture with T (closed symbol) at a total
concentration of 1-10* M; ¢) Cy, the initial concentration of T treated individually (open symbol) and in

mixture with I (closed symbol) at a total concentration of 1-10 M.



It is interesting to note how in these mixtures each insecticide decays with an efficiency which
appears to be very similar to that of the other one and, most importantly, little dependent on the
insecticide initial concentration (Fig. 5a). This behavior is in striking contrast with that observed
when I and T are treated alone, as is evident in the plots of Fig.s 5b and 5c, respectively. These
observations are consistent with the mechanism mentioned above [49] and can be rationalized as
follows. Given that when tested separately I and T behave quite similarly (kz data in Table 1) and
react with the same plasma generated reactive species, indicated here as X, with similar rate
constants (plots of Fig. 2), it is expected that they should be equally effective in competing for X.
Thus, the decay of each should depend on the overall solution concentration, i.e. [I]+[T], regardless
of their molar fraction. From the kinetic point of view, therefore, any mixed solution of I + T
behaves as if it contained only I or only T: as long as the solution overall initial concentration is the
same ([IJo+[T]o = 1:10* M), both I and T react with the same efficiency they display when treated
alone at 1-10* M. The data in Fig.s 5 are consistent with this interpretation. The points which
deviate from the others, those for yrmu = 0.3, refer to an experiment in which the total initial
concentration ([IJo+[T]o) was significantly lower (0.7-10* M instead of 1-10* M). The higher kg
values determined in this experiment are thus fully consistent with the expectation of greater
efficiency at lower concentration (Fig. 2). Obviously, different outcomes from what found in this

work are expected in case the two competitors have different reactivities.

4 - Conclusions

The results of this study highlight the potential of NTP-based AOP in the degradation of persistent
water soluble neonicotinoid insecticides, imidacloprid and thiamethoxam, and prove that high
extents of mineralization can be achieved in these treatments. The efficiency of thiamethoxam
degradation, measured by the Gso indicator, is considerably better in our experiments than in those
reported in the literature for an NTP process induced by DBD discharge in the presence of TiO>
[43]. These findings are encouraging considering that the concentrations of neonicotinoids in the
environment are much lower than those used in this work and that the rates of plasmachemical
advanced oxidation and of mineralization increase as the pollutants initial concentration is
decreased. Moreover, there is still wide margin for improving the process efficiency by proper
engineering and optimization of the reactor/plasma source design [34]. An element of novelty of
our work is the study of the competition for the plasma reactive species by the two insecticides
when they are treated together in the same solution. Based on the results of kinetic studies run with
solutions of I and T treated individually at different initial concentrations, it can be concluded that

the degradation of both is initiated by the attack of the same reactive species, notably the OH radical



which was identified and determined in previous works with this NTP reactor [42]. When treated

together, due to their similar reactivities, imidacloprid and thiamethoxam compete equally

efficiently for the reactive species so that the decay of each depends on the overall solution

concentration, i.e. [I]+[T], regardless of their molar fraction.
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