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ABSTRACT

Nitenpyram (NIT), a kind of pyridine-based neonicotinoid insecticide, presents a high threat
to water system. This work firstly examined the electro-catalytic (EC) degrading the NIT in
synthetic wastewater by using the modified Ti/SnO,-Sb anode, which was characterized by
scanning electronic microscopy, X-ray energy dispersive spectroscopy, X-ray diffraction,
and electrochemical measurement. The NIT removal and total organic carbon removal are
monitored. The NIT EC treatment was found to obey the pseudo-first-order reaction kinetics
within 60 min electrolysis and was controlled by the mass transport, the chemical reaction,
and the oxygen evolution. Stable degradation intermediates were detected through electro-
spray ionization quadrupole time-of-flight tandem mass spectrometry. Experiments indi-
cated that several pyridine derivatives form during the EC process. Furthermore, the
cleavage of pyridine ring could be demonstrated, which took place after the hydroxylation
of the ring, leading to the complete mineralization of a NIT molecule. HO" and H,O, played
the dominant role in the EC degradation of NIT. The in situ-generating H,O, was attributed
to the reaction between dioxygen and a-amino radical.

Keywords: Electro-catalysis; Ti/SnO,~Sb anode; Nitenpyram; Hydroxyl radicals; Wastewater

treatment

1. Introduction

Neonicotinoids deriving from nicotines are a kind
of the principal alternatives for some synthetic pesti-
cides such as organophosphate and carbamate [1,2],
and have attracted the increasing attention in the
agricultural sector worldwide. In the past three
decades, they have been registered in more than 120
countries, accounted for 11-15% of the global insecti-
cide market, and still kept a rapidly increasing appli-
cation. Many literatures have reported to concern the
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removal of neonicotinoid pollutants using advanced
oxidation processes, which aimed at the complete
mineralization. But the majority of them focus on the
photolytic/photocatalytic oxidation of imidacloprid
[3-7], acetamiprid [8-11], and thiacloprid [8-11].
Nitenpyram (NIT), a representative of the new
generation neonicotinoid insecticides, was exploited in
1989 by Japanese Takeda Company and was made
commercially available in 1991. Today, it is widely
used in agriculture and horticulture to control sucking
insects, such as thrips, whiteflies, hoppers, etc. and
shows excellent activity on insects which are resistant
to traditional insecticides [12,13]. Because of its
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widespread use and high water solubility (at tempera-
ture 293K and pH 7, the solubility is 8.4 x10°mg/L
in water), NIT is presently increasing in the
aqueous system [14]. However, the NIT molecule (its
chemical structure is shown in Fig. 1 would not be
rapidly degraded in natural water. At a temperature
of 298K and pH 7.0, NIT has a hydrolytic half-life of
415 days [15]. The accumulation of NIT in the environ-
ment can result in considerable environmental
pollution, and ultimately bring a serious health-risk
to humans. Moreover, NIT belongs to a kind of
pyridine-based compounds, which are toxic to micro-
organisms. So, traditional biological treatment technol-
ogy is generally difficult to remove NIT molecule in
water or wastewater directly. Thus, it is exigent to
investigate the degradation of NIT.

Recently, electro-catalytic (EC) advanced oxidation
process has been proposed as an innovative alterna-
tive for the pre-treatment or treatment of wastewater
containing recalcitrant toxic organic compounds like
phenol [16], reactive brilliant red x-3b [17], 2-chloro-
phenol [18], and 2, 4-D [19], etc. The application of EC
to environmental pollution abatement has been the
topic of several reviews [20-24]. With the features of
environmental compatibility and easy applicability to
automation, it is significant to develop EC process as
an efficient and economic method for the treatment of
pyridine-based pollutants, especially for low-volume
applications.

Electrode is the “heart” of electric catalytic system.
In 1968, companies which were DeNora and Diamond
Shamrock, successfully applied the DSA that was
invented by Beer, to chlor-alkali production [25]. DSA
anode quickly got the favor of people. After decades
of development, DSA anode has been applied in many
fields. Scholars at home and abroad, actively explored
and chose a different surface-active component for-
mula to prepare a series of new anode materials.
Semiconductor oxide anode which has high electric
catalytic activity, strong corrosion resistance and elec-
trical conductivity, is one of the common electrode
materials. Currently, the main compositions of semi-
conductor oxides were SnO,, PbO,, Sb,Os5, RuO,, IrO,,
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Fig. 1. The chemical structure of NIT.
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TayOs, or compounds which are made up of two or
more [26-29]. The classification of the DSA anode and
main application are listed in Table 1.

From Table 1, oxygen evolution potential of PbO,
electrodes was not high, and electrochemical corrosion
released the Pb** ion, which could cause secondary
pollution of water. The prices of RuO,, IrO,, and so on
with variable valence state of metal oxide anodes were
expensive, and these anodes had advantages and dis-
advantages in terms of corrosion resistance and cata-
lytic activity. Feng group in Harbin industrial
university [30,31], studied several types of the elec-
trodes’ performance systematically. The research
results showed that the Ti/SnSb electrodes for organic
electric catalytic performance were superior to Pt,
Ti/PbO,, Ti, and Ti/RuO,/IrO, anode materials, and
showed the low resistivity and higher stability. So the
Ti/SnO, electrode was chosen [19].

In this work, NIT is the model pollutant. The main
objective was to investigate the EC degradation of NIT
in aqueous solution, particularly to do detailed analy-
sis on its intermediates and products by means of
electrospray ionization quadrupole time-of-flight tan-
dem mass spectrometry (ESI-Q-TOF-MS). The degra-
dation kinetic of NIT removal at different initial NIT
concentrations was also studied. The working elec-
trode was made by us and it was characterized by
scanning electronic microscopy (SEM), X-ray energy
dispersive spectroscopy (EDS), and X-ray diffraction
(XRD). Accelerated life of the anode and cyclic vol-
tammetry measurement were also obtained to evaluate
the electrochemical prosperity of the anode.

2. Experimental details and analytical methods
2.1. Reagents

The original medicine of the NIT with a purity of
99% was purchased from Shandong Institute of Pesti-
cide Research. All other chemicals and reagents used
in this work were of analytical grade. Deionized water
was used throughout the work.

2.2. Electrode preparation

Ti plates (3 cm length x 5 cm width x 0.07 cm  thick-
ness) were used as the base metals. The modified elec-
trode with the mole ratio of Sn to Sb in 1:0.05 was
synthesized by citrate sol-gel technique, following
temperature-programmed thermal oxidation of the
dipped inter-layer and surface-layer according to the
procedures described in our previous literature [17].
On the base of the fact, introducing appropriate rare
earth atoms into a SnO,-Sb anode could improve its
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Table 1
Classification and application of DSA anodes
Main Typical

Classification ingredients anode Main purpose
Department of lead PbO, Ti/PbO, Electrolytic refining, wastewater treatment

anode
Department of RuO, Ti/RulrTi,  Chlor-alkali industry, electroplating, organic synthesis, cathodic

ruthenium anode Ti/RuO, protection, wastewater treatment of electrolytic refining, wastewater

treatment

Department of 1IrO, Ti/IrTa, Organic synthesis, electroplating, wastewater treatment

iridium anode Ti/IrO,
Department of tin ~ SnO, Ti/SnSb Wastewater treatment

anode

stability and EC degradation characteristics [17,32,33].
Pr (Pr/Sn mole ratio of 0.75%) and Dy (Dy/Sn mole
ratio of 1.25%) were selected as promoters to be doped
into the inter-layer and surface-layer, respectively. The
annealing temperature was optimized at 903 K for 1 h.

2.3. EC treatment of NIT and analysis

In the electro-catalysis experiment, NIT synthetic
wastewater with a 0.5M NaySO, as the supporting
electrolyte was used as the objective degradation solu-
tion. The aqueous solution of NIT (150 mL) was placed
in an undivided cell with an electrode that was pre-
pared by describing above as the anode material and
a pure-Ti sheet as the cathode material, both of which
had an electrolysis area of 5.4cm? (3x 1.8 cm). There
was a space (3. cm) between these two electrode plates.
The NIT degradation measurement was performed
using an EC analyzer (CHI700B, Shanghai Chenhua
Instrument Co., Ltd, China), cooperating with mag-
netic stir. Samples were taken out from the electrolysis
wastewater for periodical analysis before and after
degradation in the course of each run.

The concentration variation of NIT was measured
by HPLC-DAD (UV-vis) by analyzing the absorption
intensity change at its 4 max of 270nm [34]. An Agi-
lent 1100 series chromatograph, coupling with a DAD
detector was utilized. The absorption spectra of NIT
were recorded with the UV-vis spectrophotometer
within 180 min electrolysis time. The ESI-Q-TOF-MS
was applied in the identification of intermediate prod-
ucts after 120 min NIT degradation. This method has
been proved to be of high sensitiveness and accu-
racy in full scan of any practical compound in sample
[35,36]. Prior to the analysis, the wastewater sample
was extracted with ethanol. Extract liquid was directly
injected into the ESI-Q-TOF-MS (Agilent, American),
which was operated in positive ESI modeling with the
spray voltage at 175V. [M+H]" was selected as the

precursor. In addition, total organic carbon (TOC) val-
ues were obtained by a TOC analyzer (SH-IMADIV
5000A). H,O,, a kind of active material generating in
the NIT electrolysis was monitored by colorimetric
method at the wavelength of 350 nm [37].

2.4. Electrode characterization

The morphologies of the surface layer of a freshly
prepared electrode were done with a Japanese JEOL
company model JSM-7600F microscope under magnifi-
cation of 500X and 2000X. Fig. 2(a) and (b) present
“cracked-clay” appearance typical of electrodes pre-
pared by thermal oxidation.

The composition of elements coating on the elec-
trode surface used a British Oxford INCA sight-X-ray
EDS Electron spectrometer to analyze. The EDS spec-
tra of double coating Pr and Dy-doped Ti/SnO,-Sb
electrode are shown in Fig. 3.

Considering the relative content of electrode coat-
ing metal elements, which influenced the electrode’s
EC properties, the content of Sn element was posi-
tioned for 100, and the contents of Sb, Dy, and Ti were
relative to the percentage content of Sn element.

The theoretical value was each element’s relative
content of values, and the actual value was the elec-
trode’s EDS relative content value of the measured
results. The results where the actual contents of elec-
trode surface elements are compared with the theoreti-
cal values are given in Table 2.

From Table 2, the actual contents of Sb and Dy
were lesser than the relative content of the theory,
respectively, which might be related to the uniformity
and stability of the sol. Various metal elements coexis-
ting made coagulation easy, which could change the
content of an element in sol. Not detecting the Ti ele-
ment, explained that the surface of the coating was
more uniform, and coating thickness was deeper than
the monitoring depth of EDS.
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(b)

Fig. 2. Representative SEM images of the modified electrode surface layer (a) 500X and (b) 2000X.
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Fig. 3. EDS spectra of double coating Pr, Dy-doped Ti/
SnO,-Sb electrode.

The structural analysis was confirmed by a
D/max-rA XRD instrument (Rigaku, Japan, Cu Ka,
40kV, 50 mA). From Fig. 4, it could be determined that
the surface layer of the modified electrode had the
tetragonal rutile-type structure of SnO, and formed
solid solutions. From the XRD spectrum diagram, there
were no Pr, Dy, or Sb corresponding oxide phases, and
EDS testing result showed that there was a certain
amount of doping elements, which suggested that Pr,

Table 2

Dy, and Sb might enter the SnO; lattice in the form of
interstitial, replacement, or disperse in the middle of
the SnO, particles in the form of small clusters. So, the
prepared anode might be described as Ti/SnO,-Sb-
Pr/SnO,-Sb-Dy. The TiO, existed in the XRD spectra
due to the metallic substrate. The average grain size of
the electrode’s surface coating was calculated as
3.3260 nm.

An electrode with a good stability could effectively
provide service life (SL) for several years under nor-
mal conditions. To reduce the test time, the electrode’s
stability was assessed using the accelerated life test. In
this section, the electrode plates’ distance was reduced
to 2cm. The test was done at a constant anodic cur-
rent density of 2 x 10* A cm 2 in a 0.5 M H,SO, electro-
lyte, and kept the cell temperature around 313 +1K.
The cell potential was monitored and the accelerated
life was defined as the operation time at which the
potential increased to above 10V. Furthermore, a
rough estimation for the electrode SL was derived
from the method as Eq. (1), which was proposed by
Hine and co-workers [38].

SL~1/i" )

where i is the operating current density. N varies from
1.4 to 2.0, the average of which is assumed at 1.7 for
the electrode [39].

Cyclic voltammetry measurement was carried out
in the 0.5M Na,SO, solution with 25 mg L' NIT, and

Percentage of the electrode surface atom content of the table

Sb/atomic% Dy/atomic%

Ti/atomic%
Double coating Pr, Dy-doped Ti/SnO,-Sb electrode Sn  Theoretical Observed Theoretical Observed Observed
New 100 5 3.45 1.12 0.65 0
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Fig. 4. XRD pattern of the surface layer of the modified
electrode.

room temperature with a conventional three-electrode
cell using the above-mentioned electrochemical work-
station at a scan rate of 50mvs . The working elec-
trode was the self-made Ti/SnO,-Sb-Pr/SnO,-Sb-Dy
anode. A pure Ti plate was the counter electrode
[40,41] and the reference was KCl saturated Hg/
ngclz.

3. Results and discussion
3.1. The influence of the current density

The experiment that investigated the influence of
current density on removal rate of NIT was carried
out in the 0.3M NaySO, solution with 25 mg L™' NIT
at room temperature. There was a space (3cm)
between these two electrode plates cooperating mag-
netic stir.

Fig. 5 showed that with the increase in of the cur-
rent density, the removal rate was on the rise. When
the current density increased from 5 to 20mA/cm?,
the removal rate increased from 48.5 to 48.5% after
electrolysis 60min. When the current density
increased to 20 mA /cm?, the removal rate had reached
100%, but slot voltage and electrolyte temperature
were higher than the 10mA/cm? When the current
density is 10mA/cm?, the slot voltage and the electro-
lyte temperature were 52V and 300K, respectively.
When the current density is 20 mA/ cm?, the slot volt-
age and the electrolyte temperature were 6.5V and
307 K, respectively.

When the current density was lower, electron
transfer rate and electrode reaction speed were slower,
which made the speed of NIT removal slower.
Increasing current density that meant the increase in
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Fig. 5. The influence of the current density for removal
rate of NIT.

the electron transfer rate and electrode reaction speed
had an advantage in the removing speed of NIT.
Nevertheless, the increase in current density also
meant that oxygen evolution, hydrogen evolution, and
other side effects were rising, and at the same time
the heat generated by the electrolytic was also increas-
ing, which resulted in increasing heat loss and
decreasing current efficiency. All of them affected the
treatment effect of the NIT. Considering these factors
such as energy consumption and removal efficiency,
10 mA/cm? of current density was chosen.

3.2. Electrode stability and cyclic voltammetry

Good stability is a crucial parameter, which effects
the application of an electrode. As stated above, an
accelerated life test was performed for the fresh elec-
trode to evaluate electrode stability. The results
showed that Ti/SnO,-Sb-Pr/SnO,-Sb-Dy electrode
was stable for about 54.6h under accelerated condi-
tions. Moreover, the real lifetime would be much
longer and be affected by the test conditions, includ-
ing pH, temperature of the electrolyte, and the current
density. According to Eq. (1), the SL of the laboratory-
prepared electrode in an application under 0.1 A cm™>
current density and acidic electrolyte were predicted
to be approximately 1.0years. Fig. 6 presenting the
maximum change percentage of the electrode potential
in this test was 1.21% after 5h. Thus, such an anode
would keep a good performance on wastewater treat-
ment with a long SL.

CV was performed to evaluate the electrode
potential and the preliminary catalytic mechanism of
NIT on the Ti/SnO,~Sb—Pr/SnO,-Sb-Dy electrode
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Fig. 6. The variation of the electrode potential in a
0.5M H,SO, electrolyte with the current density of
2x10* Acm ™7, the electrode plate distance of 20 mm, the
electrolysis area of 5.4 cm?, and T=313+1K.

surface. According to Fig. 7, the oxygen evolution
potential of the modified electrode was about 1.85V
(vs. Hg/Hg,Cly), higher than the reported blank
Ti/SnO,-Sb electrode (vs. Hg/Hg,Cl,) [42]. This out-
come was desirable, because it is believed that the
higher the oxygen evolution potential, the less
unwanted power loss [43,44]. Meanwhile, electrodes
before the oxygen evolution reaction did not have
REDOX peak in the two kinds of solution. Adding
NIT did not have an obvious effect on electrode cycle
volt-ampere curve. These suggested that “direct elec-
tron-oxidation” [22,24,45] does not occur in the NIT
degradation on the Ti/SnO,-Sb-Pr/SnO,-Sb-Dy
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8t ce == 0.5MN2,50,+25mg L-INIT+
o —— 0.5MN2;S0,+
lE E -
L]
E .
2+
QL
2 . . . . .
as 10 15 2.0 25

E(vs.Hg-Hsgciz;l\’

Fig. 7. Cyclic voltammograms of the Ti/SnO,-Sb-Pr/
SnO,-Sb-Dy anode obtained at a scan rate of 50 mv s at
the room temperature.
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electrode. So “indirect electron-oxidation” [22,24,45,46]
must be critical. Cui et al. [34] observed similar
behavior for the oxidation of phenol on Ti/SnO,-Sb-
Re (Re stands for the rare earth) electrode.

3.3. Kinetic study of NIT EC treatment

As stated above, our EC system was just involved
in the indirect electron-oxidation of organics. The pro-
cess is generally believed to take place in the first
reaction for the formation of adsorbed oxygen radi-
cals, especially hydroxyl radicals, which can be
expressed by Eq. (2) [47,48].

H,O — HO;,, + H" +e” ()

Due to the adsorbing HO;,, on the anode, the ini-
tial chemical reaction between the radicals and NIT,
can only occur when NIT transports from the solution
towards the anode surface, i.e.

HO" + NIT — Products 3)

Meanwhile, the parallel reaction is the electrolysis
of water molecules, i.e.

2HO" — 40, +2H" + ¢~ 4)

According to Eq. (3), the oxidation rate r for NIT
molecules’” EC degradation would be described as the
following. Considering the concentration of its con-
stant under the galvanostatic electrolysis:

d[NIT]

5 =k [HOT*(NIT)” = kypppir) (NIT)? 5)

=

knir is the real rate constant. k,ppnim) is the apparent
rate constant of the NIT oxidation. a and f are the reac-
tion orders relating to HO" and NIT molecules, respec-
tively. Fig. 8 presents the variation of In (NIT,/NIT,)
(NIT, initial and NIT; actual NIT concentration) as a
function of its initial concentration. The straight lines
obtained in these plots indicate that the kinetic of NIT
EC degradation is in accordance with a pseudo-first-
order reaction kinetics. The result is similar with the
other organic pollutants oxidized on the anode [49].
Thus, Eq. (5) could be rewritten as Egs. (6) and (7)

d[NIT
r= % = kapp(NlT) (NIT) (6)
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Fig. 8. Linear regression for the disappearance of NIT as a
function of time via the Ti/SnOy-Sb-Pr/SnO,-Sb-Dy
anode electrolysis at the room temperature with the cur-
rent density of 10 mA cm 2,

(NIT),

I N,

S
= kapp(NIT)t = km Vt (7)

ky stands for the apparent mass transfer coeffi-
cient. S is the electrolysis area, and V is the volume of
the electrolyte.

Fig. 9 showed the removal amount of NIT for all
cases after 60 min electrolysis and Table 3 summarized
the relevant kinetic parameters for different initial NIT
concentrations. In Fig. 9, it was obvious to observe
that the higher the initial concentration of NIT, the

50

40
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20 -

NIT removal amount/mg

10

0 50 100 150 200

NIT initial concenlration/mg.L’]

Fig. 9. The NIT removal amount as a function of NIT ini-
tial concentration via the Ti/SnOy-Sb-Pr/SnO,-Sb-Dy
anode electrolysis at the room temperature with the cur-
rent density of 10 mA cm 2,
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more is the NIT removal amount. This indicated that
the mass transport had a significant effect on the NIT
degradation. Table 3 also presented the increase of the
mass transport rate (kymonm) with the variation of
NIT’s initial concentration. However, interesting
results were also found from Table 3. It could be seen
that there were no significant differences at the
apparent mass transfer coefficients (k,) from 25 to
100 mg/L. But it obviously decreased at later stages
(100200 mg/L). It seemed that the oxidation of NIT
was not only controlled by the rate (knim) at which
NIT molecules were carried from the solution to the
anode surface. The chemical reaction (Eq. (3)) was
another considerably influencing factor. Its influence
could be explained by the competition from intermedi-
ates (the existing of intermediates was proven below),
because HO" is a non-selective reactivity. A higher
surface concentration of intermediates was produced
as the NIT concentration increased. Moreover, the
formation rate of oxygen (Eq. (4)) reduced in relation
to the increasing NIT concentration process. This
resulted in the subduction of the ability of gas stirring
and brought about a decrease in the apparent mass
transport.

3.4. Performance of the electrode on NIT degradation

Fig. 10 showed the efficiency of NIT and TOC
abatement varying with time during galvanostatic
electrolysis of NIT synthetic wastewater (100 mg/L).
As it could be observed, after 180 min electrolysis,
both parameters (NIT and TOC) were satisfactorily
reduced, which indicated that the Ti/SnO,-Sb-Pr/
SnO,-Sb-Dy-coated electrode is effective for NIT min-
eralization. Additionally, the rate of TOC removal
began to increase later during the EC process. As a
result, the overall rate of TOC removal was not a
first-order over time, which suggested that there was
formation and accumulation of different organic inter-
mediates during NIT oxidation that were subsequently
degraded at different rates by the electrodes. Other
authors also reported similar behavior in the anode
electrolysis of refractory wastewaters [33,50].

The variations of the NIT wastewater samples’ UV
absorption spectrum from 190 to 400 nm were illus-
trated in Fig. 11 within 180 min electrolysis time. It
was observed that there were two maximum absorp-
tion spectra, which were 220 and 270 nm. At the end
of electrolysis (180 min), the spectrum was obviously
different: a band with a maximum at 270 nm almost
disappeared and a broader absorption band covering
the wavelength range 220-245nm could be observed.
The change in the spectrum during the NIT EC



1932

Table 3
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kappeurr) (apparent rate constants), kmvir) (mass transport rate), and ki, (apparent mass transfer coefficient) of NIT as a
function of initial NIT concentration via the Ti/SnO,-Sb—Pr/SnO,-Sb-Dy anode 60 min electrolysis

Initial concentration of NIT (mg L™ 25 50 100 200
Kappani) th™ 0.00761 0.00725 0.00765 0.00503
kmeurry (mgm™2s™) 5.06 10.81 19.90 28.09
ke 107 ms™) 5.87 5.59 5.90 3.88
100 3.0
1
80 |- 250 22%/
S —&— NIT removal v a: Omin
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Fig. 10. Variation of NIT and TOC removal for 100 mg L™
NIT during the electrolysis time of 0-180 min with the Ti/
SnO,-Sb-Pr/SnO,-Sb-Dy anode and the current density of
10 mA cm ™2 at the room temperature.

degradation might be ascribed to pyridine-containing
intermediates.

3.5. Degradation pathway and mechanism analyses

Based on the above analyses and the main molecu-
lar ion fragmentation peaks, Table 4 summarized the
EIS-Q-TOF-MS qualitative analysis of NIT-relating sta-
ble degradation products. A degradation pathway
involving these detected products was proposed for
the EC mineralization of NIT in neutral media as
shown in Fig. 12. Some undetected compounds were
also written out in the brackets of Fig. 12 in terms of
the molecular fragmentation patterns. These com-
pounds could readily and rapidly be oxidized or
hydrolyzed to small inorganic molecules.

HO" specie, an electrophonic radical, is an oxidiz-
ing reagent with high efficiency and favors to attack
the positions with a big density for electron cloud in
organic molecules. As Fig. 12 showed, the EC oxida-
tive degradation of the NIT at the Ti/SnO,-Sb-Pr/
SnO,-Sb-Dy anode began with the reaction between

1 n
300 350 400
Wavelength (nm)

1 1
200 250

Fig. 11. UV absorption spectrum of the electric degradation
of NIT during the electrolysis time of 0-180 min.

the HO" group and the o-C of imino N to yield (E)-N-
[(6-chloropyridin-3-yl)methyl]-N-ethyl-2- nitroethene-1,
1-diamine (compound 1). The mechanism involved H-
abstraction to produce water and a-amino radical
(R;NNHCH,C = CHNO,) (Eq. (8)). The latter radical
had a reduction property [51]. Hence, it might further
react with dissolved dioxygen to generate superoxide
radical (O,") and hydroxyethylamine after adding
water (Eq. (9)). Hydrolysis of hydroxyethylamine led
to the formation of compound 1 and formaldehyde as
shown in Fig. 10.

RoNNHCH;C = CHNO,(NIT) + HO'
— RyNNHCH,C = CHNO, + H,0O
(8)

R,NNHCH,C = CHNO; + O, + H,0O
— R,NNHCH,OHC ©
=CHNO, + H* + O;.

The initial degradation step was similar with the
primary photolysis oxidation of acetamiprid reported
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Table 4
EIS-QTOF-MS data for NIT and several stable degradation intermediate products
Proposed product
Molecular Calculated Observed MS
Symbol formula Compound name mfz value mfz value deviation
Parent C11H15CINLO,  (E)-N-[(6-chloropyridin-3-yl)methyl]-N-ethyl-N- 270.0884 271.0939 —-1.0055
substance methyl-2-nitroethene-1,1-diamine
1 C10H13CIN4O,  (E)-N-[(6-chloropyridin-3-yl)methy]-N-ethyl-2- 256.0727 256.0892 —0.0165
nitroethene-1,1-diamine
2 C1oH14CINZO  (Z)-2-amino-2-{[(6-chloropyridin-3-yl)methyl] 227.0825 227.0342 —0.0483
(ethyl)amino}ethanol
3 C10H13CIN,O  2-{[(6-chloropyridin-3-yl)methyl](ethyl)amino} 212.0716 212.0948 —0.0232
acetaldehyde
4 C10H14NO 2-[ethyl(pyridin-3-ylmethyl)amino]acetaldehyde  178.1106 178.1334 —0.0228
5 CioH14NO,  2-{ethyl[(6-hydroxypyridin-3-yl)methyllamino} 194.1055 193.0714 +1.0341
acetaldehyde
6 CsH13NO, (E)-4-[ethyl(2-oxoethyl)amino]but-2-enal 155.0946 155.0811 +0.0135
7 CeHsNO, 2-[ethyl(2-hydroxyethyl)amino]acetaldehyde 131.0946 131.0802 +0.0144

by Maria et al. [9]. Compound 1 was then further
transformed to (Z)-2-amino-2-{[(6-chloropyridin-3-yl)
methyl] (ethyl) amino} ethanol (compound 2) in the
HOr-mediated system. Since compound 2 contained an
olefinic alcohol structure, it could undergo structural
rearrangement to form the aldehyde derivative of 2-
amino-2-{[(6-chloropyridin-3-yl) methyl] (ethyl) amino}
acetaldehyde with better stability. In the conversion of
compound 1 to compound 2, the HO' radical first
attacked the C=C bond of the side chain by adding it
to the 7 system (Eq. (10)), and then substituting -NO,
(an electron-withdrawing group) detached from the
C=C moiety after seizing an electron from the novel
producing organic radical as shown in Eq. (10). The
addition of hydroxyl radical to the 7 system associated
with the detachment of other strong electron-with-
drawing, which was substituted by the same carbon
atom, has been reported numerous times [39,52,53].

R;NNH,C = CHNO; (compound 1) + HO’

. (10)
— RyNNH,C — COHNO,

Subsequent attacking of hydroxyl radicals at the
in situ generated amino group of the side chain after
the first oxidation step (NIT — compound 1) involves
deamination redox reaction due to its high electron
donor capacity. This reaction led to the formation of
2-{[(6-chloropyridin-3-yl)  methyl] (ethyl) amino}
acetaldehyde (compound 3) and hydroxylamine. The
succeeding product of the anterior intermediate was
2-[ethyl (pyridin-3-ylmethyl) amino] acetaldehyde
(compound 4), the existence of which suggested a

dechlorination process on the pyridine ring. Although,
Cl is a strong electron-withdrawing substituent of the
pyridine ring, this process did not involve a favorable
electrophilic addition of hydroxyl radical with the rel-
evant carbon atom of the = system as stated above. On
the other hand, the most prominent peak, meaning the
biggest relative intensity in the MS spectrum after 120
min of electrolysis, was identified for compound 3.
This fact supports that compound 3 could not be
attacked easily by HO'. Therefore, under our condi-
tions, the conversion of compound 3 to compound 4
might attribute to another in situ generating oxidant,
H,0O, (see Fig. 13). In anode EC theories, the produc-
tion of H,O, is proposed through the reduction reac-
tion of O, in the cathode as follows:

O, +e” —>O£ an
O, + H' — HO,. 12)
2HO'2 — H,O, + O, (13)

There are principally two kinds of electrode mate-
rials: the so-called “active” and “non-active” anodes.
The active anodes, such as Pt, IrO,-, and RuO,-based
coatings, could do the reaction of Eq. (11) to produce
H,O, finally [33,47,50,54]. However, the non-active
anodes, like PbO,- and SnO,-Sb-based series, do not
involve the direct electron transfer of Eq. (11) to gener-
ate and produce H;O, [33,39]. Therefore, the detected
H,0, must come from another process, in which the
formation of H,O, was due to the reduction property
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Fig. 12. Proposed possible degradation pathway of NIT at the Ti/SnO,-Sb—Pr/SnO,-Sb-Dy anode.

of o-amino radical (stated in Eq. (9)). The initial pH accompanying with the accumulation of H'. So, it
value of the electrolyte sample was 6.16. As it could might recombine with H" to yield H,O, (Egs. 12 and
be seen from Fig. 12, during the degradation of NIT, 13). The rising curve in Fig. 13 indicates that the
the acidity of the electrolyte solution would increase generation rate of H,O, within 80 min electrolysis time
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Fig. 13. Variation of the concentration of in situ-generated H,O, during the EC degradation of NIT.

is faster than its consumption rate for the conversion
of compound 3 to compound 4.

After the chlorine atom leaving the pyridine ring,
compound 4 seemed to be reactive towards HO'. A
second electrophilic addition of hydroxyl radical with
the pyridine ring provoked the formation of peroxyl
radical (Eq. (14)), leading to the conversion of com-
pound 4 to hydroxypyridine compound of 2-{ethyl
[(6-hydroxypyridin-3-yl) methyl] amino} acetaldehyde
(compound 5) after releasing . The similitude process
also could be found in the conversion of 2, 4-DCR to
its dehydroxylation derivative, 4, 6-DCR [52]. In this
degradation pathway (Fig. 12), the next reaction step
of the pyridine ring cleavage was proposed. Products
obtained from the C-C bonds of pyridine ring break-
ing were identified with (E)-4-[ethyl (2-oxoethyl)
amino] but -2-enal (compound 6) and iminodicarbonic
acid. Compound 6 could be further oxidized to 2-
[ethyl (2-hydroxyethyl) amino] acetaldehyde (com-
pound 7) to ethyliminodicarbonic acid. Under oxidiz-
ing conditions, ethyliminodicarbonic acid was finally
mineralized to CO,, H,O, and NHj .

O.
/
O,
NN o a— e I
(27 v movo, T
N HO [N

(14)

As observed for NIT, intermediates were mainly
composed of pyridine derivatives (compounds 1-5) as
indicated by UV absorption spectrum analysis. The
evidences of product identification displayed that the
pyridine moiety could be attacked for the ring

rejection to take place by combining of oxidizing
agents like H,O, with EC organic oxidation. Thus, the
mineralization reaction of NIT could be summarized
as follows:

NI

— ring opening products
— CO; + H,0 + NO; + HCl + NH;

pyridine — based intermediates

NIT ——HO+02 pyridine — based intermediates —
— ring opening products —
— CO; + H,0 + NOj + HCl + NH;

3.6. Energy consumption estimation

The energy consumption per volume of treated
effluent was estimated and expressed in kWhm™. The
average cell voltage, during the electrolysis, was taken
for calculating the energy consumption, as follows:

V><A><t> (15)

E ion = | ————
nergy consumption ( 1000 < V.

where t is the time of electrolysis (h); V and A are the
average cell voltage and the electrolysis current,
respectively; and Vs is the sample volume (m?).

Table 5 presented the energy consumption
required per volume of treated effluent at a different
applied current density. As it could be observed,
during the electrolyses of NIT synthetic wastewaters,
the energy consumption seemed to be proportional to
the applied current density. For example, it increased
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Table 5
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Energy consumption calculated from Eq. (15), per volume of treated effluent during anodic oxidation of NIT for: different
applied current densities [NIT], =25 mgL ™", electrolyte: 0.3M Na,SO,

Applied current density (mA cm?)

Energy consumption (kWh m3)

Electrical energy cost

5 5.31
8 5.60
10 7.95
20 11.43

2.947
3.108
4412
6.344

from 5.31 to 11.43kWhm™ of effluent treated when
the current density passed from 5 to 20 mA cm™ [50].

Finally, taking into consideration an electrical
energy cost of about ¥0.555 (The price of Shan dong
province) per kWh, the process expenditure was esti-
mated and reported in Table 5.

Cost (¥m~?) = Energy consumption (kWhm™?)

% 0.3 (¥kWh) (16)

4. Conclusion

The Ti/SnO,-Sb-Pr/SnO,-Sb-Dy anode showed a
nice electro-catalysis performance for the degradation
of NIT. The removal efficiency of NIT and TOC
reached 87.45 and 61.46% after 180 min electrolysis for
synthetic wastewater containing 100 mg/L NIT and
0.5M NaySO, supporting electrolyte, respectively,
when operating at the current density of 10 mA cm™
The kinetic of NIT EC degradation was in accordance
with a pseudo-first-order reaction kinetics. Based on
the experimental analyses, a mineralization pathway
was proposed for NIT in neutral media. 2-{[(6-chloro-
pyridin-3-yl) methyl] (ethyl)amino}acetaldehyde was
identified as the main intermediate product before the
pyridine ring cleavage, which took place after hydrox-
ylation of the ring, ultimately leading to the transfor-
mation of NIT to ring-opening products to small
inorganic molecules. The mineralization mechanism
involved the attack of HO" and H,O,. The latter active
material was produced from the reaction between
dioxygen and a-amino radical, which in situ generated
during the EC oxidation of NIT. Hereby, the formation
of H,O, was limited by the concentration of dissolved
oxygen in aqueous solution. In order to improve the
removal efficiency of the method, increase of aeration
system to EC treatment process seemed a suitable
means.

Considering the combining of such EC process
with biological treatment technology might be another
feasible and economical alternative for the NIT
treatment. When no pyridine-containing products

remained, the electrolysis could be stopped. The
remaining ring-opening products were biodegradable.
Thus, subsequent biological process could finish the
complete mineralization. In general, such advanced
EC oxidation technique appeared to be an attractive
alternative for pre-treatment or treatment of recalci-
trant toxic wastewater containing NIT or other neoni-
cotinoid insecticides.
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