Anal Bioanal Chem (2014) 406:5323-5337
DOI 10.1007/500216-014-7942-1

RESEARCH PAPER

Identification and monitoring of thiabendazole transformation
products in water during Fenton degradation by LC-QTOF-MS

Carla Sirtori - Ana Agiiera - Irene Carra -
José A. Sanchéz Pérez

Received: 4 March 2014 /Revised: 21 May 2014 /Accepted: 3 June 2014 /Published online: 20 June 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract This work enabled the identification of major trans-
formation products (TPs) of thiabendazole (TBZ) during the
Fenton process. TBZ is a benzimidazole fungicide widely used
around the world to prevent and/or treat a wide range of fruit and
vegetable pathogens. The degradation of the parent molecule
and the identification of the main TPs were carried out in
demineralized water. The TPs were monitored and identified
by liquid chromatography-quadrupole time-of-flight mass spec-
trometry (LC-QTOF-MS/MS). Up to 12 TPs were tentatively
identified. Most of them were eliminated after 15 min of treat-
ment time and originated from numerous hydroxylations under-
gone by the aromatic ring during the initial stages of the process.

Keywords Thiabendazole - Fenton - Transformation
products - LC-QTOF-MS/MS

Introduction

A large variety and quantity of pesticides are continuously

discharged into the environment worldwide and as such rep-
resent a risk for the quality of natural waters. Their application
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mainly takes place in agricultural practices, but they are also
found in wastewater effluents of food-processing industries
including washing steps before crop processing. Although rela-
tively little information exists on pesticide behavior during
wastewater treatments, some studies point at the stability of
some pesticides in conventional secondary wastewater treat-
ments [1, 2]. An example is the systemic benzimidazole pesti-
cide thiabendazole (TBZ), a widely employed fungicide for pre-
and postharvest treatment to control a variety of fruit and veg-
etable diseases such as mold, blight, rot, and stains caused by
various fungi. It is applied by dipping, spraying, or as an
ingredient in waxes applied to the skins of fruits and vegetables
to ensure freshness [3]. As a consequence of these practices, the
presence of TBZ has been reported in river water and sediments
[4], bananas, and citrus fruit peel [5, 6] and in the effluent of an
agro-food industry, which treats its wastewater with activated
sludge in a sequencing batch reactor (SBR) [2]. This and other
uses of TBZ in the industry [7, 8] and its reported presence in
wastewater [9] necessitate the development of alternative treat-
ments that prevent the contamination of environmental waters
from these punctual sources.

Advanced oxidation processes constitute a group of tech-
niques that have received a great deal of attention [10]. They
involve “in situ” generation of highly oxidizing species, such
as hydroxyl radicals, able to degrade a wide range of organic
micropollutants, thus representing an attractive alternative to
be used as tertiary treatments [11-13]. In most cases, the
efficiency of these treatments is evaluated based on the re-
moval of the target contaminants or by global parameters, but
an important issue is the formation of transformation products
(TPs) during these processes. These TPs can lead to an in-
crease in the toxicity of the treated water and, in many cases,
are more resistant to degradation [14]. Thus, optimization of
water treatments must also consider the formation/degradation
of these degradation intermediates to ensure the quality of the
treated water, especially if they are intended for reuse [15]. In
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addition, TPs generated during the oxidative treatments may be
reasonably similar to those actually occurring in the environment
[16], thus further justifying the interest in TP identification studies.

However, these studies face serious difficulties, which
represent a challenge for analytical researchers. The variety
in structures and polarities, low concentrations, and the ab-
sence of analytical standards make the accurate assignation of
structures difficult, which is only possible by using analytical
tools such as gas chromatography (GC) or liquid chromatog-
raphy (LC) in combination with mass spectrometry (MS) [17].
The use of triple quadrupole (QqQ) systems provides valuable
structural information by performing tandem mass (MS/MS)
experiments, which increase the fragmentation of selected
precursor ions [18]. The application of ion trap mass ana-
lyzers, able to perform multiple-stage (MS”) experiments, also
represents an improvement in the identification capability of
LC- and GC-MS instruments. Thus, selected ion fragments
obtained at the first stage of analysis can be further selected,
isolated, and fragmented to increase the possibility of
confirming the proposed structures [19]. However, in the last
decade, high-resolution mass spectrometry (HRMS) has be-
come the most popular option for the identification of un-
known TPs. Time-of-flight (TOF) and Orbitrap™ instruments
and their hybrid configurations, quadrupole time-of-flight
(QTOF), ion trap-Orbitrap (LTQOrbitrap™), or quadrupole-
Orbitrap (Q Exactive™) mass spectrometers, generally in
combination with API-liquid chromatography, have been
widely applied for this purpose [20]. The ability of accurate
mass measurements with these instruments allows elemental
compositions of unknown molecules to be achieved, with
mass errors in the low ppm range or lower, thus reducing the
list of possible formulas and providing a high grade of cer-
tainty in their assignment.

In this work, the application of liquid chromatography-
quadrupole time-of-flight mass spectrometry (LC-QTOF-
MS) has been studied to identify the major TPs resulting from
TBZ resulting from degradation in water by the Fenton pro-
cess. Some previous attempts have been made to identify
degradation intermediates of TBZ generated by other process-
es, such as UV [21, 22] or TiO, photocatalysis [23]. A
previous work carried out by our group reported the degrada-
tion of TBZ by the Fenton process, identifying major TPs [2],
but this is the first time that a comprehensive study has
evaluated the transformation route of this compound by the
Fenton process. To our knowledge, high-resolution mass
spectrometry has not been previously applied for this purpose.
The use of QTOF-MS/MS has provided analytical informa-
tion useful for a more reliable structure assignation, thus
improving the existing information and allowing identifica-
tion of new unreported TPs. The main transformation mech-
anisms have been described and a tentative degradation path-
way proposed, therefore increasing the available knowledge
about the behavior of this compound.
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Experimental
Chemicals

Thiabendazole (2-(4-thiazolyl)benzimidazole; 99 %), benz-
imidazole, and thiazol-4-carboxamide (98 %) were purchased
from Sigma-Aldrich. For chromatographic analysis, high-
performance liquid chromatography (HPLC)-grade methanol
supplied by Merck (Germany), Milli-Q ultra-pure water sys-
tem from Millipore (Milford, MA, USA), and formic acid
(purity, 98 %) from Fluka were used. All Fenton experiments
were performed using iron sulfate heptahydrate (FeSO,4
7H,0), reagent-grade hydrogen peroxide (30 %w/v), and
sulfuric acid (97-98 %) for pH adjustment, all purchased from
Panreac.

Experimental setup

The Fenton process was performed in a magnetically stirred
glass vessel (5 L). TBZ degradation was evaluated in
demineralized water, and the initial concentration was
20 mg L™". During the reaction, the system was protected
from light. The pH was adjusted to 2.8 (H,SOy, 2 N). Initial
hydrogen peroxide concentration was 100 mg L™'. The cata-
lyst (iron) was dosed every 5 min in increasing amounts as
FeSO,4 7H,0 solution. The iron sequence applied was 5, 5, 5,
10, and 20 mg L™, This strategy was followed to ensure slow
degradation at first so that as many TPs as possible could be
detected and high TBZ degradation could ultimately be
achieved.

Analytical determinations

The total iron concentration was determined according to the
o-phenantroline standardized procedure (ISO 6332), and the
red complex formed was determined spectrophotometrically
at 510 nm. Hydrogen peroxide was analyzed by a quick,
simple spectrophotometric method using ammonium
metavanadate, which allows the H,O, concentration to be
calculated instantaneously based on a red-orange
peroxovanadium cation formed during the reaction of H,O,
with metavanadate, the maximum absorption of which is at
450 nm. The peroxide concentrations are calculated from
absorption measurements by a ratio found by Nogueira et al.
[24].

TPs generated during the Fenton process were monitored
by LC-QTOF-MS/MS. The chromatographic system was
equipped with a SB-C18 analytical column of 3.0 mmx
250 mm, 5 pum of particle size (Agilent Technologies);
0.1 % formic acid and 5 % Milli-Q water in acetonitrile were
used as mobile phase A and 0.1 % formic acid in water
(pH 3.5) as mobile phase B. The elution gradient went from
10 % A (3 min) to 100 % A in 22 min and was kept thereafter
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at 100 % A for 3 min. The flow rate was 0.5 mL min ' and the
injection volume, 10 L. The HPLC system was connected to
a quadrupole time-of-flight mass spectrometer (Agilent 6530
Q-TOF MS, Agilent Technologies, Santa Clara, CA). The
instrument was operated in the 4-GHz high-resolution mode.
Ions were generated using an electrospray ion source with
Agilent Jet Stream Technology. The operating conditions
were as follows: superheated nitrogen sheath gas temperature,
400 °C at a flow rate of 12 L minfl; nozzle voltage, 0 V;
capillary, 4,000 V; nebulizer, 60 psi; drying gas, 5 L minfl;
gas temperature, 250 °C; skimmer voltage, 65 V; octapole RF
Peak, 750 V; and fragment or (in source CID fragmentation),
90 V. MS/MS spectra were acquired throughout the m/z 40—
950 range at a scan rate of 0.5 s/spectrum. The collision
energy was optimized to obtain the highest number of frag-
ments. The full mass spectra data recorded were processed
with Agilent Mass Hunter Workstation Software (version
B.03.01).

Results and discussion
Thiabendazole degradation by the Fenton treatment

The Fenton process belongs to the group of well-known
advanced oxidation processes (AOPs). This treatment is often
used to remove organic persistent pollutants [25] and is initi-
ated by the reaction of ferrous iron with hydrogen peroxide to
yield hydroxyl radicals (reaction 1). Ferric iron subsequently
reacts again with hydrogen peroxide, yielding perhydroxyl
radicals (reaction 2). The process is catalyzed by iron and uses
hydrogen peroxide as reactant.

Both radicals, hydroxyl and perhydroxyl, are oxidant spe-
cies which react with the pollutants, in this case TBZ, to
generate TPs (reactions 3 and 4). However, hydroxyl radicals
are more oxidant than perhydroxyl radicals, so the oxidation is
mainly due to the former [26].

Fe’* + H,0,—Fe’" + HO™ + HO (1)
Fe** + H,0,—Fe’™ + HOO +H' (2)
TBZ + HO —»TBZ* (3)
TBZ + HOO —TBZ" (4)

As such, the Fenton process was applied in order to de-
grade TBZ at a concentration of 20 mg L ™" in a demineralized
water solution. Iron was added in increasing additions up to a

total concentration of 45 mg L', as described in the “Exper-
imental” section. Hydrogen peroxide was used in excess
(100 mg L") to guarantee that there was no lack of oxidant.
The sequential iron dosage ensured slow TBZ degradation
and, consequently, the detection of more TPs, but also a high
final degradation.

Figure 1 shows the results obtained throughout the Fenton
process. Total elimination of TBZ was obtained after the last
iron addition (45 mg L"), although 99 % degradation had
already been achieved with 25 mg L™ of iron dosage. At this
point, 60 mg L ! H,0, had been consumed, so the oxidant
was not limiting the reaction.

Identification of TPs by LC-QTOF-MS/MS

Tentative identification of TPs generated during the Fenton
treatment of TBZ in aqueous solution was undertaken by
using an LC-QTOF-MS system operated in ESI (+) mode.
Water samples were taken after each iron addition (5, 10, 15,
20, and 25 min) and at the end of the experiment (35 min),
which corresponds with the concentrations of TBZ shown in
Fig. 1. Analyses in scan mode allowed the appearance-
disappearance of peaks (was indicative of possible TPs) to
be monitored. The total ion chromatogram acquired after the
second iron addition (10 min of treatment) and the extracted
ion chromatograms corresponding with the TPs detected are
shown in Fig. 2. Elemental compositions of protonated mol-
ecules, included in Table 1, were provided by the software
with a score higher than 98 % in all cases. These score values
are based on how the mass and the isotope pattern calculated
from the formula match the measured values. The high values
obtained provide a high degree of certainty for the proposed
formulae. However, structural elucidation required additional
information, which was obtained by MS/MS analyses. MS/
MS spectra of the suspected peaks were registered to obtain
the maximum number of fragment ions useful for confirma-
tion purposes. Figures 3, 4, 5, and 6 show the mass spectra of
TBZ and TPs identified as well as tentative structures of some
relevant ion fragments. Table 1 displays analytical information
corresponding to the compounds identified, such as retention
time, elemental composition of the protonated molecules [M+
H]" and product ions, the experimental exact masses, the
difference between the observed and calculated m/z (in parts
per million), and information concerning the degree of
unsaturation of the molecules (double bond equivalents
(DBE)).

As a preliminary step, an interpretation of the product ion
spectrum of TBZ was proposed since the fragmentation pat-
tern of the parent compound is often useful in the interpreta-
tion of mass spectra of the TPs. The occurrence of typical
losses and presence/absence of characteristic fragment ions
can provide valuable information about the transformations
undergone by the TBZ molecule. Therefore, the protonated
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Fig. 1 TBZ degradation and iron
(II) and H,0, consumption
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molecule of TBZ (C;oHgN3S, m/z 202.0433) displayed a rich
product ion spectrum with fragments at m/z 175, 143, 131,
104, 92, 77, and 65 (expressed as nominal mass). The struc-
ture of the two major ions (m/z 175 and m/z 131) has previ-
ously been proposed by Calza et al. [23]. The ion at m/z 175 is
generated by the neutral loss of HCN (27 Da) with consequent
opening of the thiazole ring. Further loss of CS (44 Da) yields
the fragment at m/z 131. Other typical fragments are shown in
Fig. 3a. CoH7N, (m/z 143) fragment ion is produced by loss of
S from the ion at m/z 175. This fragment is a precursor of m/z
131, which undergoes an extra new loss of HCN to yield
C,HgN (m/z 104). Other less specific fragments correspond
to the ions CgHgN (m/z 92), C¢Hs (m/z 77), and CsHs (m/z 65)
which are characteristic of the phenyl moiety.

The molecular ions of TP2 and TP3 showed the same m/z
and elemental composition (C;oHgN3SO, m/z 218.0387), but
including in this case an extra oxygen atom with respect to the
formula of TBZ. Thus, the formula was consistent with mono-
hydroxylated products of TBZ, generated by an attack of the
OH radicals on different positions of the molecule. These
reactions are quite common in advanced oxidation processes,
and due to the nonselective nature of these oxidative species,
multiple positional isomers of mono-, di-, and even
trihydroxylated TPs are frequently detected [27]. However,
differentiation of these isomers is not always feasible by LC-
MS. In our study, accurate mass spectra obtained for both
compounds did not exhibit significant differences, and the
exact assignment of the hydroxylation position for TP2 and
TP3 could not be proposed. Both isomers showed the same
fragmentation pattern as TBZ, with common mass fragments
at m/z 191 (C9H7N208), 159 (C9H7N20), and 147
(CgH;N,0). However, the presence of the oxygen atom in
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these fragments confirmed the position of the OH group in the
benzimidazole moiety (Fig. 3b). This conclusion is also sup-
ported by the known electrophilic nature of the hydroxyl
radicals and the rich electron density of benzimidazole ring,
which may facilitate its addition. The loss of a water molecule,
indicative of the presence of an alcoholic group, was also
detected (m/z 173, CoHsN,S), thus confirming the
proposed structure. The similarity between TP2 and TP3
spectra suggests that the OH occupies similar positions
in the benzene ring. This concurs with the reported
formation of 5-hydroxythiabendazole (5-hydroxy-2-(4-
thiazolyl)benzimidazole) as part of human metabolism [28].

TP1 yielded an m/z ratio of 162.0662 (CgHgN3O), which is
consistent with the photoproduct previously identified by
Murthy et al. [22] as benzimidazole-2-carboximide. In this
case, identification of the TPs, generated by irradiation under
UV light, was performed by GC-MS. However, the fragmen-
tation observed for benzimidazole-2-carboximide coincides
with that obtained for TP1 in our study (Fig. 3¢). The fragment
at m/z 145, which shows the formula CgHsN,O, was associ-
ated with the neutral loss of NH; (17 Da), while the ion at m/z
117 (C4H5N,) corresponded to a neutral loss of 28 Da, which
was assigned to the output of the CO group. Finally, fragments
at m/z 90 (CcH4N) and 63 (CsH5) coincided with two succes-
sive losses of HCN.

TP4 (m/z 163.0502, CgH;N,0,) was assigned as 1H-
benzo[d]imidazole-2-carboxylic acid, which to our knowl-
edge, had not been previously reported in the literature. This
TP was generated by substitution of the amine group in TP1
by hydroxyl radicals, leading to the oxidation of the molecule
and formation of the acidic derivative. Because of the simi-
larity of the structures, the accurate mass spectrum of TP4
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Fig. 2 Total ion chromatogram 7 TIC
acquired after the second iron 1
addition (10 min of treatment) and o5
extracted ion chromatograms
corresponding to the TPs detected
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showed the same product ion profile as TP1, but in this case,
the fragments at m/z 145 and m/z 117 arose from stepwise
elimination of H,O and CO, pointing to the presence of the
carboxylic group (Fig. 4a).

The MS/MS spectrum of TP6 (m/z 119.0603, C;H;N,) was
consistent with benzimidazole structure (Fig. 4b). The frag-
mentation route of this compound was characterized by two
consecutive losses of HCN, related to the presence of two
nitrogen atoms in the imidazole ring, which yielded fragment
ions at m/z 92.0495 (CsHgN) and 65.0390 (CsHs). The iden-
tity of this TP was compared with that of previous literature [2,
22, 23] and was unequivocally confirmed by analysis of the
commercial standard.

Counts vs. Acquisition Time (min)

The best-fit formula for TP9 (m/z 211.0718) was
CoH;;N,0,. The absence of sulfur in the molecule and the
decrease of the DBE value by three units with respect to TBZ
were indicative of a breakage of the thiazole ring, associated
with the loss of N, S, and C. Furthermore, the molecule
contained four additional oxygen atoms, indicating a high
degree of oxidation. Observation of the MS/MS spectrum
(Fig. 4c) allowed us to confirm that part of it was identical
to the spectrum of benzimidazole (fragments at m/z 119, 92,
and 65), thus indicating the integrity of this part of the mole-
cule. Consequently, oxygen atoms were located in the aliphat-
ic chain as alcoholic functionalities, according to a DBE value
of 6. Successive losses of H,O and CO observed in the mass
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Table 1 Accurate mass measurements obtained by LC-QTOF-MS/MS for TBZ and TPs generated during the Fenton treatment

t, Ton formula [M+H]" Experimental mass Error (ppm) DBE
TBZ 9.92 C1oHgN;S 202.0437 -1.58 9
CoH7N,S 175.0326 -0.79 7.5
CoH7N, 143.0604 1.17 7.5
CgH7N, 131.0604 0.03 6.5
C,;HeN 104.0492 2.3 5.5
CeHgN 92.0495 -0.08 4.5
CeHs 77.0393 -8.79 4.5
CsHs 65.0389 -5.13 35
TPI 11.39 CsHgN;O 162.0662 -1.92 7
CgHsN,O 145.0394 1.7 7.5
C,H5N, 117.0445 6.24 6.5
CgHyN 90.0342 —4.44 55
CsH; 63.0227 —4.75 4.5
TP2/TP3 8.88/9.17 CoHgN;0S8 218.0387 0.17 9
CoH,N,0S 191.0278 -2.13 7.5
CoHsN,S 173.0160 8.96 8.5
CoH,N,O 159.0556 -1.78 7.5
CgH,N,O 147.0554 —-0.83 6.5
C4H;3N,S 111.0003 8.06 4.5
CsHgN 80.0489 7.16 35
TP4 5.06 CsH,N,0, 163.0502 -0.03 7
CgHsN,O 145.0394 1.96 7.5
C,HsN, 117.0441 3.88 6.5
CgHyN 90.0341 -0.99 55
CsH; 63.0227 —4.75 45
TP5 448 C,H;N>0S 129.0118 -0.09 4
C4H,NOS 111.985 2.02 4.5
C3H,NS 83.9907 -3.84 35
C,HS 56.9799 —=7.60 2.5
TP6 3.66 C,H,N, 119.0603 -0.19 6
CeHeN 92.0495 —-0.06 4.5
CsHs 65.039 —6.55 35
TP7 3.16 C1oH 1oN30,48 268.0384 1.02 7.5
CoHgN;0;S 250.0243 15.23 8.5
C10HeN;0,S 232.0169 2.68 9.5
CoHgN;0,S 222.0317 6.72 7.5
CoHgN;0S 204.0227 -0.52 8.5
CgHgN;0S 194.036 11.65 6.5
C;HgN;S 166.0435 -0.79 55
C,;H5N,S 149.0163 3.1 6.5
C¢H4NS 122.0054 3.86 5.5
C4H3N,S 111.0011 -1.86 4.5
CeHsN, 105.0451 =3.11 55
C3H,NS 83.9899 34 35
C3HeN 56.0501 -11.62 1.5
TP8 3.08 CoH 1oN3038 252.0438 -0.42 8
C0HgN;0,S 234.0299 13.78 8.5
CoHgN;0S 206.0353 14.93 7.5
CgHgN;S 178.0433 -5.74 6.5
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Table 1 (continued)
t, Ton formula [M+H]" Experimental mass Error (ppm) DBE

CgHgNO; 164.0328 8.49 6.5
C4H;3N,S 111.0003 8.06 4.5
C¢H4NO 106.0286 0.87 5.5
C4HeN 68.0495 0.29 2.5

TP9 2.90 CoH1N>Oy 211.0718 -2.3 6
CoH;N,0O, 175.0495 3.17 7.5
CgH;N,O 147.0545 2.76 6.5
C;H;N, 119.0601 1.84 5.5
CeHgN 92.0489 6.21 45
CsHs 65.039 —6.55 35

TP10 2.38 C,HsN3S 128.0279 1.14 35
C4H;N,S 111.0009 2.34 45
C;HoNS 83.9902 -1.19 3.5
C,HS 56.9798 —7.56 2.5

TPl 218 CoH2N30,8 270.0546 —2.05 7
Ci0H1oN505S 252.0433 1.26 7.5
C0HgN;0,S 234.0334 -1.29 8.5
CoHgN;0S 206.0382 —0.46 7.5
CgHgN3S 178.0431 1.74 6.5
C7H;N5S 165.0349 0.91 6
CgHgNO, 151.0613 0.91 5
C4H;N,S 111.001 -0.82 4.5
CsHgNO 96.0443 2.03 35

TPI2 213 CoH2N;058 286.0493 0.66 7
C1oH10N304S 268.0394 1.55 7.5
C1oHsN;05S 250.0282 1.82 8.5
C1oHgN30,S 232.0168 2.85 9.5
CoHgN30,S 222.033 5.72 7.5
CoHgN30S 204.0246 —-7.76 8.5
CgHgN;0S 194.0384 5.78 6.5
CgHsN,OS 177.0126 -1.9 7.5
CgHoN,O, 165.0662 —2.02 5.5
C4HgN5S 128.0287 —2.44 3.5
C4H;N,S 111.001 0.44 45
CeHsNy 105.0453 —5.16 5.5

spectrum are consistent with this hypothesis. Based on these
observations, TP9 was tentatively identified as 1-(1H-
benzo[d]imidazol-2-yl)ethane-1,2,2,2-tetraol. To our knowl-
edge, identification of TP9 is the first evidence reported of
the attack of hydroxyl radicals on the thiazole ring.

TPS (m/z 129.0118, C4HsN,0S) and TP10 (m/z
128.0279, C4H¢N5S) showed a very similar fragmenta-
tion profile with characteristic fragments at m/z 111,
83.9, and 57 (Fig. 5a, b). However, while the two last
fragments corresponded with the same formula, accurate
mass measurements allowed for differentiation between
fragments at m/z 111.985 (C4H,NOS) for TP5 and m/z

111.0009 (C4H3N,S) for TP10. Fragmentation of TP10
was attributed to a loss of NH; and two consecutive
losses of HCN. TPS5 yielded fragments corresponding
with successive losses of NH;, CO, and HCN. This
fragmentation was similar to that obtained by GC-EI-
MS by Murthy et al. [22] and assigned to thiazole-4-
carboxamide. The availability of the commercial stan-
dard allowed the unambiguous confirmation of this in-
termediate confirmation. TP10 was identified as
thiazole-4-carboxamidine and could possibly correspond
with a previous step in the oxidation of TBZ molecule
after the benzimidazol ring opening.
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Fig. 3 Product ion spectra of TBZ (a), TP2/3 (b), and TP1 (c) obtained by LC-QTOF-MS/MS and tentative fragment ion structures

145.0392

>
>

A

v

TP7, TP8, TP11, and TP12 were identified as potential subsequent ring opening. Calza et al. [23] reported this route
products of the cleavage of the benzene ring by the attack of  as a potential TiO,-induced photodegradation pathway of
multiple OH radicals on the C1-C2 double bond. This reac-  TBZ through identification of TP7 and TP11. In our study,
tion can be considered to be the next step in the hydroxylation  this route has been confirmed by the identification of two new
reaction already described in TP2 and TP3, which leads tothe =~ compounds, TP8 and TP12.
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TP11 (m/z 270.0540, C;oH{,N504S) showed a mass
spectrum with abundant fragmentation (Fig. 5c). DBE
was reduced by two units with respect to TBZ, indicating
that the benzene ring opening was accompanied by the
reduction of double bonds by OH radicals. Some of the

observed ions (m/z 252, 234, 224, and 206) were common
to those reported by Calza et al. [23], carried out in an ion
trap mass spectrometer using multiple-stage (MS? and
MS?) experiments. These fragments corresponded with
two successive losses of water CO, typically attributed
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Fig. 5 Product ion spectra of TP5 (a), TP10 (b), and TP11 (c) obtained by LC-QTOF-MS/MS and tentative fragment ion structures

to the presence of alcoholic and carbonylic groups. An
additional stepwise elimination of H,O and CO was also
observed, which gave rise to the fragments m/z 188.0281
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and 178.0426. This resulted in being the preferential
fragmentation pathway. The presence of N3S in most of
the fragments confirmed the integrity of the thiazole and
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Fig. 6 Product ion spectra of TP7 (a), TP12 (b), and TP8 (c) obtained by LC-QTOF-MS/MS and tentative fragment ion structures

imidazole rings and supported the benzene ring opening
theory. Further opening of the imidazole ring is proved by
the ion fragment at m/z 111.001 (C4H3N,S) also present in
other TPs already commented.

TP7 (m/z 268.0384, C;oH;oN304S) arose from the
oxidation of one alcoholic group in TPI11, evidenced
by the reduction of two hydrogen atoms in the molec-
ular formula with respect to TP11. The protonated
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molecular ion loses a water molecule with the formation
of m/z 250. A further loss of water leads to the forma-
tion of fragment at m/z 232. Subsequently, both ions
lose two CO groups (m/z 222 and 204) each. In addi-
tion to these stepwise eliminations of H,O and CO,
many others occur simultaneously, resulting in a very
complex spectrum (Fig. 6a).

TP12 (m/z 286.0493, C,oH;,N305S) was the intermediate
displaying a higher grade of oxidation with five oxygen atoms
in the structure. Its elemental composition and DBE value
reveals the presence of an additional hydroxyl group with
respect to TP11 structure. The proposal is the formation of
2-hydroxy-2-(4-(1,2,2-trihydroxyethyl)-2-(thiazol-4-yl)-1H-
imidazol-5-yl)acetaldehyde,2-hydroxy-2-(4-(1,2,2-
trihydroxyethyl)-2-(thiazol-4-yl)-1H-imidazol-5-
yl)acetaldehyde, since the presence of ions at m/z 178.0426
and 111.001 (Fig. 6b) discards the possibility that the new OH
group can occupy positions in the imidazole or thiazole rings.
The fragmentation pattern shows three consecutive losses of
H20 (iOIlS at m/z 268, C10H10N304S; mlz 250, C10H8N303S;
and m/z 232, C1oHgN;0,S), which are consistent with the
presence of multiple OH groups. Tentative assignations of
the structures of some fragment ions are depicted in Fig. 6b
to support the proposed structure of the parent compound.

TP8 (m/z 252.0438, C;oH;oN305S), showed the same
DBE value as TP7, pointing out the presence of two

Table 2 Summary of previous works concerning TBZ degradation in water

carbonyl groups in the molecule. However, the number
of oxygen atoms was lower, indicating the presence of
only one OH group. This was confirmed by the frag-
mentation pattern that showed only one loss of water
(m/z 234) followed by two consecutive CO losses (m/z
206 and 178) (Fig. 6c).

Proposed transformation pathway and evolution profile
of TPs

On the basis of the results presented above and taking into
account previous studies on the TBZ oxidation (Table 2), two
competing pathways (Fig. 7) can be proposed. One is initiated
by the addition of the ‘OH to the benzene ring by electrophilic
substitution of one hydrogen atom, to bring about the forma-
tion of two mono-hydroxylated species (TP2/TP3). No further
hydroxylation reactions conducting to poly-hydroxylated de-
rivatives were observed, thus suggesting that further attack of
‘OH on the benzene moiety will ideally lead to ring opening
(compounds TP7, TP8, TP11, and TP12). This reaction route
had been previously reported by Calza et al. [23] during TiO,
photocatalysis of TBZ (see Table 2). In this case, structures of
TP7 and TP11 were also proposed. In addition, Calza et al.
[23] reported the formation of 2-(thiazol-4-yl)-1H-imidazole,
not detected under the conditions used in our study. This
compound, shown in brackets in Fig. 7, arises as a

TPs Treatment . Irradiation Analytical
. e Matrix .. 7. Ref.
identified applied conditions conditions
TP2/ TP3, TP11, TiO,/UV  Distilled water 1500 W xenon LC-(APCDIT-MS"  [23]
TP6, TP7 (15mg L™ lamp (Solarbox)
i simulating AM1
E/>_© solar light and
equipped with a
340 nm cut-off
filter
TP2/ TP3, TP6, Fenton Distilled water — _ LC-(ESHQTOF- [2]
TP10 (100 pg L™ MS/MS
TP1, TP5, TP6 uv Distilled water ~ High pressure GC-(EDQ-MS [22]
" 2mgL D) mercury lamp
(L) (HPK 125W,
Koo Philips) A > 290
©:N/>_<;H3 nm.
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Fig. 7 Tentative transformation pathway of TBZ degradation by the Fenton process

consequence of cleavage of the aliphatic chains and can be
considered to be an intermediate step in the formation of TP10
and its subsequent oxidized derivative TP5. These two com-
pounds could also appear as a result of direct breakage of the
TBZ molecule by the two N atoms in imidazole ring as
proposed by Ji et al. [27] in their study about degradation of
the sunscreen agent 2-phenylbenzimidazole-5-sulfonic acid

by TiO, photocatalysis. These authors suggest these sites as
likely to be attacked by HO radicals due to their high electron
density.

A common characteristic of all these compounds was the
presence of the thiazole ring in the molecule. However, a
concomitant pathway was observed that includes the ‘OH
attack on this moiety. TP1, TP4, TP6, and TP9 arise as a result
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of'this reaction. This route had been proposed by Murthy et al.
[22] during the photolysis of thiabendazole in aqueous solu-
tion, with the identification of TP1 and TP6. Formation of
benzimidazole (TP6) is also widely referenced. In the words
of Calza et al. [23], this structure is formed through an OH
radical attack on the C1’ and the consequent C—C chain
broken. However, the presence of the benzimidazole moiety
in TP1, TP4, and TP9 suggests that these compounds can also
arise after the loss of the aliphatic chain.

Figure § shows the transformation profile of TBZ and TPs
throughout the Fenton treatment. To facilitate the observation,
the intensity of the TPs was normalized to the maximum peak
intensity of TBZ recorded. All the TPs identified reached
maximum intensity after the second iron addition. After that,
they all decreased and disappeared, with the exception of
TP10 (thiazole-4-carboxamidine), which remained even after
total elimination of TBZ, thus evidencing the higher stability
of the thiazole ring. The highest intensity reached by TP10,
even in the early stages of treatment, reinforces the hypothesis
that it can be generated from direct breakage of the TBZ
molecule [28]. Similarly, the higher intensity reached by
TP1, TP4, and TP9 and the fact that the corresponding thia-
zole moiety was not detected point out the opening of thiazole
structure and subsequent losses in the aliphatic chain as the
preferred route for the formation of benzimidazol.

Conclusions

TBZ degradation by the Fenton reaction has been assessed
through identification of transformation products generated in
the process. Two main pathways have been identified that lead
to the transformation of this pesticide in water solution. Both
initiate with typical hydroxylation reactions which, as a con-
sequence of electrophilic nature of hydroxyl radicals, can
occur in both benzimidazole and thiazole rings. LC-QTOF-
MS/MS use, along with the experimental conditions selected
for the experiments, has allowed up to 12 intermediates to be
identified, some of them previously unreported, which in-
creases the available knowledge about the behavior of this
compound. Identification of thiazole-4-carboxamidine in the
last stage of the treatment again represents evidence for the
necessity of monitoring both parents and TPs. The identifica-
tion of these TPs will help in the implementation of more
complete analytical methods where the presence of TPs could
be evaluated in a joint analysis of reference compounds in
environmental samples (surface water and sediment).
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