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The degradation kinetics of three pesticides - fdely/de,
clopyralid and mecoprop - by ultraviolet photolyarsd hydroxyl
radical oxidation by low pressure ultraviolet hygea peroxide
(LP-UV/H,0,) advanced oxidation was determined. Mecoprop
was susceptible to both LP-UV photolysis and hysgiroadical
oxidation, and exhibited the fastest degradatioetits, achieving
99.6% (2.4-log) degradation with a UV fluence 0088J/cni and
5 mg/L hydrogen peroxide. Metaldehyde was poortyrdéed by
LP-UV photolysis while 97.7% (1.6-log) degradatiwas achieved
with LP-UV/H,O; treatmenat the maximum tested UV fluence of
1000 mJ/crhand 15 mg/L hydrogen peroxide. Clopyralid was
hardly susceptible to LP-UV photolysis and exhithitee lowest
degradation by LP-UV/ED, among the three pesticides. The
second-order reaction rate constants for the @abetween the
pesticides and OH-radicals were calculated applgikionetic
model for LP-UV/HO, treatment to be 3.6x$02.0x1¢ and
1.1x10M™* s* for metaldehyde, clopyralid and mecoprop,
respectively. The main LP-UV photolysis reactionguct from
mecoprop was 2-(4-hydroxy-2-methylphenoxy) propearamid,
while photo-oxidation by LP-UV/bD, treatment formed several
oxidation products. The photo-oxidation of clopigahvolved
either hydroxylation or dechlorination of the rirvghile

metaldehyde underwent hydroxylation and produceti@acid as
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a major end product. Based on the findings, degi@dpathways

for the three pesticides by LP-UV/8, treatment were proposed

1. Introduction

Many pesticides are chemically stable, toxic, aod-n
biodegradable and may be resistant to direct deositipn by
sunlight (Gilland Garg2014). Therefore, pesticide residues persist
in the environment and pose a risk to both ecosstnd human
health. Although water treatment processes sugnaamsilar
activated carbon (GAC) filtration and/or ozonatare effective
barriers for the removal and degradation of marsfipiees, in
particular clopyralid and metaldehyde are not dgagimoved by
such technologies because of their polarity andnoted structure
(Cooper 2011). For this reason, advanced oxidgtronesses
(AOPs) are considered to treat water containingdalm®ntaminants

(Swaim et al. 2008, Vilhunen and Sillanpaa 2010).

This study focused on three pesticides, metaldelotdpyralid
and mecoprop because of their differences in stibdép to
degradation by LP-UV photolysis and hydroxyl ratim&dation,
their presence in European water bodies and threesaggormation
on their degradation by low pressure (LP)-UYH AOP in

literature, especially for clopyralid and metaldébyThe
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structures of these pesticides are shown in Fitjuned their

physicochemical characteristics are given in T&dle

Mecoprop ((R,S) 2-(2-methyl-4-chlorophenoxy)-prap®acid), a
chlorophenoxy herbicide, developed circa 1956pmmonly
applied to control a variety of weeds and is foungroundwater
wells and abstractions in many areas around Eufdpeersity of
Hertfordshire 2015). Clopyralid (3,6-dichloro-2-mine-
carboxylic acid) is used to control broadleaf wekedsertain crops
and turf. Its chemical stability along with its midly enables
penetration through the soil, causing long termammation of
groundwater as well as surface water supplies ¢lizet al. 2011).
Both mecoprop and clopyralid are frequently deatedrinking
water (Donald et al. 2007). Metaldehyde (2,4,6t8ataethyl-
1,3,5,7-tetraoxocane) is a contact and systemitusmtide bait
for controlling slugs and snails. In 2009, the UKHRing Water
Inspectorate (DWI) Annual Reports for drinking wageality in
England and Wales reported that metaldehyde wasmegle for
one third of the 1103 water quality failures, siitds not removed
by GAC -filtration or degraded by ozonation (DringiWater

Inspectorate 2015).

The treatability of these pesticides by various ADRBs been

investigated previously but no studies have beparted so far
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concerning OH-radical assisted oxidation by LP-UMb
treatment. Meunier and Boule (2000) and Boule .g28i02)
studied the photo-transformation of aromatic pefgi including
mecoprop. They reported that the photo-transfoomadf
mecoprop yielding a number of photo-products, nyayl
heterolytic photo-hydrolysis was pH-dependent aad not
influenced by oxygen or UV light in the wavelengémge of 254-
310 nm. Sojic et al. (2009) proposed pathways apyaalid
degradation by medium pressure (MP)-UV/Ti@atment
suggesting radical reactions and hydroxylatiorhefring, whereas
Xu et al. (2013) applied MP-UVA®D, treatment resulting in
dechlorination and formation of further oxidatiomg@ucts.
Topalov et al. (1999) studied mecoprop degraddiyoMP-
UV/TIO, treatment and proposed radical reactions resuiitoga
hydroxylated/dechlorinated aromatic moiety and iacatid as the
main products. Autin et al (2012) reported on thgrddation of
metaldehyde by LP-UV/KD, and LP- UV/TiQ treatment but did
not include any details of reaction product forrmatiMoriarty et
al. (2003) proposed mechanisms for the reactiarydic ethers

with OH-radicals that could apply to metaldehydevad.

The aim of this study was to investigate the sulitstof the LP-
UV/H,0, AOP for the degradation of the three selected

compounds by evaluating the comparative degradéatraetics for
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LP-UV photolysis and hydroxyl radical oxidationetformation of
the major reaction products and the possible i@apathways for

their formation.

2. Materials and Methods

2.1 Chemicals

Metaldehyde, clopyralid, mecoprop, 4-chlorobenzaic (0 CBA)
and bovine catalase were purchased from Sigma¢Ndri
(Zwijndrecht, The Netherlands). Sodium dihydrogéogphate,
disodium hydrogen phosphate, hydrogen peroxide [30%
HPLC-grade methanol (99.9%), the latter used faiydical
purposes, were purchased from VWR (Leuven, Belgium)
Laboratory grade water (LGW) was produced by aiMll

Advantage A10 system (Merck Millipore, Darmstader@any).

Stock and working solutions for all experiments evprepared in
Milli-Q water. The stock solutions were prepareddolging the
pesticide, followed by moderate heating and somnat needed,

to achieve complete dissolution.

2.2 UV Collimated Beam Experiments

UV exposure experiments were carried out with a&chestale

collimated beam apparatus, equipped with a 25 Watpressure
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mercury arc discharge lamp without a lamp sleete. dmission
spectrum of the UV lamp, obtained from Trojan U\Ehieologies
(London, Ontario, Canada) mainly consisted of amgjremission
at 254 nm. A warm-up time of at least 20 min wagvetd to
ensure a constant light output before irradiathregdolution. A
sample volume of 55 mL was placed in a Petri dighld0, was
added to obtain the desired concentration. Thamlist between
the lamp and the surface of the sample was 29./Asmmoon as the
sample was placed under the collimating tube, ngixvas started,
and the irradiation time was measured as soonesshiliiter was
opened. Immediately after irradiation,® was quenched with the

addition of bovine catalase, the samples weradt€¢0.4mm pore

size) and stored in the dark aC4until analysis.

The fluence rate in the center of the sample wasW/cnf and
the path length through the sample solution wag &m. The
Petri Factor was measured before every batch bf egperiments
by measuring the fluence rate across the x—y seidamg a
radiometer and was equal to 0.96 (ILT1700 Radiomke@T-
QuantumDesign GmbH, USA). The absorption specttaethree
pesticides in the UV region (Figure S1), and theoalbance of the
water samples at 254 nm, were used to calculatexpesure time
for the desired UV fluences, using a fluence cailtoih

spreadsheet based on Bolton and Linden (2003).
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Single-solute experiments were performed in Millin@ter. For
the kinetic experiments the initial pesticide cartcation was 0.3
mg/L, in order to exceed the analytical detectionit) being at the
same time as close as possible to realistic corat@nts of these
compounds in surface water. UV fluences in the easf@-1000
mJd/cnf, in steps of 200 mJ/dnand HO, doses of 0, 5 and 15
mg/L were applied. Irradiation times ranged fromt@®0 min,
with larger times corresponding to higher UV fluesacThe
solutions were not buffered but pH was monitored eariations

were within 1 pH unit (6.5-7.2).

Competition kinetics experiments for the determorabf the
second-order rate constants between the pestiaidethe OH-
radicals were conducted in laboratory grade waties with 1
mg/L of each compound and 0.5 mg/L of pCBA as artwyl
radical probe compound. The samples were irradiatétda range
of UV fluences 200-500 mJ/énn steps of 100 mJ/chand 5

mg/L of H,O;, as the source of the OH-radicals.

For the reaction product formation experiments,itiiel
concentrations, UV fluences and®} doses were increased
compared to those for the kinetics experimentsydter to achieve
formation of reaction products at quantifiable levend determine

their profiles with UV fluence (reaction time). Thuetial



171 concentrations were 5 mg/L for metaldehyde, 10 nfgrL

172 mecoprop and 20 mg/L for clopyralid. The UV flueseeere O-
173 1500 mJ/crh applied in steps of 500 mJ/&ior all three

174  pesticides. The D, doses were 10 and 30 mg/L for metaldehyde
175  and mecoprop, and 10, 30 and 60 mg/L for clopyr&at

176  mecoprop, LP-UV photolysis experiments (nglz) were

177  performed as well, since it is the only photo-lalmbmpound of
178  the three. All samples were buffered at pH 8 wifthasphate
179  buffer solution. Before analysis, the peroxide wasnched, with
180 the addition of bovine catalase (except for Totejadic Carbon
181  (TOC) analysis), the samples were filtered (@b and stored in

182 the dark at 4 until analysis. All experiments were performed in

183  duplicate.

184 2.3 Analytical Methods

185 The pesticides (metaldehyde, clopyralid, mecopaw) p-

186  chlorobenzoic acid were detected and quantifieshich sample by
187  liquid chromatography tandem mass spectrometry MSIMS)

188  using an Agilent 6410 QQQ Mass Analyzer with elespray ion
189  source. Metaldehyde was detected in the positiveemnehereas
190 clopyralid, mecoprop and p-chlorobenzoic acid witected in
191 the negative mode. A Phenomenex Kinetex Phenyl-Hstymn

192 (100mm*2.1mm, 2.6um particle size) was used, eqdppith an
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appropriate guard column. The mobile phases ugetiégositive
mode were A: 2.5 L Milli-Q water with 2 mL formiccal (99%)
and 1 mL ammonia (30%), and B: 2.5 L acetonitrilth@.1%
formic acid, and for the negative mode A: 2.5 LIMQ water with
0.75 mL formic acid (99%) and 1.5 mL ammonia (308&b)J B:
2.5 L acetonitrile. The flow rate was 0.35 mL/mis internal
standards, fenoprofen for the negative mode and
dihydrocarbamazepine for the positive method weezluFor
instrument control and data analysis Agilent MasséiuQuant
software was used. The same method was used fdetletion of
the reaction products from each pesticide. Befoesyeset of
experiments, calibration curves (0.5-1QQflL) for the pesticides

were generated with good linearity®.99).

The chloride ion was quantified in each sampledoy i
chromatography. A Metrohm IC Compact 761 ion chrmgeaph
(IC) was used, equipped with a Metrohm Metrosepupsh
(150/4.0 mm) column, a Metrohm Metrosep A Supp@iard
pre-column and a conductivity detector. Low molacweight
organic acids were detected and quantified by-hitygh pressure
liquid chromatography (UHPLC), consisting of a Phwenex
Rezex Organic Acid H(300x7.8 mm) column, an Ultimate 3000
RS Column Compartiment column oven and an Ultinr38@0 RS

Variable Wavelength Detector. Total organic carpb@C)

10
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content was measured by a TOGERH analyser equipped with an

ASI-L autosampler.

H.O, concentrations were measured using the triiodidénod

(Klassen et al. 1994).

3. Results and Discussion
3.1 Degradation by LP-UV photolysis

For the overall degradation of a contaminant byU\AH 0,
treatment a kinetic model described by Sharpledd arden
(2003), Baeza et al. (2011) and Lester et al. (RQES applied and

is given in the Supplementary Materials.

The degradation of the compounds was found toviopeeudo
first-order kinetics for all combinations of UV #aces and (D,
doses. The LP-UV photolysis rate constangss(y were derived
from the slopes of the regression curves correspgrid LP-UV
photolysis and the LP-UV photolysis-hydroxyl radio&idation
combined rate constantsfkrom those corresponding to the LP-

UV/H0, treatment (Figure 2).

The molar absorption coefficientss(ss M™ cm*) were measured
experimentally and together with the photolysi® r@nstants ¢k

s') were used to calculate the quantum vielgs,€, mol/Ein),

11



236  following the photochemical approach given by Bolemd Stefan

237  (2002) and using equation (1)

€ In10
k =(Pc,254 C,254 (1)

238 p
1000 U}L'254

239  where U »s4is the molar photon energy argpresents the energy
240 of 1 Ein of photons at 254 nm and is equal to 4BLFEin (Bolton

241  and Stefan 2002).

242  Both the molar absorption coefficient and quantuehdyare

243  important parameters, determining the degree ofpoamd

244  degradation by LP-UV photolysis. Although experirtadiy the

245  highest molar absorption coefficient was obtairadcfopyralid

246 (1044 M* cmi) compared to mecoprop and metaldehyde (211 and
247 42 M cmi?, respectively), mecoprop was the compound most

248  effectively degraded by LP-UV photolysis at 254 meflecting its

249  greater quantum yield. The quantum yield values\leae

250 determined were: for mecoprop 0.8810 mol/Ein, fetatdehyde

251 0.2014 mol/Ein and for clopyralid 0.0047 mol/Eirafle 1).

252  Regarding the very low quantum yield and its défeze from the
253  one literature value available given by Autin et(aD12) (Table
254 1), this was attributed to the behavior of metajaighunder LP-
255 UV photolysis, i.e. for the first two UV fluencepgied (200 and

256 400 mJ/crf) the degradation increases to approximately 1% and

12
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with higher fluences it subsequently decreases;ghenomenon
was observed only for UV photolysis (not for U\iB3) and also
in cases where all pesticides were present indhgign (mixture

of the three pesticides).

Mecoprop exhibited the highest degradation rangiom 17% to
60%, since its aromatic structure makes it susckepto LP-UV
photolysis. The degradation was directly propodido UV

fluence.

A very small amount of degradation of clopyralidsaabserved by
LP-UV photolysis (1.2%), despite the presence loéteroatom
(nitrogen) and an aromatic system in its structlires behaviour
could be attributed to the photochemical dissammatmechanism
of the pyridine ring; irradiation at 254 nm is thybi to cause an n
— p* excitation leading to a bicyclic valence isomi@ewar
pyridine, which re-aromatizes completely to pyralinithin 15

min at room temperatu®Vilzbach and Rausch, 1970).

Degradation of metaldehyde by LP-UV photolysis wegligible
(1%). This behaviour was expected due to its lolamabsorption
coefficient (42 M! cm*) and the absence of aromaticity,

unsaturated sites or heteroatoms in the molecule.

13



277 3.2 Degradation by LP-UV/H,0, treatment

278  Addition of H,O, caused its photolysis and subsequent production
279  of OH-radicals, non-selective oxidants, enhancimegdegradation
280  of all three pesticides. Figure S2 shows the dediawl profiles of

281 the three pesticides by LP-UV photolysis and LP-HX0,

282  treatment for all UV fluence/ D, dose combinations.

283  LP-UV/H,Otreatment of mecoprop, with a UV fluence as low as
284 200 mJ/crhand 5 mg/L of HO,, led to a degradation of almost
285  80%. Under the maximum treatment conditions apphetiis

286  research effort (1000 mJ/érand 15 mg/L HO,) the achieved

287  degradation was 99.6% (2.4-log) (Figure S2). Tig heactivity

288 towards OH-attack could be attributed to the preseni the

289  benzene ring substituted with activating groupsQHZH;COOH

290 and —CH).

291  For clopyralid, addition of hydrogen peroxide enteshthe

292  degradation compared to LP-UV photolysis, causéip5

293 degradation by a UV fluence of 1000 mJfand 5 mg/L HO..

294  When the HO, dose was tripled from 5 mg/L to 15 mg/L, a

295 degradation of 84% (0.8-log) was achieved (Figwke Of the

296 three pesticides clopyralid was the least susdeptiompound to
297  LP-UV/H;0, treatment. This can be explained by the pyriding r

298  of the molecule, where electrophilic attack is laretl by the low

14
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320

energy of the orbitals of the ringissystem. In addition, the lone
electron pair of the nitrogen atom is not deloediand
destabilizes the cationic ‘would-be’ intermediaten the

electrophilic attack (Clayden et al. 2012).

The combination of UV light with hydrogen peroxideas essential
for the degradation of metaldehyde due to its ngsesptibility to
LP-UV photolysis. LP-UV/HO, treatment caused a gradual
increase of degradation, reaching approximatelytdg597%o)
degradation for a UV fluence of 1000 mJfcand a HO, dose of
15 mg/L (Figure S2). Metaldehyde is a cyclic teteaof
acetaldehyde and an ether derivative. It is propdisat the
reaction of OH-radicals with cyclic ethers occuysdirect H atom
transfer, in which the hydrogen-bonded adduct farimetween the
OH-radical and the ether is sterically restricledding to a much
lower reactivity (Moriarty et al. 2003). Furthernegthe possibility
of an H-atom transfer becomes less likely as thg size
increases, due to entropy restrictions (eight-meedbeng in our

case).

3.3 Kinetics of LP-UV/H,0,treatment

Although the pH is expected to affect oxidationgasses such as
UV/H,0, for the degradation of micropollutants by changimgjr

in the solution, we chose not to buffer for thedtios-related

15
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343

experiments. Taking into account the pialues for mecoprop
(PKs=3.78) and clopyralid (pk=1.4 and pK=4.4) (Table S1) and
the monitored pH range over which the experimesa& place
(pH=6.5-7.2), both pesticides are expected to beqmnt in their
anionic states. The pH effect would be signifidéttte pH varied
beyond the range below and above thg ydues; within the range
considered in these experiments they are not exgéctshift
between neutral and ionic state, therefore thetikimare not
expected to be affected. Metaldehyde does not Agka value
and does not dissociate in water, therefore théesptét expected
to affect its degradation by this process. The @lgsis of HO; is
also expected to be favoured at neutral pH, althdhg greatest

enhancement is expected at alkaline pH (Legrial.€t993).

The LP-UV photolysis rate constants &) of the pesticides were
derived from the slopes of the regression curvesrgin Figure 2.
According to the kinetic rate constants obtaineab{& 2) the

fastest degradation kinetics by LP-UV photolysisevexhibited

by mecoprop (1.5xIHs?) followed by metaldehyde (4.3x2G™)

and clopyralid (9.4x10s%). When hydrogen peroxide was present
the same order of reactivity was observed; fordrdgen peroxide
dose of 15 mg/L, mecoprop exhibited the fastesttids (1.9x10

s%), followed by metaldehyde (5.8 xt@™) and clopyralid

(3.2x10" s%). It should be noted that the rate derived fonsedof

16
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361
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364

365

15 mg/L of hydrogen peroxide was derived on a simigitum,
since the concentrations of mecoprop for the othéfluences

applied were below the detection limit.

The addition of hydrogen peroxide in two differenhcentrations
(5 mg/L and 15 mg/L) had a different impact on degradation of
each pesticide. Mecoprop kinetics were the ledsttgd;
compared to LP-UV photolysis a 9-fold and 13-foidrease in
kinetic rate constants were observed when 5 mgd 1&mg/L of
hydrogen peroxide were added, respectively. Omther hand,
the rate constants for metaldehyde and clopyragicevgtrongly
enhanced when hydrogen peroxide was added. Foldakyae,
the increase was 74-fold and 134-fold for 5 mg/td &6 mg/L of
peroxide, respectively. Clopyralid exhibited thegkst
enhancement in terms of kinetic rate constants vilyenogen
peroxide was added with a 160-fold and 340-foldense,
respectively. Triplication of the hydrogen peroxm®centration
from 5 to 15 mg/L resulted in a 1.4-fold, 1.8-fe@ldd 2-fold
increase of the rate constants for mecoprop, magtte and

clopyralid, respectively.

From a practical point of view, the choice of tmg) the HO,
depends on the initial influent concentration & gesticide in a

WTW and the level of pesticide degradation desitedhe case of

17



366 mecoprop, the reaction is fast even at the lowgSxH

367 concentration, with the degradation being enhacdy by around
368 2% when the KD, concentration is tripled. On the other hand, for
369 metaldehyde and clopyralid, the degradation is ecéc by 11-

370  12%. As an example, an influent concentration 8fifyL

371  metaldehyde treated by a practical U4 combination of

372 200mJ/crm/ 5 mg/L would result in 70% degradation, reduding
373 concentration to 0.24)/L, while the permitted level of an

374  individual pesticide in drinking water accordingtte EU

375 legislation is 0.jkg/L (Council Directive 98/83/EC, 1998).

376 3.4 Reaction of pesticides with OH-radicals

377  In order to assess the reactivity of each pesticd@rds hydroxyl
378 radicals, the parameters obtained from the singjletes

379  experiments (i.e. the molar absorption coefficiegteantum yields
380 and pseudo first-order rate constants) were ingatpd into the
381  UV/H,0, model to obtain the second-order rate constarteces
382 each compound and *OH.¢k/c). By combining the equations
383 from the LP-UV/HO; kinetic model and solving for.dgc,

384 equation (2) is obtained (Supplementary Materials):

Kox k'OH,Hz (o)}

(2)

385 k. =
OH/C kH202,254- PH,05,254

18



386 where ky(s?) is the OH-radical oxidation rate constant obtdine
387 from the rate constant determined for the UMJkprocess and

388  corrected for direct photolysis contributidtgy i,0, (M™ s%) is

389 the second-order rate constant for the reactiond®2t hydrogen

390 peroxide and OH-radicals which was assumed to baleq

391 2.7x10 M s* (Buxton et al. 1988y, 254 (Ein/mol s)is the

392  specific rate of light absorption by hydrogen pedexat 254 nm,

393 andgy,o, 254 IS the quantum yield of hydrogen peroxide at 254nm

394 (1 mol/Ein).

395  The values obtained were 3.59810.96 x1§and 1.09x10M™ s*
396 for metaldehyde, clopyralid and mecoprop, respebti¢Table 2).
397  From these values it is evident that mecoprop ébdula

398  substantially greater reactivity towards OH-radsaadmpared to
399 the other two pesticides (an increase by a fadt8ramd 5.6

400 compared to metaldehyde and clopyralid, respegbivel

401  Two second-order rate constants are available &alokehyde and
402  one for clopyralid, whereas for mecoprop more valae

403 available, however with a large variation betwesnt (Table S2).
404  The differences observed between the values olotamthe

405  present study and the ones stated in literaturdeattributed to a
406  number of reasons; Apart from the competition Kosetvith

407 pCBA, Autin et al. (2012) also utilized the modéMinakata et
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418

419

420

421

422

423

424

425

426

427

428

429

al. (2009) where the calculations are based omiblecule
geometry and structure. Armbrust et al. (2000) wsEophenone
as a reference compound and Beltran et al. (1982 @ or

O4/H,0;, as oxidation processes.

The second-order rate constants were also caldwaehe
competition kinetics with pCBA and the values obéal were
8.3x16, 6.3x16 and 8.9x10M™ s* *for metaldehyde, clopyralid
and mecoprop, respectively. The variability forsbealues was
larger as it is shown in Table 2, and also theemlhemselves
were greater for all three pesticides comparetiemhes obtained
by the kinetic model. This could be attributedhe fact that the
method relies on the application of the rate coristha probe
compound, which could be inaccurate, but also édfalst that
pCBA is not completely recalcitrant to photolydfe(eira et al.

2007).

3.5 Reaction product formation

A mechanism for the degradation of each pesticitkeulLP-UV
photolysis combined with OH-attack (and also of U%-
photolysis in the case of mecoprop) was proposkd. T
identification of the reaction products was maib&sed on the
structural information obtained from the fragmeiatafpatterns of

the mass spectrometry applied, in combination Wighhydroxyl

20



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

radical chemistry. In our case OH-radical attadlofeed two main
mechanisms; 1) H-atom abstraction from a C-H boneOH
reactions; 2) electrophilic substitution by the <(ficases of
double bonds and aromatic systems. Groups attdohted
aromatic rings can either activate or deactivageattomatic ring

towards electrophilic substitution (Clayden et24112).

The double-bond-equivalents (DBE) parameter wasgd to
determine unknown structures. DBE is a well-essdigid tool in
mass spectrometry that determines the summatitreof
unsaturations plus rings in a molecule, calculaiad specific
molecular formula (Nassar and Talaat, 2004). Theieation of
the final structure is possible in combination wiitle use of NMR,
IR spectroscopy and mass spectrometry (only therlapplied in
our case). Starting from the parent compound, tBE vas
calculated for all the possible molecular structuwgthe products
detected, and the most likely structure for eadupct was
suggested. In cases where the molecular struatesatied either
in a negative or fraction DBE values (which is possible since
DBE has to be a positive integer) or the respediugctures
would not match the oxidation pathways expectethftioe OH-
attack, the molecular structure was rejected. Rolig this process
for all products detected for all three pesticidbe,structure

elucidation process was facilitated.
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453  The main photo-product of LP-UV photolysis of meeqp 2-(4-
454  hydroxy-2-methylphenoxy)propanoic acid (Produehliz=196),
455  was produced via photo-hydrolysis of the chloriteraon the

456  benzene ring (Figure S3). This product had thedsgpeak area in
457  the chromatograms and increased with increasindluBnce. It
458  was also produced by LP-UV{B, treatment but with a smaller
459  area, decreasing at UV fluences higher than 1006mAJThis

460  product has also been reported as the main photiupt by UV
461  photolysis at 254nm, by Meunier and Boule (200@) Boule et
462  al. (2002). Subsequent OH-attack on the tertiargaaatom of
463  the propanoic moiety led to H-abstraction and carbentered
464  radical formation, which reacted with oxygen andrfed 2-

465  methylhydroquinone (Product Il, m/z=124) and pyouacid

466  (Product Ill, m/z=88). Direct OH-attack on the tary carbon

467  atom of the propanoic moiety of mecoprop led to éml-4-

468  chlorophenol (Product IV, m/z=142) and pyruvic aéd\dproduct
469  with an m/z of 108 suggests formation of 2-creBobfluct V),

470  although radical-radical reactions in aquatic sofutaire very

471 unlikely. Another possibility would be the reductiby the

472 hydroperoxyl radical (Hg) formed by photolysis of hydrogen
473  peroxide. The formation of this product in smalhcentrations by
474  direct LP-UV photolysis has been reported befota|erthe rest of

475  the products mentioned have also been observadedttier UV
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476  photolysis or UV/TIQ oxidation (Topalov et al. 1999, Meunier
477  and Boule 2000, Boule et al. 2002). De-chlorinatibthe

478  molecule was confirmed by the formation of chloriole; 94% of
479  the organic chlorine was converted into chloride after three
480  hours of irradiation (UV fluence 1500 mJ/@mwith 30 mg/L HO»
481  (Figure S4a) with a chloride ion concentrationtia solution up to
482 1.5 mg/L. Products from electrophilic substitutmiithe aromatic
483  ring were not observed, suggesting that this mashais not

484  favoured. Figure 3 shows the degradation of megofit6 mg/L)
485  and the reaction product formation as a functiothefUV fluence
486  for a HO,dose of 30 mg/L. The proposed degradation pathways

487  for mecoprop are shown in Figure 4.

488  The degradation of clopyraligy LP-UV/H,O, treatment (Figure
489 5) yielded two main reaction products, 3,6-dichidro

490 hydroxypyridine-2-carboxylic acid and 3,6-dichldse-

491  hydroxypyridine-2-carboxylic acid (Products I, m288 for both
492  structures) by OH-attack onto one of the two awddaarbon
493  atoms of the pyridine ring, causing H-abstractemd carbon-
494  centered radical formation, which after reactinthwxygen

495  vyielded the mentioned product. 3,6-dichloro-5-hygyryridine-2-
496  carboxylic acid was the main product, in agreemeétit the

497  directing and activating effects of the substitgesftthe ring

498 (Clayden et al. 2012). These two products have bsmorted as
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well for clopyralid oxidation by MP-UV/Ti@oxidation (Sojic et
al., 2009). A peak of m/z=164, probably 3,6-dicblpyridin-2-ol
(Product Il), was observed at a UV fluence of 5Qiamt, slowly
decreasing with increasing UV fluence; this compmbums
identified also by Sojic et al. (2009). Howevemrnfation of this
compound is theoretically unlikely, since it suggeadical-radical
reactions. Finally, a chloro-hydroxypyridine carlgbx acid with
m/z=174 was observed (Product Ill) with the largesstk area at a
UV fluence of 500 mJ/cffollowed by degradation at increasing
UV fluence. This product may have been formed by de
chlorination and OH-radical substitution on onelaf two
chlorine-bearing carbon atoms of the pyridine rifigure 5 shows
the degradation of clopyralid (20mg/L) and the teecproduct
formation as a function of the UV fluence for ad4dose of 60
mg/L. The de-chlorination of the molecule was supgubby the
increasing chloride concentration in the solutibine chloride
concentration increased with increasing UV an@4toses and
the conversion of organic chlorine to chloride feached 64%
(4.7 mg/L Clreleased) at a fluence of 1500 m¥amith 60 mg/L
H,0O, (Figure S4b). De-chlorination products were atsmi in
the case of clopyralid treatment by MP-U\®4 treatment (Xu et
al., 2013). The proposed degradation pathways &moprop are

shown in Figure 6.
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The degradation of metaldehyde by LP-UWDH treatment
yielded quite a different set of reaction prodwimpared to the
other two pesticides, since the molecule is a cymblyether
lacking aromaticity. The two main reaction produetgh m/z 210
and 226 were detected twice, suggesting that tarméss with the
same molecular weight were formed for each m/z mieske The
formation profile for the m/z 210 product can bersen Figure S5,
and the same profile was found for the m/z 226 pcadrhe main
products observed for the degradation of metaldeliifdyure 7)
suggest successive reactions that could be suppoytthe
following mechanism: Metaldehyde becomes hydroegaince
(m/z=210) or twice (m/z=226) via OH-attack on tediary carbon
atoms of the ring. Due to the analytical detectimthod (positive
mode detection with NH) formation of a complex via hydrogen
bonding between the oxygen atoms of the hydroxglatelecule
and the NH' group, similarly to a crown ether took place (tuid
et al. 2012). These products exhibited specifigrfrantation with
the production of a fragment with m/z=62 identifeeslthe

[CH3 CHO---H-NH;] complex. This complex suggests the
formation of acetaldehyde, which was the main etqzeproduct.
Since carbonyl compounds could not be detected auitmethod,
acetaldehyde was not detected directly. Acetaldelfiganation

was also supported by the detection of acetic asidn end
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product at UV fluences higher than 500 mJ/¢Rigure S6). De-
protonation from the ring followed by G@ddition (Auzmendi-
Murua and Bozzelli, 2014) could lead to formatidraonolecule
with a keto-ether on the one end and an oxyl radicahe other,
whereas de-protonation of the methyl groups (léss$y) would

lead to demethylation.

Little mineralization was observed during the LP/MYO,
treatment of the studied pesticides. The TOC lefeglsnecoprop
and metaldehyde exhibited a small decrease undeotiditions
applied; the maximum TOC reductions observed utider
maximum UV fluence and D, doses were 21% and 17%,
respectively. For clopyralid the TOC content in sodution
showed a gradual decrease with increasing UV fleemd HO,
dose, and reached a maximum TOC reduction of 348éruhe

highest UV/HO, doses, applied in this research effort.

3.6 Relevance for practice

Based on the findings of this research, it candreltided that LP-
UV/H,0, treatment can be a suitable process for the datjoadof
the three pesticides studied. Assuming that thnéinent
concentrations are in the typical hundreds ng/a tewpg/L, the
average LP-UV/KHO, conditions can degrade them sufficiently; in

cases of higher influent levels, the desired degjrad can be
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achieved by an increase of the doses whilst stitlaining within
practical ranges (UV fluences up to 1000mJ/amd HO, up to

15 mg/L).

Regarding the significance of the reaction prodidzstified,
toxicity information is available only for 2-cresdihe EPA (IRIS)
has classified 2-cresol as a possible human cagemo
(ClassificationC) based on an increased incidence of skin
papillomas in mice in an initiation-promotion study.S.EPA,
2014). However, in water treatment the low moleculeight
compounds usually produced by oxidation processesxpected
to be biodegraded and/or adsorbed by post treatpnec¢sses (eg.

granular activated carbon filtration).

There are only a few studies of pesticide treatrbgritP-
UV/H,0O,treatment that discuss toxicity effects (Lindemle2004,
Lekkerkerker-Teunissen et al, 2013, Choi et al. 2013, Mariani et
al. 2015), as well as a few considering toxicityregdium pressure
UV treatment (Kruithof et al. 2007, Heringa et2011, Martijn

and Kruithof 2012). These have generally indicd¢sd
genotoxicity formation by low pressure comparededium
pressure UV applications. Nevertheless, toxicisyiteg after LP-
UV/H,0, treatment should be performed to establish whetteze

are reasons for concern.
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Recent research suggests that background wateroremis (e.g.
nitrate and natural organic matter) may play a nmogortant role
in toxicity formation by UV/HO, treatmenthan the target
micropollutantgMartijn and Kruithof 2012, Martijn et al. 2015,
Parkinson et al. 2011) and greater attention shio@lgiven to this

in future studies.

4. Conclusions

The main conclusions from the results of this stcaly be

summarized as follows:

* The order of degradation observed by both LP-UV
photolysis and UV/KD; treatment was the following:
mecoprop>metaldehyde>clopyralid; the rate constayts
LP-UV photolysis were 1.5x1%) 4.3x10° and 9.4x10 s?,
respectively. For 15 mg/L 1@,, the rate constants
increased to 1.9x1%) 5.8 x10" and 3.2x10 s?,
respectively. Clopyralid exhibited the largest emteanent
in kinetic rate terms after @, addition. The second-order
rate constants for the reaction of the pesticidés @H-
radicals (kon/c) were calculated via kinetic modeling as

1.1x10, 3.3x16, 2.0x16 M ™ s*and via competition
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kinetics as 8.9x1) 8.3x1¢ and 6.3x1&M™ s™ for
mecoprop, metaldehyde and clopyralid, respectively.
Mecoprop underwent photo-hydrolysis by LP-UV
photolysis yielding one main photo-product (2-(4Hoxy-
2-methylphenoxy)propanoic acid) while several other
products being formed from either the oxidationhef
benzene ring or of the side chain were formed witifen
UV/H,0;,treatment was applied. Clopyralid generated
products mainly via either hydroxylation or decimation
of the pyridine ring. Metaldehyde was hydroxylateal
OH-radical attack. The intermediates, such as kt=tgde,
formed NH;"-complexes due to the detection method.

Further degradation to acetic acid was observed.
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Nomenclature

Symbol

Quantity name

Dimension

photolysis rate
constant

€c254

molar absorption

coefficient of a

compound at 254

nm

Pc,254

guantum vyield of a
compound at 254

nm

mol/Ein

U, 254

the molar photon

energy at 254 nm

J/Ein

K.on/c

rate constant

between a

compound and OH-

radicals

Kox

OH-radical
oxidation rate

constant

k.OH,Hzoz

rate constant

between hydrogen
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637

638

639

640

641

642

643

644

645

646

647

648

649

peroxide and OH-
radicals

specific rate of light
absorption of
KH,0,,254 _ Ein/mol s
hydrogen peroxide

at 254 nm

guantum vyield of
®H,0,,254 hydrogen peroxide mol/Ein
at 254 nm
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Tables

Table 1.Molar absorption coefficientg 259 and quantum yield

(dc 259 values derived from this study and reportedterditure

(values from duplicates given in brackets in casy differed).

This study Literature

€c,254 Pc,254 €c,254 Pc,254

Compound (M™*cm?)  (mol/Ein) (M?*  (mol/Ein)
cm?)
42.11 0.2014  21.4°,

, 0.000017,
Metaldehyde  (42.06- (0.1938- 19.6

0.00020°

42.17) 0.2090)

1044 0.0047
Clopyralid (998.1- (0.0036 —
1090) 0.0059)

8454 0.068*

Mecoprop 210.7 0.8810

242 0.75°,0.34

Z Autin et al. (2012)
3 Autin et al. (2013)
* Orellana-Garcia et al. (2014)

° Estimated from Fig.1 of Meunier and Boule (2000)
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(203.4-  (0.8474—
218.1 0.9145)

0.238

°® Meunier and Boule (2000).£280nm, pH 5.5, +/- ©
" Meunier and Boule (2000)£280nm, pH 2.15, §)
8 Meunier and Boule (2000)£280nm, pH 2.15, -§)
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819  Table 2.Time-based pseudo first-order rate constants fopbdtolysis and UV/KD, oxidation (l, kr, sh for the three pesticides

820 (values from duplicates given in brackets in casy differed).

Kp Kt keoric keoric
Compound
(photolysis) (photolysis + *OH) (kinetic modeling) (pCBA kinetics)
(s (s") (M (M*s?h
uv + uv +
No H,O» - -
5 mg/L H202 15 mg/L H202
Vetaldehvd 4.3x10° 3.2x10* 5.8x10* 3.6x10 8.3x10
elaidenyde [7.5x10° — 1.0x10] [2.9x10%- 3.5x101] [5.6x10"- 6.0x101] [3.3x10- 3.9x10] [7.0x10-9.8x10]
3.2x10* 2.0x10 6.3x10
Clopyralid 9.4x10’ 1.5x10*

[3.4 x10* — 3.1x10]

[5.0x10-7.5x10]
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821

Mecoprop

1.5x10*

1.4x10°

1.9x10°

1.1x10
[1.11x10- 1.08x10]

8.9x10
[8.6x10-9.3x10]
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Clopyralid Mecoprop Metaldehyde

Figure 1. Chemical structure of the studied pesticides



0

0.5
In{C/Co) 1
1.5

-2

@300{} 4000 50006000

\}\i\.\!
R*=10.9307
R*= 0.9891\(

Time (sec)

-3

4

R*=029743

Time (sec)

[
T T e NoH
000 2000 30 5 00 SR
R==0.9978
AN N Smel B0,
R*= 0.9995
\. ¥ 15mg/L Hy0:
Time (sec)

Figure 2. Degradation kinetics (used for the determination of the pseudo first-order rate constants) of (a) clopyralid, (b) metaldechyde and (¢)

mecoprop. by low pressure UV photolysis (no H20:) and UV/H20: treatment.
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Figure 3. Mecoprop (10 mg/L) degradation and reaction product formation as a function of the

UV fluence (30 mgL H201; secondary vertical axis refers to the concentration of mecoprop

(dashed line)).
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Figure 4. Proposed pathways for mecoprop degradation by UV/H;O; treatment.
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Figure 5. Clopyralid (20 mg/1.) degradation and reaction product formation as a function of the
UV fluence (60 mg/L H201; secondarv vertical axis refers to the concentration of clopvralid

i{dashed line)). Error bars represent the standard deviation for duplicate measurements.
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Figure 6. Proposed pathways for clopyralid degradation by UV/H,0; treatment.
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Figure 7. Metaldehvde (53 mg/L) degradation and reaction product formation as a function of the

UV fluence (30 mg/L H:0:; secondary vertical axis refers to the concentration of metaldehvde

(dashed line)). Error bars represent the standard deviation for duplicate measurements.



The degradation order observed for LP-UV/H,0, was

mecoprop>metal dehyde>clopyralid.

The same degradation order was observed for the reaction with the OH-radicals.
Clopyralid exhibited the largest enhancement in kinetics with H,O, addition.
Mecoprop produced one photolysis product and smaller ones from OH-radical attack.
Clopyralid and metal dehyde produced mainly hydroxylated products.



