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Abstract

This works shows that the addition of phenol angr@anol as model organic compounds
significantly decreases the direct photolysis quanyield of 4-chloro-2-methylphenoxyacetic acid
(MCPA) upon UVB irradiation in agueous solution.ska flash photolysis data suggest that 2-
propanol is able to decrease the formation of ti@&PM¥ excited states under irradiation. A decrease
from 0.54 to 0.34 of the photolysis quantum yiefdhe anionic form of MCPA (which prevails
over the undissociated one in surface waters) cbalMk a considerable impact on the MCPA
lifetime in ecosystems where the direct photolysithe main phototransformation pathway. In
surface water bodies where the direct photolysssdmmparable kinetics as the reaction Vi,

a decrease of the quantum yield would enhanceethéve importance of th@dH pathway, which
yields considerably less toxic intermediates thendirect photolysis.

Keywords: pesticide photodegradation; direct and sensitigentolysis; dissolved organic matter;
photochemistry modelling; radiation absorption.

Introduction

The 4-chloro-2-methylphenoxyacetic acid (MCPA) idemsively used as an herbicide against

broad-leaf weeds; for this reason, like other plkgaoid compounds (Rugge et al., 2002), it is
environmentally widespread and has been detecteagiitultural drainage water (Tran et al.,



2007), groundwater (Spliild and Koppen, 1998; Harrist al., 1998), and sometimes even in water
supplies intended for human use (Henriksen e2@0y}). It is an acid with pk= 3.1 (Martell et al.,
1997) and, therefore, it is mainly present in emwmnental waters as the anionic form. Interestingly,
the undissociated form that is more lipid-solult@wss the highest toxicity (Cabral et al., 2003).
MCPA absorbs UV radiation with a maximum around 28, and the ability of both the anionic
and the undissociated forms to absorb sunlight ugeqglimited. However, the low sunlight
absorption is compensated for by the rather elevagtantum yield of direct photolysis, around 0.6
for the anionic form and 0.35 for the neutral ofer{al et al., 2001).

The main intermediate that is produced upon diggadtolysis of MCPA is 4-chloro-2-
methylphenol (Zertal et al., 2001 and 2005). Theetacompound has been detected in the Rhbne
delta waters, where MCPA is extensively used as-@oergent herbicide in flooded rice farming.
The concentration levels of 4-chloro-2-methylphesime pg [Y) were comparable to those of
the parent herbicide. Interestingly, 4-chloro-2dnygthenol undergoes efficient photonitration to 4-
chloro-2-methyl-6-nitrophenol in the delta water€hifon et al.,, 2009). Therefore, the
phototransformation of MCPA can lead to toxic amdeptially mutagenic secondary (and tertiary)
pollutants in the environment. Field data are fartbupported by the laboratory finding that the
intermediates of MCPA direct photolysis are momeiddhan the parent compound (Zertal et al.,
2001).

Interestingly, the phototransformation rate of MCRAs over twice higher in ultrapure than in
river water (Chiron et al., 2007), which suggektst the direct photolysis of MCPA could be a very
important transformation pathway. River water corgacompounds that would compete with
MCPA for radiation absorption, but some of themldgohotosensitise the degradation of MCPA
itself. From the experimental set-up adopted byr@hiet al. (2007), it can be inferred that the
presence of light-absorbing species could decrdesseadiation absorption of MCPA by at most
30%. However, some of the light-absorbing compaheaitriver water have a photosensitising
activity that would induce indirect MCPA transfortima. Accordingly, the observed >50%
inhibition of MCPA photodegradation in river vs.trapure water cannot only be explained by
competition for irradiance. Similar results haveemeobserved for the phototransformation of
phenanthrene and carbofuran, and have been teiya#ttributed to a decrease of the quantum
yield of direct photolysis in the presence of diged organic compounds (Bachman and Patterson,
1999; Bertilsson and Widenfalk, 2002; Richard andn@hica, 2005). Moreover, antioxidant
compounds present in dissolved organic matter h&esm shown to inhibit the transformation of
aquatic contaminants, photosensitised by the trigties of Coloured Dissolved Organic Matter
(CDOM) (Canonica and Laubscher, 2008). Unforturyatisle reasons of the quantum yield
decreases were not thoroughly investigated in pusvstudies, and the implications for the lifetime
of the relevant compounds were only marginally teéh.

The purpose of the present paper is to investigatthe effect of dissolved organic compounds
on the direct photolysis of MCPA, combining steatiyte irradiation and laser flash photolysis
experiments. The direct photolysis of MCPA upon UWMidiation was studied in the presence of



variable concentrations of phenol and 2-propanahasel organic compounds. The effect of the
organic substrates on the excited states of MCP#\agaessed by laser flash photolysis.

To compare the direct photolysis and the reactidh ¥DH as MCPA transformation pathways
in natural ecosystems, the results of the irragliagxperiments were coupled with models of
surface-water photochemistry that have been degdlapcently by the authors (Vione et al.,
2009a-c; 2010). This approach has allowed, foffiteetime to our knowledge, a general modelling
of the lifetime of a compound that undergoes irtiohi of the direct photolysis quantum yield by
DOM. The approach outlined in the present studyccopen up new perspectives in the complex
issue of the environmental effects on the photslgsiantum yields, by allowing the photo-fate of
the relevant substances to be properly assessequamdified. Indeed, the very limited number of
studies into the effect of DOM on the direct phgéed quantum yields can be explained by the fact
that it is difficult to make use of the experimdrdtata for environmental predictions. However, the
direct photolysis processes in surface water boaliesoccurring in the presence of DOM, and the
possible effects on the quantum yields would bepafamount importance. The methodology
presented here overcomes most of the past difssutind allows for the quantum yield to be
considered as an environment-dependent as well agstrate-dependent property, not only in
theory but also as far as the actual consequenee®acerned.

Experimental

Reagents and materials.

4-Chloro-2-methylphenoxyacetic acid (MCPA, purityade >95%), phenol (> 99%), 2,4-
dinitrophenylhydrazine (97%), acetone (99.8%), H8T%) and HCIQ (70%) were purchased
from Aldrich, HPOy, (85%), NaOH (99%), 2-propanol (LiChrosolv gradigriade) and acetonitrile
(LiChrosolv gradient grade) from VWR Int. All reage were used as received, without further
purification. Water used was of Milli-Q quality (18Q cm * resistivity, 2 ppb total organic carbon
concentration, Millipore).

Irradiation experiments
Aqueous solutions (total volume 5.0 mL) of MCPA ¢@00.50 mM) and phenol (up to 0.50 mM)
or 2-propanol (up to 1.0 M) were placed into Pygbxss cells (4.0 cm diameter, 2.3 cm height),
tightly closed with a screw cap. The pH value wdsisted with HCIQ or NaOH and did not vary
significantly during irradiation. The choice of tleencentration values was mainly motivated by
experimental convenience. In the case of phenelatitopted concentration range was not dissimilar
from the dissolved organic carbon levels that aumél in surface waters (Al Housari et al., 2010).
The cells were irradiated under magnetic stirringhva Philips TLO1 lamp, with emission
maximum at 313 nm. The UV lamp irradiance (290-46¢) was 5.60.3 W m? (u+c), measured
with a CO.FO.ME.GRA. (Milan, Italy) power meter. @hncident photon flux in solution was



3.1x10°° Einstein L s, measured by ferrioxalate actinometry (Kuhn et 2004). Figure 1
reports: (i) the emission spectrum of the lamp, measured wtf©eean Optics SD 2000 CCD
spectrophotometer and normalised to the actinomesylts, andii) the absorption spectrum of
MCPA at two different pH values, taken with a Vari@ary 100 Scan UV-Vis spectrophotometer.
The lamp spectrum takes into account the transmetaf the Pyrex glass of the cells adopted for
irradiation. Since MCPA has pk 3.1 (Martell et al., 1997), the absorption speetr@aH 1.8 and
7.7 are referred to the undissociated and dissatittrms, respectively. The choice of the lamp
was a compromise between the need of adoptingamaentally significant radiation and that of
achieving the excitation of MCPA. The irradiatioentperature was around 30 °C. Dark
experiments at the same temperature were alse@daotit, by putting cells wrapped in aluminium
foil under the same lamp.

After irradiation, the solutions were allowed tootat 4°C in the dark for 15 minutes, and then
analysed by High Performance Liquid Chromatogragbupled with Diode Array Detection
(HPLC-DAD). The instrument used (VWR-Hitachi, Elitgeries) was equipped with L-2200
autosampler (sample volume 60 pL), L-2130 quatgrpamp for low-pressure gradients, L-2300
column oven (40°C), and L-2455 Diode Array Detectoiwas used a column Merck Hibar RT
250-4, packed with LiChrospher 100 CH-18/2 (250 mhmmx 10 um). The eluent was a 50:50
mixture of acetonitrile &) and aqueous 0, (pH 2.5) B), at 1.0 mL mifi* flow rate. The DAD
signal was acquired between 200 and 300 nm, andn®2@vas adopted as the quantification
wavelength for both MCPA and phenol. Under the &eldlution conditions the retention times
were (min): phenol (3.60) and MCPA (5.55), the ocmtudead time being 1.90 min. Acetone was
determined by pre-column derivatisation with 2 Addophenylhydrazine (Warneck and
Waurzinger, 1988), followed by elution with 60:40B\at 1.0 mL min® flow rate. The hydrazone
derivative of acetone had a retention time of H#0 and the quantification wavelength was 368
nm.

Calculations and data treatment

The irradiation time was up to 24 h, and a totalsf concentration vs. time data points were
collected for each run (including t = 0). Figurstidbws as an example the data concerning MCPA
transformation at pH 7.7 (2a) and 1.8 (2b). No ddgtion of MCPA was observed in the dark. The
time evolution data for the disappearance of MCPRA phenol were fitted with equations of the
form C; = C, exp( k t), where Gis the concentration of the substrate at the tin@® the initial
concentration, and k the pseudo-first order degiadaate constant. The initial transformation rate
of the substrate IR = k G. Note that very similar results (with differencesich below the
experimental errors) would be obtained by fittitng texperimental data with straight lines. The
reported errors on the rateso] were derived from the scattering of the experitaledata around
the fitting curves (intra-series variability). Theproducibility of repeated runs (inter-series
variability) was around 10-15%.



The photodegradation quantum yields of phenol a@PM were obtained upon division of the
relevant initial transformation rates by the phofiox absorbed by MCPA (¥°"4). Therefore, it is
Dsubstrate= Rsubsrae(Pa =) L. The absorbed photon flux can be calculated froenspectral data,
considering thatP,"™ = _[ p°(A) ML—10"werWPINCPAT g} (Braslavsky, 2007), wherp°(A) is

A

the incident spectral photon flux density (it ipoeted as the lamp emission spectrum in Figure 1),
&ucpa(4) the molar absorption coefficient of MCPA, b = @ the optical path length inside the
cells, and [MCPA] the initial concentration of thebstrate.

The importance of the direct photolysis and of thaction with"OH for the degradation of
MCPA in surface waters were compared by means miodelling approach. Based on recently
developed models (Vione et al., 2009a; 2009b) hddélife time of MCPA upon direct photolysis
would be:

Z-MCPAPhot - c (A)
® po(A) _10—"-\1(/‘)m MCPA dJ
MCPA :|; I:ﬁl ] A&(/‘)

1)

The measure unit afycpa IS summer sunny days (SSD), corresponding to balui5°N latitude
under fair-weather conditions. Furthermap&(}) is the spectrum of sunlight (in Einstein éns*
nm*, corresponding to 22 W ThUV irradiance; see Figure A-SM, where SM = Sup@atary
Material), A1(1) the specific absorbance of surface water (in‘nandd (in cm) the water column
depth. Note thadl could be the average depth of thoroughly mixecemiabdies, or the mixing layer
depth of stratified lakes (in which case the hi#dfd4ime would be referred to the mixing layer).eTh
absorption spectrumy(A) should be referred to the surface water layerrevBanlight irradiance is
maximum and the photochemical reactions are, tberefmost favoured. A more complete
description of the direct photolysis model is répdras Supplementary Material (hereafter SM).
Note that the model takes into account the comeetfor sunlight irradiance between MCPA and
the other water components. Also note that a shinlity irradiance of 22 W if can be observed
in a fair-weather 15 July at 45°N latitude, at @ @r at 2 pm.

In the case ofOH, the half-life time of MCPA (always in SSD unitwould be (Vione et al.,
2009c; 2010):

Z KsIS|]
TI\S/I(S:IZA-OH =19007 B 2)

tot
R *OH [k MCPA,» OH

whereJs; ks [S] is the rate constant of the natui@H scavengers in the surface water layer @ s
R.on™ (inM s‘l) is the formation rate 6OH under 22 W nf sunlight irradiance, anklicpa.on =
6.6x10° M~* s is the second-order reaction rate constant betw@einand MCPA (anionic form;



Benitez et al., 2004). Further information on thepted model ofOH formation and reactivity in
surface waters is reported as SM.

Laser flash photolysis experiments

Laser flash photolysis experiments were carried wihg the fourth harmonic (266 nm) of a

Quanta Ray GCR 130-01 Nd:YAG laser. This laser peced a pulse of 9 ns in duration and, during
these experiments, operated with an output of 3(penJoulse. Transient species produced upon
266 nm irradiation of the samples inside a quatxette (3 mL volume) were monitored by a

detection system consisting of a pulsed xenon Igr6p W), monochromator and a photomultiplier

(1P28). A spectrometer control unit was used fanchyonising the pulsed light source and

programmable shutters with the laser output. Theadifrom the photomultiplier was digitised by a

programmable digital oscilloscope (HP54522A). A 3% RISC-processor kinetic spectrometer

workstation was used to analyse the digitised $igkfeer each laser shot a peristaltic pump system
was used in order to replace the solution beformew experiment. The absorbance and
disappearance of the transient species were ige¢sti as a function of pH and of the

concentration of 2-propanol.

Before each experiment, an appropriate volume ehgher ie. 2-propanol) was added to the
MCPA solution and the pH was adjusted using HCHED NaOH. All the experiments were
performed at ambient temperature (295 + 2 K) andeirated solution. The choice of 2-propanol as
guencher was motivated by its elevated reactiaty, shown for instance by its reaction rate
constant witi OH (2x10° M™ s Buxton et al., 1988). Although it is not the caseMCPA (vide
infra), the excited states of some organic substragealge to oxidise water {@H, which is then
involved into the direct phototransformation pra=ss (Brigante et al., 2010). Accordingly, the
ability of 2-propanol to effectively scaveng@H would be potentially important in these studies.

Phosphorescence measurements

Phosphorescence experiments were carried out byifiggat 77 K with liquid Na glycerol/water
(50/50 v/v) solution of MCPA, in order to obtain appropriate experimental resolution. The
phosphorescence spectrum was recorded on a HotlraYvon SPEX Fluorog 3-22 spectrometer,
equipped with a 1934 D phosphorimeter accessorye €Rcitation wavelength (280 nm)
corresponds to the MCPA maximum absorption.



Results and Discussion

Irradiation of MCPA in the presence of other organc compounds

Figure 3 reports the initial photodegradation rate9.20 mM MCPA and of phenol (Rpa and
Rphenol respectively), as a function of the initial phenoncentration, at pH 7.7 where the anionic
form of MCPA prevails. It is apparent that phenditibited the photodegradation of MCPA, which
was decreased by about 40% with 0.20-0.50 mM phssrapared to MCPA alone.

While inhibiting the MCPA photodegradation, phenolderwent in turn a slight degradation in
the presence of MCPA. The transformation rate efhphwas always below %00 M s, and it
was considerably lower than the corresponding dsere®f the MCPA degradation rate. Also note
that no phenol was formed upon photodegradatioMGPA alone, and that phenol underwent
insignificant photodegradation without MCPA undke tadopted irradiation device. Phenol is not
able to absorb radiation above 300 nm, like thattedchby the irradiation device used in the present
work (see Figure 1), thus the decrease of the M@Rgradation rate cannot be attributed to
competition with phenol for radiation absorptionoiover, negligible transformation of either
phenol or MCPA took place in the dark. This allowsgclusion of hydrolysis or thermal
decomposition reactions at the adopted time sealé indicates that the combination of irradiation
at 30°C and cooling at 4°C for 15 min preventedtitidation of the relevant substrates.

Figure 4 shows the trends ofy&ba and of Rnenoi@s a function of phenol concentration, at pH
1.8 where there is prevalence of the undissocidteoch of MCPA. Also in this case, the
phototransformation of MCPA was inhibited by pheantl the sum Renoi+ Rucpa decreased with
[Phenol]. In other words, the increase ¢f&o could not compensate for the decrease wipR
This finding suggests that, at the two studied pues, the effect of phenol was not just a
competition with MCPA for the reactive species thty be responsible for the degradation of the
two substrates. Indeed, considering that MCPA ésahly compound that absorbs radiation in the
system, it should be the photosensitiser for phelegradation. The latter would thus take place
upon reaction with light-excited MCPA or with pdsisi photogenerated radical species. The same
species/photoreactive transients would be involuealthe transformation of MCPA in the absence
of phenol. This scenario is reasonable but canocdunt for the rate trends reported in Figures 3
and 4. Phenol could be more reactive than, lesgiveathan or as reactive as MCPA towards the
photogenerated species/transients. If it is lesasareactive, the degradation of a phenol molecule
would replace that of a MCPA moleculejdpa would be decreased andgigo increased with
increasing [Phenol], but the sumo+ Rucpa would remain constant. This is not in agreement
with the experimental data. If phenol is more rizactthan MCPA, it could also scavenge
specie/transients that in its absence would unddegztivation processes rather than react with
MCPA. In this case the sumpRnhoi+ Rucpa should increase with [Phenol], and the increaselavo
be more marked if the difference in reactivity beéw phenol and MCPA is larger. The
experimental data do not agree with any of the ggef scenarios. The suranRo+ Rucpa Would
decrease with increasing [Phenol], as observedhdaf main effect of phenol were a physical



guenching of radiation-excited MCPA. In this cades photoreactivity of MCPA as well as its
degradation rate would be decreased without induttie transformation of phenol. The limited
transformation rate of phenol with irradiated MCRWuld be alternatively explained b{t) a
minor fraction of phenol interacting with radiatiencited MCPA and undergoing chemical
reactivity, the larger fraction causing physicaéngaohing, ofii) phenol reacting with radical species
produced by MCPA under irradiation, in additiorceusing physical quenching.

The second Y axis of Figures 3 and 4 reports tlmeqolegradation quantum yields of MCPA and
phenol. Interestingly, £#“** did not change much between pH 1.8 and 7.7. A7pH which is
most significant for surface waters, the quantueldypf MCPA photodegradation without phenol
was Pycpa = 0.54:0.05 (u+0). It compares well with the value of 0.59 obtairi®dZertal et al.
(2001) upon irradiation of MCPA at 280 nm. The aiddi of phenol decreasetlycpa down to a
value of about 0.34, which was approximately camtsita the phenol concentration interval of 0.20
- 0.50 mM. It is possible to derive the followinggmomenological equation to describe the trend of
®yvcpa VS. [Phenol] (the error bounds represent, [Phenol] is in molarity):

o - (23%07) [10°+ (031+ 001 [Pheno]
MEPA (41+1.3)[10° +[Pheno]

®3)

Figure 3 reports the fit of equation (3) to the exmental data.

At pH 1.8 and in the absence of phenol, the quaryieid for the photolysis of the undissociated
form of MCPA @ucpa = 0.42:0.03, see Figure 3) was not far frabycpa = 0.35, found by Zertal
et al. (2001) at 280 nm. The addition of 0.5 mMrpig/ielded®Pycpa = 0.18:0.02.

Figure 5 reports f&pa and ®ycpa upon irradiation of 0.20 mM MCPA, with varying
concentration values of 2-propanol. The alcohaidsable to absorb radiation at> 230 nm, thus
competition with MCPA for lamp irradiance is not ssue. 2-Propanol inhibited the photolysis of
MCPA, but considerably higher concentration valtlegn for phenol were required to obtain a
similar effect. Compared with MCPA alone, a 35%iltion of ®ycpa was observed with 0.10 M
2-propanol, and 48% inhibition with 1.0 M 2-propériaterestingly, no formation of acetone from
2-propanol was detected. Acetone is an intermedifitbe reaction between 2-propanol aH
(Warneck and Wurzinger, 1988), and the fact tha$ ot being formed suggests that negligible
production of OH takes place with MCPA under irradiation.

Laser flash photolysis experiments

Figure B-SM {.e. Figure B in the Supplementary Material) showstthasient absorption spectra
obtained after the laser pulse of 0.50 mM MCPAdt1p8, 3.8 and 7.8. It is clearly shown a pH
dependence of the MCPA excited states. At acidicyliere MCPA exists in the molecular form,
the absorption maximum of the transient is cenae@00 nm. In contrast, the excitation of the
anionic form at pH 3.8 and 7.8 leads to a transmtlt maximum absorption at 290 nm. In both
cases, a good fit of the absorbance decay aftdaslee shot was obtained with a double-exponential



plot. This suggests the presence of at least teamstent species absorbing between 270 and 360
nm. The first species has a fast decay (first-ordé constant k ~ 6.0 x 1@™) that could be
assigned to the fast decay of the MCPA tripletestdthe second one, with a first-order decay
constant of ~ 2.5 x f0s* could be attributed to a new transient species/eférfrom the triplet
state reaction in aqueous solution.

Note that the photolysis processes of chlorophetadis place via the early formation of a triplet
state, which then evolves into a carbene (GrabnérRichard, 2005). The latter species typically
has an absorption maximum around 350-400 nm, whiclur case is not compatible with the 290-
300 nm absorption peak of the first evolving transi Additional evidence for the formation of a
triplet state was obtained by phosphorescence merasuats (see Figures C and D in SM). At 77 K
the triplet state of MCPA emits phosphorescenceatiad with a maximum at 410 nm.

The addition of 2-propanol to the MCPA solution didt modify significantly the decay rate
constant of either transient, but the complexitytred absorption spectrum could prevent such an
effect to be highlighted. However, 2-propanol atéelc the absorbance of the second transient
species. Figure 6 reports the maximum value of30@ nm absorbance reached by the second
species, as a function of 2-propanol concentrafibrlifferent pH values. The decrease of the
absorbance suggests an effect of 2-propanol insterfrdecreasing the formation of the second
transient species. Reaction with or physical quergcbf the first transient species could explain
such a phenomenon.

At pH 1.8, the absorbance decrease caused by 2spobmvas slightly lower (with a slope of
-0.37 + 0.04 M%) than at pH 3.8 and 7.8 (slopes .51 + 0.07 M* and-0.53 + 0.07 M",
respectively). The decrease by about one thirdhefabsorbance of the MCPA transient species at
300 nm and pH 7.8, in the presence of 10 mM 2-probéFigure 5), compares well with the 38-
40% decrease of the rate of MCPA photodegradatiorpth 7.7, with the same alcohol
concentration (Figure 5).

Overall, the experimental data suggest that 2-prolpdecreases the formation of the MCPA
transient species, and that such an effect is higith the anionic form of the pesticide than with
the undissociated one. It could be connected wighdecrease of the rate and quantum yield of
MCPA direct photolysis in the presence of 2-propabmfortunately it was not possible to study
the effect of phenol on the transient states of M@®th the 266 nm laser pulse, because at that
wavelength phenol competes with MCPA for radiatetssorption and prevents the distinction
between radiation screening and other photochereifatts. Furthermore, the third harmonic of
the Nd-YAG laser (355 nm) cannot be used becautigtivavelength, neither MCPA nor phenol
absorb radiation.

Environmental implications

Implications for two water bodies with differentgpbreactivity (Rhone delta and Lake Candia)
The inhibition of MCPA photodegradation by organecompounds could have important
consequences for the environmental fate of theitiddy because the direct photolysis is likely to

10



be a major transformation pathway in natural waf€tsiron et al., 2007). An alternative route for
MCPA transformation in the environment is the reactwith "OH (Mabury and Crosby, 1996).
The goal of this section is to compare the twodfarmation pathways, and to assess the possible
impact of the quantum yield variations. The anidoren of MCPA will be considered here because
it prevails in surface waters. Phenol could be aehdor the antioxidants present in the pool of
surface-water dissolved organic matter, and itsemwee would decreaseycpa by up to 40%
(Figure 3). A concentration of 0.30 mM phenol woglairespond to a dissolved organic carbon
(DOC) content of over 20 mg C1, while the DOC values of surface waters are oftemer
(Takeda et al., 2004). However, Chiron et al. (300@ve observed a ratio of the MCPA
photodegradation rate (f8pa) in river compared to ultra-pure water of aboub, Owhile the
corresponding ratio of the photon fluxes absorbgdVICPA in the two systems was 0.7. The
difference can be explained if thg,cpa in the presence of dissolved organic matter (nivater) is

0.7 times that in ultra-pure water (because [0077 [1 0.5). Moreover, th&Pycpa in river water
could be even lower than 0.7 times that in ultreepwater if additional processes, photosensitised
by photoactive compounds, were also operationawgiich case the rate of direct photolysis in
river water would be less than 0.5 times that inagbure water). Accordingly, a 30-40% decrease
of ®ycpa by dissolved organic compounds could be reasonalsierface waters.

The MCPA half-life times were calculated by usepbibtochemical models described in SM
(also see Equations 1, 2). In the cases of bo#tdphotolysis antiOH reaction, calculations have
been referred tofi) the Rhone delta waters, where MCPA is a precus@henolic compounds
that can be further transformed into toxic and poédly mutagenic nitroderivatives (Chiron et al.,
2009); (i) Lake Candia, which is a much less favourable envirent than the Rhéne delta for the
processes induced b®H (Vione et al., 2009c). Water composition datd #re absorption spectra
A;(A) are reported in Table 1 and in Figure A-SM, retipely.

Figure 7a reports the half-life times of MCPRy¢p,a) in the case of the Rhone delta, because of
direct photolysis and reaction wittbH, as a function of the water column depth. Défarvalues
were adopted for the quantum yield,cpa, all referred to the anionic form, including tlgcpa
determined in the present study without phenol40#&nd the plateau value in the presence of
phenol in excess (0.34, see Figure 3). It is atqmonted the trend oOfycpa for @ycpa = 0.38,
following the experimental results of Chiron et @007) which, as reconsidered in the present
work, suggest a 30% decreased@fcpa in river water. Depending on the water column Hegid
the photolysis quantum yieldycpa could vary from less than 10 to over 50 SSD. Addidlly, the
relative importance of direct photolysis vs. reactivith °"OH would be higher in shallow waters.
This is reasonable because MCPA absorbs sunlightlésser extent than th®H sources nitrate,
nitrite or CDOM, and competes better for irradiaatéow depths of the water column. As shown
in Figure 7a, the value @by cpa determines the importance of direct photolysisreaction with
'OH in the degradation of MCPA. For a 1.0 m deptt th the average in the Rhone delta lagoons,
it appears that direct photolysis and reaction W@kl would be comparable ®ycpa = 0.54. In
contrast, théOH pathway would be more importanidif,cpa is lower (0.38 or 0.34). Therefore, the
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effect of organic matter on the photolysis quantyield could control the phototransformation
processes of MCPA and, as a consequence, the fommdtpeculiar intermediates.

The models suggest a MCPA half-life time of aboditdays for a 1.0 m water depth, and even
lower if more than one pathway is simultaneouslgraponal. This is very near to the observed
lifetime of phenoxyacid herbicides and of their pblederivatives in the Rhone delta waters in late
spring-early summer (Chiron et al., 2009).

Figure 7b shows the corresponding case for Lakali@gaverage depth 6 m, thoroughly mixed
water). In Lake Candia the importance of i1 pathway is much lower than for the Rhéne delta.
Accordingly, while in the delta waters the two pa#lys (direct photolysis an@®H reaction) could
have comparable importance, in the case of Lakali@ahe direct photolysis would be the main
MCPA transformation process. The Figure shows thabka because of direct photolysis would
increase by about 60%dfycpa is decreased from 0.54 to 0.34.

A final consideration is that the photochemical gggses induced by CDOM (which would
involve *CDOM* or '0,) could also degrade MCPA in surface waters (Stomgret al., 1998).
However, the organic matter present in river whtes been found to inhibit rather than enhance the
phototransformation of MCPA (Chiron et al., 2007).

General modelling of MCPA photodegradation
Equation (3) reports the trend @f,cpa as a function of phenol concentration. With tlesnpound,
the dissolved organic carbon or Non-Purgeable Gegaarbon (NPOC) content SPOC = 7.2x
10* [Phenol], where [Phenol] is expressed in molarity. Accogliinequation (3) for phenol could
be expressed as follows:

® _ (23+£07) M10°+ (43+0.1)10° NPOC

MEPA (41+13)[10° +1400° NPOC

Under the hypothesis that tlieycpa trend observed with phenol is also valid for scefavater
DOM, one can use equation (4) to model the hadfdime of MCPA as a function of the DOM
content (expressed as NPOC) and of the water cotlepth. To this purpose, it is also necessary to
model the absorption spectrum of surface water.ukabkle procedure is to base the modelled
spectrum on the NPOC values, because organic nsitiee main sunlight absorber in the spectral
region of interest (about 300-500 nm; Bracchinalet 2010). Further details of this approach are
reported as SM.

Figure 8 shows the trend of the half-life time oEMA (t“5%, SSD) as a function of NPOC (mg
C L™ and the column deptt (m), for both direct photolysis and the reactioithwOH. To
facilitate the comparison of the two processes, rémaaining water parameters (nitrate, nitrite,
carbonate, bicarbonate) were fixed at the valueadan the Rhone delta lagoons (Table 1), where
the two pathways would have comparable importaNoge that the main transformation pathway
is that associated with the lowest half-life tinfiieis apparent that the direct photolysis becomes
most important at high NPOC and laly while the opposite conditions favour the reactwath
'OH. Shallow water favours the direct photolysischese of the very limited sunlight absorption by

(4)
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MCPA. Dissolved organic matter inhibits both patlgg/éut there is a more marked effect on the

*OH one, mostly linked to hydroxyl scavenging. Hoee\un the absence of the inhibition®f;cpa

by DOM, the direct photolysis would be the mainhpedy in a much wider range of conditions.
Interestingly, equation (4) that is based on theeeimental data (Figure 3) foresees an abrupt

decrease obycpa for relatively low values of the NPOC, followed hyplateau at elevated NPOC.

In contrast, the scavenging @H would be directly proportional to the NPOC. Rig@ reports in

greater detail the half-life time trend of MCPA fdr= 1.4 m. A close look at the Figure suggests

that, at low NPOC, the direct photolysis startshwat higher slope than tH©H reaction. This

would be due to the considerable, initial inhihitiof ®ycpa by DOM. Above 4-5 mg C T2 NPOC,

the "OH slope becomes higher because of the plateaba@dny®ycpa vs. NPOC.

Conclusions
Dissolved organic compounds such as phenol aned@apol are able to decrease considerably the
direct photolysis quantum yield of MCPA. At equahcentration, phenol was more effective than
2-propanol in reducingPycpa. Under UVB irradiation,®ycpa varied from 0.540.05 without
phenol to a plateau value of around 0.34, in tlesgmce of 0.2-0.5 mM phenol. Interestingly, the
inhibition of the MCPA photolysis by phenol wasdar than could be expected from a mere
competition for the same reactive species. Morea«aropanol was able to inhibit the formation
of the excited states of MCPA. The experimentabdate compatible with a physical quenching
carried out by the added organic compounds onxbieel states of MCPA.

The findings of the present study are very sigaiiicto the photochemical fate of MCPA in
surface waters. The decreasehyfcpa by DOM could lead to a corresponding increaseéhefhalf-
life time in ecosystems where the direct photolysithe main MCPA transformation pathway. In
contrast, in water bodies where the direct photslis comparable to the reaction wit@H, the
effect of DOM on®ycpa could be critical to the photochemical fate of thexbicide. The direct
photolysis intermediates of MCPA (including mostaiwy 4-chloro-2-methylphenol; Zertal et al.,
2001) are more toxic than the parent compound,enhié reaction withOH affords an at least
partial depollution (Bojanowska-Czajka et al., 200Therefore, the inhibition of the direct
photolysis by DOM could direct the phototransforimatof MCPA toward less toxic intermediates.
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Table 1. Data concerning lagoon water in the Rhone deltar¢@ et al., 2007) and water in Lake
Candia (Vione et al., 2009d).

Rhone delta Lake Candia

(S France) (NW lItaly)
Water depthd, m 1.0 6.0
Nitrate, M 5.1x10°° 1.6x10°
Nitrite, M 3.2x10° 1.5x10°’
Bicarbonate, M 2.1x10°7° 1.1x107
Carbonate, M 2.6x107° 6.1x10°°
pH 7.5 8.1
NPOC,mgCL* 45 5.4
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Captions to the Figures
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Figure 1. Absorption spectra (molar absorption coefficieafsof MCPA at pH 1.8 and 7.7,
adjusted by addition of HClOand NaOH, respectively. The absorption spectrum of
phenol is also reported (independent of pH in #levant range). Emission spectrum
(spectral photon flux density incident in solutiarf)the adopted UVB lamp. The vertical
arrow shows the (limited) overlap between the spectof the lamp and that of MCPA.
MCPA would show the highest absorption of lampa#idn around 300 nm.
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7.7, as a function of the initial phenol concendrat The right Y-axis also reports the
phototransformation quantum yields, calculatedzas Rate (P."°")™ (i = MCPA or
phenol). The fit of thedbycpa values with equation (3) is also reported (soligve),
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Figure 7. Half-life times in summer sunny days (SSD, equwalto 15 July at 45°N latitude) of
MCPA due to the reaction wiflOH and the direct photolysis, for different valudghe
MCPA photolysis quantum yieldPucpa = 0.54, 0.38 or 0.34). Conditions are referred to
lagoon water of the Rhéne delta (Chiron et al.,.@0a) and to the lake Candia (Vione
et al., 2009c)7b). For the water composition data see Table 1; wabsorption and
sunlight spectra are reported in Figure B-SM. Therage depth of the Rhone delta
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