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Abstract

Anionic 2-nitro-4-chlorophenol (NCP) may occur inrface waters as a nitroderivative of 4-
chlorophenol, which is a transformation intermegliat the herbicide dichlorprop. Here we show
that NCP would undergo efficient photochemical $sfarmmation in environmental waters, mainly
by direct photolysis and reaction witbH. NCP has a polychromatic photolysis quantumdyiel
Duep = (1.270.22Y10°, a rate constant withOH kncp.on = (1.090.09Y10° M~* s, a rate
constant with'O, kncpior = (2.150.38J10° Mt s, a rate constant with the triplet state of
anthraquinone-2-sulphonak®cp zaozs = (5.930.43Y10° M™* s, and is poorly reactive toward
CO;™. The kncpsages+ Value is representative of reaction with the &ipdtates of chromophoric
dissolved organic matter. The inclusion of photaocival reactivity data into a model of surface-
water photochemistry allowed the NCP transformataoretics to be predicted as a function of
water chemical composition and column depth. Vesgdgagreement between model predictions

and field data was obtained for the shallow lagaufritte Rhone delta (Southern France).
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1. Introduction

The occurrence of nitroaromatic compounds in th@arenment, and particularly in surface waters
is a matter of concern because of their toxicitg @otential mutagenicity. Nitrated phenols can
cause gene mutations, chromosomal aberrations lhasvexidative damage to DNA (Massey et
al.,, 1994; Heng et al., 1996; Chiron et al., 200They can act as inhibitors of phenol
sulphotransferase (Wang and James, 2006; Kolloek ,e2009) that plays an important role in the
detoxification of xenobiotics (Guangping, 2004). fas as the mode of toxic action is concerned,
nitrophenols are variously classified as respisatancouplers or soft electrophiles (Aptula et al.,
2002).

In particular, 2-nitro-4-chlorophenol (NCP) is usadesins, plastics and as a dye intermediate.
It is also commonly detected in wastewater from ghaduction of pharmaceuticals and pesticides
(Saritha et al., 2007; Gharbani et al., 2010). Regeit has been found that NCP can be formed in
the environment starting from dichlorprop ((R)-24@lichlorophenoxy)propanoic acid), which is
used as post-emergent herbicide in several cutiivatincluding flooded rice farming (Maddigapu
et al., 2010). Dichlorprop would undergo fast tfan®ation into 4-chlorophenol (Meunier et al.,
2002) that can be nitrated to NCP BMO,, produced upon nitrate photolysis and nitrite
photooxidation (Maddigapu et al., 2010). Toxicitgtal of NCP are available for the inhibition of
growth of the ciliateletrahymena pyriformjsand a 50% growth inhibition has been observeten
presence of 8.9 uM NCP. Such a result ranks NCPngntlee phenols that exhibit the highest
toxicity towardTetrahymena pyriformigAptula et al., 2002).

Photochemistry plays an important role in the t@amsation of xenobiotics in surface waters
(Packer et al., 2003; Bartels and von Tuemplind)820/ulliet et al., 2010). The main processes
involved are the direct photolysis and the reactioth *OH, CQ;~, 'O, and the triplet states of
chromophoric dissolved organic mattéCPOM?*) (Richard et al., 2007). The radicaDH is
produced by irradiation of nitrate, nitrite and CRI@Vione et al., 2009a; Page et al., 2011; Sur et
al., 2011), C@" by reaction betweefOH and HC@/COs;*" and upon oxidation of C£y by
3CDOM* (Huang and Mabury, 2000; Canonica et al.,®0While 'O, and*CDOM* are generated
by irradiation of CDOM (Al Housatri et al., 2010; €bo et al., 2011).



A major problem in the assessment of phototransdtion kinetics and pathways of xenobiotics
is the difficulty to reproduce environmental comalis in the laboratory. In particular, the high
variability of the environmente(g. chemical composition and column depth of surfactevs)
makes it difficult to generalise the experimengaults to the conditions that can be found in @étur
systems.

To overcome the cited problem, we have recentlyp@sed a very different approach for the
assessment of the photochemical transformatiorti&sef organic pollutants in surface waters. It
is based on laboratory measurement of photochemgeativity, namely direct photolysis quantum
yield and reaction rate constants withH, CQ~", 'O, and the triplet state of anthraquinone-2-
sulphonate, adopted as a proxy 6 DOM*. In this case, the adopted laboratory systeres
intended to measure the kinetic parameters raltaer try to mimic the environment. The reactivity
data are then used as input for a model of susater photochemistry, which takes the
environmental variability into account. The modeggicts phototransformation kinetics in the field
as a function of water chemical composition andicol depth (Albinet et al., 2010a; Hatipoglu et
al., 2010). When the photochemical processes a&entin attenuation pathways for xenobiotics,
the cited approach produces a good agreement igithdata (Maddigapu et al., 2011).

In this paper, we apply the above-described metloggoto the assessment of the
phototransformation kinetics of NCP, and compaeertiodel predictions with field data. The latter
are available for the time evolution of the pareampound 4-chlorophenol and of NCP in the
shallow lagoons of the Rhone delta (Southern Fiaihaddigapu et al., 2010).

2. Materials and methods

2.1. Chemicals. 2-Nitro-4-chlorophenol (NCP, purity grade 97%)ttaaquinone-2-sulphonic acid,
sodium salt (AQ2S, 97%), furfuryl alcohol (FFA, 98%NaNQ; (>99%), NaHCQ (98%), and
HsPO, (85%) were purchased from Aldrich, NaOH (99%), maebl and 2-propanol (both
LiChrosolv gradient grade) from VWR Int., Rose Bah(RB) from Alfa Aesar. Water used was of
Milli-Q quality.

2.2. Irradiation experiments. The choice of the different adopted irradiatiomdaitions was
intended to maximise the excitation of photoacteenpounds (nitrate, RB, AQ2S) to derive the
kinetic parameters. Here the main goal is to obifagnproduction of the desired reactive transient,
rather than simulate the solar spectrum. The inapbissues connected with the sunlight spectrum



and its attenuation with water depth, which affgat®totransformation kinetics are all taken into
account in the photochemical model (Vione et @11&). Solutions to be irradiated (5 mL) were
placed inside Pyrex glass cells (4.0 cm diamet&,ch height) and magnetically stirred during
irradiation.

Irradiation of NCP + nitrate to study reactionshwiOH and CQ@ " was carried out under a
Philips TL 01 lamp, with emission maximum at 313 and 3.80.2 W mi? UV irradiance in the
300-400 nm range, measured with a power meter hff CME.GRA. (Milan, Italy) equipped with
a UV-sensitive probe. The incident photon flux olusion was actinometrically determined using
the ferrioxalate method (Kuhn et al., 2004). Givee(GO.)s>~ radiation absorption data, the
quantum yield of F& photoproduction and the Pyrex transmittance, @meuse the Fé formation
rate to normalise the incident spectral photon flexsityp°(A) that was measured with an Ocean
Optics SD 2000 CCD spectrophotometer (Albinet £t28110b). The incident photon flux of the TL

01 lamp wasP, = _[ p°(A)dA = 2.010°® Einstein L s,
A

The photodegradation of NCP sensitised by Rose &efRB) via*O, was studied under a
Philips TL D 18W/16 yellow lamp, with emission maxim at 545 nm and 11 W firradiance in
the visible, measured with the power meter and deind038 probe. The direct photolysis of NCP
and its transformation photosensitised by AQ2S vetudied under a Philips TL K05 lamp, with
emission maximum at 365 nm, 28 W’V irradiance (300-400 nm), and 2107 Einstein ! s*
incident photon flux.

The absorption spectra were taken with a Variary @80 Scan UV-Vis spectrophotometer.

Emission and absorption spectra are reported inr€&ify(a-c).

2.3. Monitoring of NCP transformation. The irradiated solutions were analysed by high-
performance liquid chromatography (HPLC-UV). Theopigd Merck-Hitachi instrument was
equipped with an autosampler AS2000A (1Q0sample volume), pumps L-6200 and L-6000 for
high-pressure gradients, a reverse-phase columnckMé&iChrocart RP-C18 packed with
LiChrospher 100 RP-18 (125 mm4.6 mmx 5 um), and a UV-Vis detector L-4200 (detection
wavelength 220 nm). It was adopted an isocratitiauwvith a 50:50 mixture of C#DH:aqueous
HsPO; (pH 2.8), at a flow rate of 1.0 mL min The retention time of NCP was 6.8 min, the column
dead time 0.9 min.

The time evolution of FFA to quantify the formaticate of'O, under the yellow lamp was also

monitored by HPLC-UV, as reported previously (Milaedt al., 2011a).



2.4. Kinetic data treatment. Reaction rates were determined by fitting the tewelution data of
NCP with pseudo-first order equations of the fd@p= C, exp(k t), whereC; is the concentration
of NCP at the irradiation timeg C, its initial concentration anklthe pseudo-first order degradation
rate constant. The initial degradation rat&kete,cp = k Co. The reported errors on the rate)
were derived by curve fitting and depend on thdtedag of the experimental data around the

fitting curve. The reproducibility of repeated rumas around 10-15%.

3. Results and Discussion

NCP has pK= 6.48 (Aptula et al., 2002). It is expected thath the neutral and the anionic form
would be present in surface waters, but the anione&cwould usually prevail. For this reason and to
enable comparison with the field data collectedh@ Rhone delta, irradiation experiments were
carried out at pH 8 (adjusted with NaOH) that igresentative of that environment. Therefore, the
results are referred to the anionic NCP form.

The kinetic parameters relevant to the main phaotbal processes that would involve anionic
NCP in surface waters (direct photolysis and reactiith "OH, CQ;~", 'O, and*CDOM*) were
determined by laboratory measurements. They alldveanodelling of NCP lifetime as a function

of the environmental variables and the compariganaxlel predictions with field data.

3.1. Direct photolysis. NCP (initial concentration 20 uM) was irradiatendar the TL KO5 lamp
(Figure 1a). Under the adopted conditions, NCPoWwdd a pseudo-first order transformation
kinetics with initial Ratecp = (1.020.19Y10** M s . The photon flux initially absorbed by NCP

can be expressed ag**" = I p°(A) [L—1076rerPINCPl 4} = 8581077 Einstein ! s, wherep°(1)
A

is the incident spectral photon flux density of thep, &icp(A) the molar absorption coefficient of
NCP (see Figure 1a),= 0.4 cm the optical path length in solution aN€CP] = 20 uM. From these
data it is possible to obtain the polychromatictphsis quantum yield of NCP between 300 and
540 nm, where the spectra of the lamp and NCP aperhs ®ycp = Ratecp (P2 CH) ™ =
(1.2740.22y10°.

3.2. Reaction with "OH. The reaction rate constant between NCP ‘&@id was determined by

competition kinetics with 2-propanol, using nitrgphotolysis as thé OH source. The main



reactions that are expected to take place in teeiyare the following ones (Buxton et al., 1988;
Mack and Bolton, 1999):

NOs + hv + H - "OH +°NO, [®; = 0.01] )
2-Propanol +OH - Products [k=1.910° M s 2)
NCP +'OH - Products 4 (3)

Figure 2 reportfRkatg,cp as a function of the concentration of 2-propanpbruUVB irradiation of

10 mM NaNQ + 20 uM NCP. The choice of the initial nitrate centration was motivated by the
need of obtaining fast phototransformation of N&&that one can neglect the direct photolysis that
would be a confounding factor in this context. Tingh adopted nitrate concentration is thus aimed
at obtaining the reaction rate constant between M@G& OH rather than at reproducing the
environmental conditions. Such conditions will Bken into account in the photochemical model.

It is evident from Figure 2 that the alcohol inlsbihe transformation of NCP, coherently with
the scavenging 6fOH in reaction (2). HoweveRatecp reaches a plateau at elevated concentration
of 2-propanol. Such an effect, which has alreadgnbebserved in the case of 2,4-dinitrophenol
(Albinet et al., 2010b), is most likely accountedt by reactions between NCP and radical species
produced by 2-propanol an®H. An alternative explanation (reaction with ptgeneratedNO,)
is little likely for NCP due to the electron-witteWwing character of the nitro group, which
decreases the reactivity with electrophilic trantsegVione et al., 2009b).

A kinetic treatment including the additional reaas is reported as Supplementary Material
(hereafter SM). One obtains the following equafmmRatecp.

(ks [[NCP] + a [k, [[2 - Propand])
k, INCP] + k, [J2 — Propand|

Ratg., =R, (4)

where a = 0.54:0.02 is the ratio betweeRate,cp without 2-propanol and the plateau value of
Rate,cp (derived from experimental data, see SM). Theofitthe experimental rate data with
equation (4) is reported in Figure 2, with excellagreement, and yielddd = (1.090.09)Y10"

M st as the reaction rate constant between NCP@Rd

3.3. Reaction with CO3™". The assessment of the reactivity between orgamwpounds and CQO
can be carried out with a semi-quantitative scragninethod, which makes use of nitrate and

bicarbonate under irradiation (Vione et al., 2009€he rationale of the method is that the
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photolysis of nitrate yields photogenerated fragimeénside a solvent cage @ + "NO2]cagd that
can either recombine back to nitrate or diffuséhisolution bulk. HeréO™ would be protonated to
"OH and react with dissolved substrates (Mark etl@96; Bouillon and Miller, 2005; Nissenson et
al., 2010; Vione et al., 2011b). The ions HC@nd CQ* can react with bulkOH to yield CQ™,
which is considerably less reactive than the hydreadical. Furthermore, HCand CQ* could
also react with cageD™, producing C@" and inhibiting photofragment recombination to auié:
The final result is that the photogeneration rat€€®; " in the presence of nitrate + bicarbonate
would be significantly higher than that 6OH with nitrate alone (Vione et al., 2009c). The
formation of a higher amount of a less reactivecig®e has variable effects depending on the
reactivity of a dissolved substrate with €0Ovs. OH. Bicarbonate would inhibit the degradation of
compounds that are poorly reactive toward ;COSuch compounds would also undergo
insignificant transformation by GO in surface waters. Conversely, bicarbonate wonlthace the
degradation of compounds that react with;CGat a significant extent (Vione et al., 2009c).
Bicarbonate addition to nitrate also modifies tl@uson pH. For this reason, the effect of
bicarbonate should be compared to the behaviotineofsubstrate in the presence of a phosphate
buffer (NaHPO, + NgaHP(O,), at the same concentration as NaHGEmparable ionic strength)
and same pH.

Figure 3 reports the initial transformation rate26f uM NCP upon irradiation in the presence
of: (i) variable NaHC® concentrations(ii) 10 mM NaNQ and variable NaHC@concentrations
(addition of 10 mM bicarbonate increased for instathe solution pH from 5.5 to 8.%jj) 10 mM
NaNG; and a phosphate buffer, at the same concentraiddaHCQ and same pH (withig0.1
units). The experimental data allow the followimferences to be mad@) NCP degradation was
very slow in the absence of nitrate and it washinrtinhibited by addition of bicarbonate,
suggesting a negligible direct photolysis of NCRlemthe adopted conditions (irradiation time up
to 4 h);(b) compared to phosphate at equal pH, bicarbonaiieiteth the transformation of NCP.

The inhibition by bicarbonate, compared to phosphat NCP transformation upon nitrate
photolysis suggests that NCP is little reactive aamivCQ . Therefore, reaction with GO is

expected to be a minor transformation pathway oPNiCsurface waters.

3.4. Reaction with 'O,. Figure 4 reports the initial transformation rafeN€P, as a function of its
initial concentration, upon irradiation of 10 pM $0Bengal (RB) adopted as a source'®f
(reaction 5). The reaction (6) between NCP &Bg would be in competition with the thermal
deactivation of singlet oxygen (reaction 7; Rodgard Snowden, 1982):



RB+h +0, - RB+'0, (5)
NCP +'0, - Products Kel (6)
'0, . 0, + heat k, = 2.510°s ] 7)

Upon application of the steady-state approximatitO, one gets the following expression for the

initial transformation rate of NCHR@tecp):

Ry, [k [[NCP]
K, + k; INCP]

Ratg, = (8)

whereRo; is the formation rate df, by 10 pM RB under the adopted irradiation deviea. low
[NCP] one getsk; [NCP] « ky):

lim {Ratgcp}=R,, [k [k;* [INCF] 9)

[NCP] -0

The measurement &0, was carried out upon irradiation of 10 uM RB + W furfuryl alcohol
(FFA), which reacts withO, with a rate constarea = 1.210° M™* s (Wilkinson and Brummer,
1981). The initial transformation rate of FFA unddwe adopted conditions waRatgra =
(1.26+0.06)10 " M s™. PhotogeneratetD, could undergo deactivation or reaction with FFAd a

upon application of the steady-state approximatiofiO,] one obtains:

— RatQFA |:k7 + kFFA [[FFA]

R. =
% Keea (DFFA]

(10)

From equation (10) one geRo, = (2.750.13110° M s™. From the initial slope of the fitting
curve of Figure 4 ([NCP] - 0) one derives [Nlci’g? 0{ RateqCP[NCP]‘l}: R, ke k, " =
(2.48:0.62)10* s *. From the known values &0, andk; one getks = (2.250.67Y10' M s* as

the reaction rate constant between NCP*&adThis finding confirms that the hypothe&isINCP]

« k; was reasonable.

3.5. Reaction with irradiated AQ2S. Figure 5 reports the initial transformation rafeN@CP as a

function of its initial concentration, upon irratd@ of 0.1 mM AQ2S. The direct photolysis of

9



NCP was negligible at the adopted irradiation tsoale (up to 4h). From the linear trend of the plot
of Figure 5 one getRatecp = (1.94:0.14Y10° [NCP]. Under the adopted conditions, AQ2S
would be by far the main radiation absorber. Framabsorption spectra (Figure 1) one gets that at
330 nm the absorbance of 0.1 mM AQ2S would be abouimes higher than that of 20 uM NCP,
the highest adopted NCP concentration. Therefdres ipossible to determine with excellent

approximation the photon flux absorbed by 0.1 mM 28Q as
pAQ2s Dj p°(A) [L-10 #esWPAS 4y = 2 0110 Einstein C* s (p°(4) is the spectral photon
A

flux density of the TL KO5 lampp
phototransformation by AQ2S would thus ®&cp ag2s= Ratece (Pa 229" = (9.65:0.70)[NCP].

0.4 cm). The polychromatic quantum yield of NCP

The triplet statéAQ2S*, which is the main reactive species of AQ2fler irradiation, has a
formation quantum yieldag2s- = 0.18 and a deactivation rate constapbys = 1.100° s (Loeff
et al., 1983; Alegria et al., 1999). The formatiate 0f’AQ2S* would beRsag2s = Paagos Pa 22>
and its deactivation would be in competition withe treaction with NCP (with rate constant
ksan2s*ncB. Upon application of the steady-state approxiomatd >AQ2S*, the transformation rate
of NCP by irradiated AQ2S can be expressed asvstlo

K, [[NC
RAlGs =01, L temer (N (11)
3 AQ2s* 3 AQ2S*, NCP m P]

Under the hypothesis thataozssnce [NCP] « ksagzs, One getsRatece = @spqoss Pd 220
KgAQZS*,NCF,(IQAQZS*)'l [NCP], which is compatible with the linear trend repdrte Figure 5. It is
also @ycp ages = Ratace (P P9 ™ = @spgos+ kengzstnep (Ksagzs?) ™" [NCP]. By comparison with
the experimental tren@ycp ag2s= (9.65:0.70) [NCP], one getdiagzs+nce = (9.6%0.70) kzagzs
(Pspg2s) ™t = (5.98:0.43Y10° M~! s, This finding confirms that the hypothesisiozs« ncp [NCP]
« ksag2s+ Was correct. Hereafter it will be hypothesised tha value oksag2s+ncpiS representative

of the reaction rate constant(s) between NCP amésthited triplet states of CDOM.

3.6. Modelling the photochemical transformation kinetics of NCP in surface waters. The
photochemical reactivity data obtained so far, cowdb with a model of surface-water
photochemistry (Albinet et al., 2010a; Maddigapu akt 2011) allow the prediction of the
environmental persistence of NCP as a functiomefrenmental variables, such as water chemical
composition and column depth. Our model takes atoount:(i) the production of OH upon

irradiation of nitrate, nitrite and CDOMii) the production of C®" upon reaction of HC® and
10



CO5* with "OH and of C@ with 3CDOM*; (iii) the production otO, and*CDOM* by irradiated
CDOM,; (iv) the scavenging ofOH by DOM, carbonate and bicarbonafe) the scavenging of
CO;™— by DOM:; (vi) the lifetime of'O, and*CDOM?* in aqueous solution(vii) the absorption of
radiation by CDOM and the penetration of sunlighioi the water column. The photochemical
production of the relevant reactive species andt $wmavenging depend on water depth and on
concentration of nitrate, nitrite, dissolved orgamatter (dissolved organic carbon, DOC, which is
usually measured as non-purgeable organic carbB@QY, carbonate and bicarbonate (Minella et
al., 2011b). Calculations are initially carried dased on an incident sunlight spectrum having 22
W m 2 irradiance between 290 and 400 nm (Figure SMInkead Kldpffer, 1988), but one should
take into account the fact that sunlight irradiare@ot constant in the environment. A standard
summer sunny day (SSD) has been defined, considdrat the sunlight UV energy reaching the
ground on a fair-weather 15 July at 45°N is eqemtato 10-h steady irradiation at 22 W’nuV
irradiance (Maddigapu et al., 2011). Therefore, 8@D time unit adopted in the model is
equivalent to a fair-weather 15 July at 45°N. Thetpchemical model yields the pseudo-first order
rate constants of NCP phototransformatianthe different processes in SSDinits.

Model calculations show that NCP photochemical dfamation in typical surface waters
would mainly take place upon reaction withH and direct photolysis. Reaction witBDOM*
would play a secondary role, and the other prosesseuld be unimportant. Photochemical
processes would be more important in shallow whtaties, where the water column can be
thoroughly illuminated (Bracchini et al., 2005). e'tiRhéne delta lagoons where NCP has been
detected have an average water depth of 1 m (Chkirah, 2009) and are a very good example of
an environment where photochemistry can be impbitapollutant attenuation/modification (Al
Housari et al., 2011). Therefore, the model trereg®rted below are referred to water bodies with
limited depth.

Figure 6 reports the overall pseudo-first ordengfarmation rate constant of NCRy(in SSD*
units, 6a) as a function of nitrite and NPOC tlsahimeasure of DOC/DOM and, in the model, of
CDOM as well. The other parameters have been lkapgtant (1 m depth, 5.1 uM nitrate, 26 uM
carbonate and 1 mM bicarbonate). It can be seemitnie (OH source) favours NCP degradation.
In contrast, DOM inhibits it as a®H scavenger and because of competition for suntigtween
CDOM and NCP, which inhibits the NCP direct phosidy The figure also reports the pseudo-first
order rate constants for reaction witbH and for the direct photolysis (respectivkdy;, 6b, and
Kehos 6C, Wherekyot = Kon + Keno). The rate constarkon decreases with increasing NPOC at

relatively low NPOC values and reaches a plateaaraind 3-5 mg C I NPOC. The initial

11



decrease is mainly due t®H scavenging by DOM. The plateau reacheddyat high NPOC is
referred to conditions where CDOM would be the pitvg "OH source and DOM the main sink,
the two effects compensating for each other. Thesl linear decrease k#:vs.NPOC is due to
competition for irradiance between NCP and CDOMicihnhibits the direct photolysis of NCP.
Note that CDOM is the chromophoric fraction of DOWMe latter including both chromophoric and
non-chromophoric compounds, with possibly varyiagjos in different environments due to the
budget of formation-transformation processes (Qsketial., 2011).

Figure 7 reportt, Kon, andkepot@as a function of water depth and nitrate concéntrawith
constant 0.1 pM nitrite, 2 mg CLNPOC, 26 pM carbonate and 1 mM bicarbonate. Nitastan
*OH source enhancésy, andkg: as a consequence. Increasing depth inhibits alpkiotochemical
processes, because the bottom layers of a deeper @dy would be poorly illuminated. The
negligible effect orkeno: Of both nitrite (Figure 6¢) and nitrate (Figure /& accounted for by their
negligible radiation absorption compared to CDOMickt is the main radiation absorber below
500 nm in most surface waters (Bracchini et al030

The values ok, the overall transformation rate constant, aréuohed in the range 0.04-0.18
SSD? under the conditions adopted in the calculati@wsidering that the half-life timgcp = In
2 kot %, one gets thatnep would vary from 4 to 17 SSD. Therefore, it is sesfgd that

photochemical transformation could be a very imgrarsink of NCP in shallow water bodies.

3.7. Comparison with field data. In the paddy fields and shallow lagoons of the Rhdelta
(Southern France), a reaction sequence appliestrdradéforms the herbicide dichlorprop into 4-
chlorophenol (4CP), which then undergoes nitra{gmobably photochemical) to NCP (Maddigapu
et al., 2010). In 2005, 4CP reached a peak in tAe@f of June, soon after the application of
dichlorprop on the rice fields, after which its centration decreased. The concentration of NCP
peaked a couple of weeks later and decreased aftiswFigure SM2 shows the time trend of 4CP
and NCP in a lagoon, after the 4CP maximum (Maduligzat al., 2010). Interestingly, 4CP showed
pseudo-first order decay. The residence time oemiat the lagoon would give half-life times of
around a year (Al Housari et al., 2011), thus finghs too slow to affect the time evolution of the
compounds under consideration.

Scheme 1 depicts the transformation of 4CP into N@#ler the hypothesis of pseudo-first
order kinetics. The following equations apply te tates of 4CP and NCP:

-G -k acr) (12)
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AINCR _ e [4CP] - koo [NCP] (13)

wherekycp is the pseudo-first order degradation rate consthdCP,k’ the pseudo-first order rate
constant of 4CP transformation into NCP, dfdp the pseudo-first order rate constant of NCP
degradation. The differential equations (12,13)stitute a system that can be solved as follows:

[4CP] = C2.p e ! (14)

K’ CZCP

kNCP - k4CP

[NCP] =Cicpe™" + (e — e (15)

whereC%cp= 1.71 nM is the concentration of 4CPt at0 (21 June, 4CP concentration maximum)
andC°cp = 0.22 nM is the corresponding initial concentratof NCP. The fit of the field data of
4ACP and NCP with equations (14) and (15), respelgtiyieldedkscp = (6.7%0.82)10 day*, k' =
(8.6%1.66Y102 day®, andkycp = (1.090.02)10" day™* (u+o). Within the experimental errors
kscp= K, indicating that there is a practically quaniiattransformation of 4CP into NCP. It is thus
suggested that (photo)nitration is quite importemthe studied environment, an issue that has
already been reported for other pesticide interatediin the Rhone delta (Chiron et al., 2009). In
contrast, it should be pointed out that (photoqitn of a nitrophenol such as NCP is expected to
be ineffective because of the electron-withdrawat@gracter of the nitro group (Vione et al.,
2009b). The fact that,cp = K also confirms that processes such as outflowinsextation and
biodegradation, which would increasgcp and decreasd&’, would be much slower than the
observed transformation kinetics and could, theegfdde neglected (Al Housari et al., 2011).
Interestingly, NCP undergoes slightly faster transfation compared to 4CRnecp > kacp). This
finding deserves some comment because the dir@tolgkis quantum yield of 4CP is about four
orders of magnitude higher compared to NCP (Cze@)i2006). However, under environmental
conditions the elevated quantum yield of 4CP phatsformation would be largely offset by the
very limited absorption of sunlight. The combinatiof elevated photolysis quantum yield and poor
sunlight absorption, which is usually accountedldgran absorption band with a maximum in the
UVC region, is not unusual and has for instanceentg been reported for ibuprofen and the
herbicide 4-chloro-2-methylphenoxyacetic acid (MCRAone et al., 2010 and 2011a), the latter
having some structural analogy with 4CP.

The valuekyce = (1.090.02Y10* day™ derived from the field data (which correspondsato

half-life time of 6.3&0.12 days) can be compared with the results ofpti@ochemical model
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described in the previous section, applied to éevant environmental conditions. They are 51 uM
nitrate, 3.2 UM nitrite, 2.0 mg CELNPOC, 26 uM carbonate, 2.1 mM bicarbonate ananlv@ater
depth (Maddigapu et al., 2010). As anticipated he previous section, direct photolysis and
reaction with"OH are expected to be the main transformation ps®s of NCP, with a smaller
contribution from*CDOM*. The radical OH would mainly be generated by nitrite photolysiger
80%). Other contributions would be from CDOM (ov€)X%) and nitrate (around 5%). The model
yielded the following results for the pseudo-ficstler NCP rate constants referred to the relevant
processes OH, direct photolysis antCDOM*, respectively)kon = (5.6:1.4Y102 SSD?, Kenot =
(6.0£1.8Y10% SSD*?, andkscpom+ = (0.9:0.1)102 SSD™. The reported errors are derived from
those on experimental rate constants and quanteith 6 well as from model-related incertitude.
The overall rate constant of NCP phototransfornmatiould beki: = Koy + Kphot + Kscpomr =
(1.25:0.33)10 " SSD™. Under the hypothesis that 1 day = 1 SSD, whiclmds unreasonable
considering that the field transformation processtplace in the summer season, one gets a very
good agreement between model predictions and fadth. One can thus conclude that
photochemical transformation, mostly upon direcotplysis and OH reaction, would play a key

role in the attenuation of NCP in the lagoon wafethe Rhone delta.

4. Conclusions

The nitroaromatic compound 2-nitro-4-chlorophendICP) in its anionic form is expected to
undergo significant photodegradation in surfaceevgtthe main processes being direct photolysis
and reaction withOH. The relevant photochemical kinetic parametegs @cp = (1.270.22Y10°
(polychromatic, 300-540 nmknceson = (1.020.09Y10"° M s knep.102= (2.150.38Y10" Mt

s, andkucp zaozsr = (5.930.43Y1C°F M~* s*. AQ2S has been used here as CDOM proxy. The
incorporation of the data into a model of surfacexr photochemistry allowed the photochemical
persistence of NCP in surface waters to be foregemnthe Rhéne delta lagoons the model yielded
a half-life time of 5-6 days, which is in very goadreement with the field data. Therefore, it is
suggested that photochemistry plays a significaig m the attenuation of NCP in the lagoon

water.
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a) Absorption spectrum of NCP. Incident spectral phdtox density of the adopted TL
K05 (emission maximum at 365 nm) and TL 01 (emssi@aximum at 313 nm) lamps.
b) Absorption spectrum of Rose Bengal (RB). Incidgr&csral photon flux density of
the lamp (TL D 18W/16 Yellow).

¢) Absorption spectrum of antraquinone-2-sulphonat®Z8). Incident spectral photon
flux density of the TL KO5 lamp.
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Figure 2. Initial transformation rates of 20M NCP upon irradiation of 10 mM NaNQTL 01
lamp), as a function of the concentration of 2-progl. The solution pH was 8, adjusted
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95% confidence limits of the fit.
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Figure 4. Initial transformation rates of NCP upon irradiatiof 10uM Rose Bengal (RB) under
the yellow lamp (Philips TL D 18W/16), as a functiof the NCP concentration. The
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dashed curve on the plot. The dotted curves repréise 95% confidence limits.
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Figure 6. Modelled pseudo-first order degradation rate comstof NCP in surface waters as a
function of nitrite and NPOC: the total rate comst#, 6a), the rate constant for
transformation byOH (kon, 6b) and the rate constant for the direct phoislfene 6C).
The other water parameters are: depth 1 m, 5.1 jtMtey 26 uM carbonate, 1 mM

bicarbonate.
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7a), the rate constant for
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The other water parameters are: 0.1 pM nitrite, 2@nL* NPOC, 26 pM carbonate, 1

transformation byOH (kon, 7b) and the rate constant for the direct phoislfene, 7¢).

mM bicarbonate.

25



4CP NCP

OH OH

7 NOy
2 k' kNCP

Cl Cl

Scheme 1. Kinetic reaction scheme to account for the timelaion of 4CP into NCP in the Rhone

delta lagoons.
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