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Abstract

The anionic form of 2,4-dichloro-6-nitrophenol (DN which prevails in surface waters over the
undissociated one, has a direct photolysis quarniefd of (4.530.78x10° under UVA irradiation
and second-order reaction rate constants o£(23x10° M™* s with "OH, (3.21.4)x10° M~* s* with

'0,, and (1.360.09%10° M~* s with the excited triplet state of anthraquinonst®shonate, adopted
as a proxy for the photoactive dissolved organimpounds in surface waters. DCNP also shows
negligible reactivity with the carbonate radicaisértion of the data into a model of surface-water
photochemistry indicates that the direct photolysisl the reactions wittOH and'O, would be the
main phototransformation processes of DCNP, WitH prevailing in organic-poor arf®, in organic-
rich waters. The model results compare well witd tield data of DCNP in the Rhone river delta
(Southern France), whef®, would be the main reactive species for the phatsfiormation of the
substrate.

Introduction

The persistence in surface water bodies of disdatwganic compounds, including both natural organic
molecules and man-made xenobiotics and pollutatafluenced by their transformation kinetics due
to abiotic and biotic processes, including lighdtced reactions1(2). The main photochemical
pathways are direct photolysis, transformation iieed by the triplet states of Coloured Dissolved
Organic Matter {CDOM®), and reaction with photogenerated transientsh asOH, CQ~ and’O,

(3). The phototransformation kinetics depends on bstibstrate-related and ecosystem-related
variables, namely photolysis quantum yield andtreacate constants of the relevant compound, water



chemical composition and penetration of sunlighéida the water body, which is affected by
absorbance and column dep#hy).

Among the photogenerated transients, singlet oxyggsroduced upon activation of ground-state
oxygen by?CDOM* (5). The importance otO, in degradation reactions varies. For instarfce,
would play a major role into the photodegradatibhistidine and of 2- and 4-chlorophenolagr]. It
is also important for the transformation of tryptap, but probably less thA8DOM* (6,7). However,
'0, would not be able to significantly transform hgrdbxidised compounds5), including
undissociated chlorophenolg)( The radical C@" is mainly generated byDH and HC@/CO:*". A
usually less important pathway is the oxidationcafbonate by CDOM*§). CO;™— would induce
significant transformation of easily oxidised corapds (e.g. aromatic amines and sulphur-containing
molecules) in carbonate-rich and DOM-poor wat&)s A relatively simple screening method to test
the reactivity of an organic compound with £Q0s the study of the effect of added bicarbonatéhe
presence of nitrate under irradiatidi9(11).

The present study focuses on the phototransformakioetics of 2,4-dichloro-6-nitrophenol
(DCNP), an aromatic nitroderivative that has beetected in the Rhone river delta (Southern France)
(12). DCNP is formed by photonitration of 2,4-dichlphenol (DCP), which is an environmental
transformation intermediate of the herbicide dightop, used in flooded rice farming. DCNP can
induce gene mutations and chromosomal aberratid3sl4) and acts as inhibitor of phenol
sulfotransferaselg), which belongs to a class of enzymes that arelved in the detoxification of
xenobiotics {6). The genotoxicity of DCNP is a typical featuretioé aromatic nitroderivativeg?).

In this work, the photochemical reaction kinetic D&€NP was studied initially, assessing its direct
photolysis quantum yield and the reactivity witAH, 'O,, CO;™ and *CDOM*. Anthraquinone-2-
sulphonate (AQ2S) was chosen as a proxy for CDONtsAreason for the choice is that quinone-like
compounds are major components of the photoactiietias of natural DOM, accounting for around
50% of the fluorescence of DOM samplds)( Moreover, the photochemistry and photophysics of
AQ2S have been characterised in detdd).( The obtained kinetic parameters were then adopse
input data for a model that describes the photodtemof the dissolved organic phase of surface
waters. It was possible to predict the DCNP lifetias a function of water chemical composition and
column depth. Finally, the model results were camgawith available field data of DCNP time
evolution in the Rhéne delta, the shallow watersvbich are an environment where photochemical
processes are supposed to play a key role inahsfarmation of dissolved organic pollutari)(

Experimental

For reagents and materials see Supporting Infoomghereafter Sl). Solutions to be irradiated (5 mL
were placed inside Pyrex glass cells (4.0 cm diam&t3 cm height, 295 nm cut-off) and magnetically



stirred during irradiation. The irradiation of DCNP nitrate was carried out under a Philips TL 01
UVB lamp, with emission maximum at 313 nm (near @absorption maximum of nitrate) and 8002

W m™ UV irradiance in the 290-400 nm range, measureti @ipower meter by CO.FO.ME.GRA.
(Milan, Italy). The incident photon flux in solutiowas 2.810° Einstein ! s, actinometrically
determined with the ferrioxalate method0)Y. The direct photolysis of DCNP and its sensitised
phototransformation by AQ2S were studied under taofdive Philips TL KO5 UVA lamps, with
emission maximum at 365 nm, 8D W mi? UV irradiance, and 5%10°° Einstein L* s incident
photon flux in solution. The photodegradation of NIF€ sensitised by Rose Bengal (RB) @ was
studied under a Philips TL K03 blue lamp, with esios maximum at 435 nm and 80° Einstein

L™ s incident photon flux in solution. The lamp choisas based on exciting each photosensitiser as
selectively as possible. The emission spectra efilamps were taken with an Ocean Optics SD 2000
CCD spectrophotometer and normalised to the acetignresults, also taking into account the
absorbance of the Pyrex glass walls of the irramhatells. The absorption spectra of the relevant
compounds were taken with a Varian Cary 100 ScarMi$vspectrophotometer. Figure 1A shows the
overlap between the spectrum of the UVA lamp arad & DCNP at different pH values. Figure 1B
shows the overlap between the UVA lamp spectrumthat of AQ2S, and between the blue lamp
spectrum and that of RB. After irradiation, thewmins were analysed by High Performance Liquid
Chromatography coupled with UV-Vis detection (HPUS). For further details see Sl.

Reaction rates were determined by fitting the temelution data of DCNP with pseudo-first order
equations of the forng; = C, exp(k t), where ¢is the concentration of DCNP at the time §,iS
initial concentration, and k the pseudo-first ordegradation rate constant. The initial degradatate
is Rocne = k Co. Whenever relevant, the fit included the errorshef G vs. t data. The reported errors
on the ratesHo) represent the scattering of the experimental detand the fitting curve. The same
applies to the error bounds associated to the satfethe rate constants, where applicable. The
reproducibility of repeated runs was around 10-15%e data plots, the fits and the numerical
integration to determine the absorbed photon fluxese all carried out with the Fig.P software
package.

Results and Discussion

Direct photolysis. DCNP 20 uM was irradiated under UVA at both pH @B8dissociated DCNP) and
pH 7.8 (phenolate). Note that DCNP has,pK4.75 @1). Figure 1 shows that both forms of DCNP
havee = (1.5-2.5x10° M™* cm* at 365 nm, which is the maximum emission wavelerujtthe lamp.
Under such conditions, with an optical path lenigtke 0.4 cm, one gets an absorbance A = 0.012-
0.020. Therefore, DCNP would absorb some (2.7-4.6§%hne incident radiation, a fraction that is
lower than the errors on the determination of thgrddation rate.



Figure 2 shows the time trend of DCNP as the aeedddriplicate runs. The initial transformation
rate is Rene = (4.620.78x10* M s™ at pH 2.3 and (1.0%.18%10** M s at pH 7.8. Note that the
error bars to the data in Figure 2 are relativatgé, and the two data sets can be consideredetitfe
only at p = 0.32 (t test). The fit of the two datxies yielded different exponential functionsshewn
by the 95% confidence bounds of the fit functiam&igure 2.

Figure 1 shows that the spectra of the lamp arlabtf forms of DCNP overlap in the 300-500 nm
wavelength interval. It is possible to calculate fiolychromatic quantum yield for the photolysis of
DCNP by dividing Rcne for the absorbed photon flux f5NF). The latter can be derived as follows
(22):

PaDCNP =J‘ p.(A)dA :J‘ p°(A) [[ﬂ__lo—eDCNp(/l)m[DDCNP]] dA )
f y

where p°h) is the spectral photon flux density in solutidenfp spectrum, see Figure Epcne(A) the
molar absorption coefficient of DCNP, and b = O the optical path length of the irradiated solutio
One gets P°"" = 1.6&10° Einstein ! s* at pH 2.3 and 2.320° Einstein L'* s* at pH 7.8. The
polycromatic quantum vield isPpcne = Rocne (PLV) ™ = (2.7%0.46)x10° at pH 2.3 and
(4.53:0.78)x10°° at pH 7.8. The latter value is environmentally ensignificant because it is referred
to the phenolate, which prevails in surface waters.

By comparison, the UV-Vis photolysis quantum vyield§ 2,4-dichlorophenol are 0.025
(undissociated phenol) and 0.26 (phenola28).(The corresponding values for 2,6-dichlorophearel
0.034 and 0.222Q). Note the faster direct photolysis of the dicbfgdrenolates. In the case of the
undissociated 2- and 4-nitrophenol, the quanturdyiwere 8.410 and 3.%10™, respectively Z4).
Finally, the quantum vyield of 2,4-dinitrophenol wé&1+0.4)x10™ (undissociated compound) and
(3.4+0.2)x10° (phenolate)Z5).

Interestingly, the behaviour of DCNP toward dirptiotolysis resembles that of the nitrophenols
rather than that of the chlorophenols. Moreoves,ghenolate has lower photolysis quantum yield than
the undissociated DCNP. The phenolates could undeagier photoionisation than the corresponding
phenols, which might partially explain the high pilgsis quantum yield of the 2,4-dichlorophenolate
(2). However, the direct phototransformation of th&ophenols would rather take place via the
reactions of the excited triplet stat@s2d). Therefore, the lowebpcnp Of the phenolate may be caused
by a less efficient formation or a lower reactivity its triplet state compared to that of the
undissociated phenol.

Reaction with *OH. The second-order rate constant between DCNP ‘@itl was assessed by
competition with 2-propanol, using the UVB photadysf nitrate asOH source 26). Such a method



has already been adopted in the case of the nérmé £4). UVB irradiation of 20 uM DCNP + 10
mM NOs was carried out with 2-propanol at concentratiprtarl mM, at pH 8.5 where the phenolate
prevails. Figure 3 shows that the addition of 2paiml inhibited the degradation of DCNP. Moreover,
DCNP underwent negligible direct photolysis under &dopted conditions (UVB, pH 8.5, irradiation
time up to 4 h). PhotogeneratdgdH can react with either 2-propanol (§@8HOHCH), with second-
order rate constanglke 1.%10° M™ s (27), or DCNP:

NOs +hv + H" -~ "OH +°'NO, (2
‘OH + CHCHOHCH; - H,O + CHC'OHCH;s 3
‘OH + DCNP - products 4

The competition kinetics foresees that the tramsétion rate of DCNPRpcnp) should decrease with
increasing concentration of 2-propanol. Howevermany cases there is some reaction between the
substrate and the radicals that are formed by &ridaof the alcohol Z5), which would yield a
constantRpcne at elevated propanol. L& .oy be the formation rate 6OH upon nitrate photolysis,

the constant rate term at elevated alcohol conatmty, andk, the reaction rate constant between
DCNP (phenolate) andH. Upon application of the steady-state approxiomato ‘OH, one gets the
following equation:

R, K. [DCNP]
k, [DCNP +k, [2— propanol

Rocne = ©))

The fit of the experimental data with equation Blgedk, = (2.8:0.3x10° M™ s* and R.on =

8.0<10° M s (see Figure 3). A similar experiment at pH 2 (ssdtiated DCNP) gavg = 1.1x10™

M~ s™. By comparison, the mononitrophenolates hagg k 9.2<10° M™ s* (2NP) and 3.810° M™*

s (4NP) 7). In the case of 2,4-dinitrophenol, it wagk= (1.76:0.05x10° M~* s* for the phenol
and (2.330.11x10° M~* s™* for the phenolate26). Therefore, the reactivity of DCNP towai@H is

comparable to that of the nitrophenols.

Reaction with 'O,. Irradiation of Rose Bengal (RB) is a rather direety to produce€O, (28). The
main O, sink is the energy loss upon collision with wag8)y, thus'O, cannot be accumulated in
solution and disappears if it does not react. Tieee the reaction of any substrate wih, is in
competition with the'O, thermal deactivation. Note that significant quénghof ‘O, photogenerated
by DOM could take place at the DOM-water interfé2@), which could influence the formation rate of
'0,. In contrast, dissolved organic compounds areahtg to compete with water for reaction with,
after it reaches the solution bulk, unless theincemtration is very high5(30. To calculate the



reaction rate constant between DCNP &Bgl RB should be irradiated in the presence of irsinep
[DCNP]. The following kinetic model is obtained:

RB+h+0, - 0, (6)
0, . O, (7)
DCNP +'0O, _. products (8)

Let Rio2 be the formation rate d0, by RB, k = 2.5x<10° s * the first-order thermal deactivation rate
constant 31), ks the second-order reaction rate constant betweedD&hd'O,, and Rcne the initial
transformation rate of DCNP. Under the hypothdseé RB induces the transformation of DCNP only
through photogeneraté®,, one gets:

Rocwe = Ry, 3 ke [DCNP| ()

k, IDCNP] +k,

The value of kK can be obtained from the curvature afck¥ vs. [DCNP] below a straight line at
relatively elevated concentration of the substreitvever, DCNP is able to compete with RB for the
lamp irradiance, and a screening effect of DCNHR&nwould decrease 8, and produce a curvature
as well. Therefore, it is important not to adopa &evated [DCNP] values.

Figure 4 reports Rnp VS. [DCNP] upon blue-light irradiation of 20 uM R pH 8. The maximum
adopted [DCNP] was 12.5 uM. In the presence of UR5DCNP, the photon flux absorbed by 20 uM
RB would be decreased by less than 0.3% compareBBtoalone, an effect that is below the
experimental errors and can be neglected. Moreawreter the adopted experimental conditions the
direct photolysis of DCNP was negligible. Figurergports the fit of the experimental data with
equation 9 (solid curve), which yields & (3.71.4x10° M s*. See SI for the demonstration that
DCNP actually reacts wittD, in the presence of irradiated RB.

Reaction with CO3™". Figure 5 reports the initial degradation rate 6f @M DCNP upon UVB
irradiation of 10 mM NaNg as a function of the concentration of added Nakl(OMe Figure also
reports the DCNP trend in the presence of a phosphaffer (NaHPO, + NaHPQ,), at the same
concentration as NaHGOand same pH #0.1 units), to differentiate the role of the
bicarbonate/carbonate chemistry from the mere pldcef Finally, the direct photolysis data are
referred to systems containing DCNP + NaHC@ithout nitrate. Bicarbonate slightly inhibitseth
degradation of DCNP, suggesting poor substratetiviigctoward CQ ™. Overall, the effect of
bicarbonate on DCNP is similar to that on 4-nitrepbdl, which undergoes negligible reaction with
COs " compared toOH in surface watersl().



Reaction with *CDOM*. The excited triplet states of CDOM are importamici&ze species in surface
waters, also favoured by the major role of CDOMlitsis radiation absorber. For instant@DOM*
directs the transformation of electron-rich phen@d® and phenylurea herbicide83]. The main
difficulty is that CDOM is not a species of defmitomposition, thus it may be necessary to study th
behaviour of molecules that are representative@tbmposition/reactivity of CDONB{).

For this reason, we chose AQ2S as model molecul€BOM, becausdAQ2S* has the peculiarity
not to react with @and, therefore, not to yief®, (19,35.

Figure 6 reports the initial degradation rate of NDC UVA irradiated in the presence of 1 mM
AQ2S at pH 8.5, as a function of [DCNP]. The dirpbbtolysis of DCNP was negligible under the
adopted irradiation time scale (up to 2 h). Theeexpental data of Figure 6 follow a straight line,
suggesting that DCNP at the adopted concentrasi@annegligible scavenger of light-excited AQ2S. A
further increase of [DCNP] is not recommended awauld induce an undesired competition for
irradiance between AQ2S and DCNP. It is still polesito derive the reaction rate constant between
3AQ2S* and DCNP, because the photochemistry of A@@2&ther well known. First of all, the photon
flux absorbed by 1 mM AQ2S P/ ¥ = ijQZS()I)d)I = 238107 EinsteinL™" s™ (see eq.1 for

comparison). From the data of Figure 6 the quanyietld of DCNP photodegradation by AQ2S is
DAFS = REZS [(PA¥%)™ = (223+ 014) [IDCNP]. It is known from the literature that the quantum

yield for the formation ofAQ2S* under UVA isPzaq2s+ = 0.18, and that the pseudo-first order decay
constant ofAQ2S* is kengzss = 1.1x10" st (19). Becaus€AQ2S* would either decay, or react with
DCNP with rate constantk %2>, the quantum yield of DCNP photodegradation woine

DLXS = [k A5 [IDCNP] [{Kspps )+ Under the hypothesis th& %25 [IDCNP] << k

SAQ2S* SAQ2st *

By comparison with the expression of®{%> derived from Figure 6, one gets
® [k Q2 {Kspops ) = (223£ 014) andk A% = 136+ 009)[10° M ' s, Note that this

3AQ2s*

3AQ28

result is consistent withk.ys. [IDCNP] <<k An additional hypothesis is made here, that the

3AQ2st *

reactivity of’AQ2S* + DCNP is representative @ DOM* + DCNP.

Use of the kinetic data into the photochemistry model. The values ofPpcne and of the rate constants
with *OH, *0, and*CDOM* were used as input data for a model, whickcdees photochemistry in

the dissolved phase of surface waters as a funofi@hemical composition, absorption spectrum and

column depth 36,37. For each photochemical pathway the model yigldsalf-life time 7530, in

summer sunny days (SSD), equivalent to a fair-wazalld July at 45°N latitude, or a rate constant
kS3P, in SSD*, where k3o, = In2(r§§ﬁp)_l. The details of the model for the relevant proessare

described as SI, and only the results will be dised here. As far as the direct photolysis is aoeck
the rate constant of DCNP is:



3600 @ °(A)J1-10AWa ocne(4) d/
ocxe | DAV LSV

(10)

SSD -
(kDCNP phot —

d

whered is the water column depth (in cnioene = (4.53:0.78)x10°°, p°(A) the spectrum of sunlight
(in einstein cri¥ s* nm* and corresponding to 22 W rJV irradiance, as can be observed in a sunny
15 July at 45°N latitude, at 10 am or 2 pm solareti see Figure A-Sl)éene(A) the absorption
spectrum of anionic DCNP (in Mcm™?), andAs(A) the specific absorbance (the absorbance value with
b = 1 cm) of the surface water layer, where thdiglmnirradiance is maximum and the photochemical
processes are usually most favoured.

In the case ofOH, the rate constant of DCNP is:

kSSD = 3600° R'ICC);H kDCNP,'OH (11)
DCNP'OH ~ " Z-ks [S]

where; ksi [S] is the rate constant of the natui@H scavengers (inY, R.o1® the formation rate of

"OH inside a cylindrical volume of unit surface araad depthd (in M s%), and kocnp.on =
(4.260.4%10° M7t s,
In the case ofO;, the rate constant of DCNP is:

018K s, [ P (1) dA
A

SSD —
DCNP'0, d

(12)

wherekoene 102= (3. #1.4x10° Mt st andp.""°M(J) is the spectral photon flux density absorbed by
CDOM.
Finally, as far aSCDOM?* is concerned, the rate constant is:

a

0.0920K, ¢\ picpone ] P (A) dA
A

SSD -
DCNP,*CDOM* d

(13)

wherekpenp scoom= (1.36:0.09x10° Mt s,

Figure 7a reports the trend &€, as a function of the deptth and of the content of DOM

(quantified as NPOC, non-purgeable organic carbiarg, water body that also contains |8l nitrate,
3.2 uM nitrite, 2.1 mM bicarbonate and 26 puM cadten(in analogy with the lagoons of the Rhéne
river delta, Southern Franc&2)). Also note that the water spectrum(® was modelled from the

9



NPOC values (see Sl for details). The rate conssardgported for the three most important processes

(direct photolysis and reactions wifOH and 'O,), while the reaction witi*CDOM* was less

significant. All the k3%, values decrease with increasinlg which is reasonable because the

photochemical processes are most important in aslialaters. Moreover, direct photolysis and the
reactions witH OH and'O, would all play a similar role for NPO€2 mg C L%, *OH would prevail at
lower NPOC valuestO; at higher NPOC. This finding suggests the impartanf assessing all the
main photochemical pathways involving a substrate surface waters, because the prevailing
transformation route could vary under differentditions.

Comparison between model results and field data. In the case of the Rhone delta water, DCNP is
formed from DCP. The latter showed a concentratieak on 21 June 2005, while DCNP peaked in
early July (2). The photochemical processes are very importarthe transformation of dissolved
pollutants in the Rhone deltdZ38), thus it is very interesting to compare the fielata with the
results of our model.

Figure 7b reports the time trend after 21 Juneotii IDCP and DCNP in a ditch draining the paddy
fields (12). The time choice has the purpose of simplifyihg function describing DCP, to allow a
workable solution of the DCNP differential equati@rde infrg). The DCP trend follows a pseudo-first
order kinetics, witfDCP] = A exp(—k t), wherek is the pseudo-first order transformation rate tamts
andt the time in days. The data fit yielded= 2.910° M andk = 0.12 day". On 21 June the
concentration of DCNP i€, = 6.310° M. DCNP is formed from DCP, and under a pseudst-firder
approximation one can assurdeDCNP]/dt =k'[DCP] -k’ [DCNP]. Here k” is the pseudo-first order
transformation rate constant of DCNP, g@CP] = A exp(- k t). The solution of the resulting
differential equation is:

[DCNP|=C, e™" + % (CREET-2 (14)

The fit of the DCNP data in Figure 7b with equatibhyielded k' = 0.098 day and k” = 0.083 day.
The latter value can be compared with the model«derDCNP transformation rate constargeie.

The application of the photochemical model to ti@ie delta water, which contains 51 uM NO
3.2 UM NQ", 2.1 mM HCQ@", 26 pM CQ?* and 4.5 mg C T NPOC (2), yields lcne = 0.130.04
SSD™* for the main transformation pathway (DCNP'@,). The other pathways yielded significantly
lower rate constants. From these data one canummdhat:(i) the main transformation pathway of
DCNP in the Rhéne delta is the reaction with, and(ii) the model value ofdenp is compatible with
the pseudo-first order transformation rate constdnterived from the DCNP field monitoring. Note
that 1 day= 1 SSD in the relevant period (June-July).
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Captionsto the Figures

Figure 1. a) Absorption spectra of DCNP (molar absorption caoeffit €) at different pH values.
Emission spectrum (spectral photon flux density)tted adopted UVA lamp (Philips TL
KO05).
b) Absorption spectra of AQ2S and RB (molar absorptoefficiente). Emission spectra of
the UVA (Philips TL KO5) and blue (Philips TL KOBmps.

Figure 2. Time evolution of 20 uM DCNP upon UVA irradiatioat, pH 2.3 (adjusted with HCl{pand
7.8 (adjusted with NaOH). The solid lines represtet pseudo-first order exponential fit
functions, the dashed ones are the correspondittgc@sfidence limits.

Figure 3. Initial transformation rates of 20 uM DCNP upon B/\Mradiation of 10 mM NaNg) as a
function of the concentration of added 2-propafidle solution pH was 8.5, adjusted with
NaOH.

Figure 4. Initial transformation rates of DCNP upon irraghatof 20 pM RB under the blue lamp, as a
function of the DCNP concentration. The solution\was 8, adjusted with NaOH.

Figure 5. Initial transformation rates under UVB irradiation ( ) 20 uM DCNP and 10 mM NaNQ
as a function of the concentration of NaH{Oa ) 20 uM DCNP and 10 mM NaNQas a
function of the concentration of added phosphaféeb(same concentration as NaH¢&hd
same pH, within 0.1 units)pf 20 uM DCNP, without nitrate, as a function of Na®,
concentration.

Figure 6. Initial transformation rates of 20 pM DCNP upon AWradiation of 1 mM AQZ2S, as a
function of the concentration of DCNP. The solutphh was 8.5, adjusted with NaOH.

Figure 7. a) Modelled pseudo-first order degradation constam®NP (SSD* units) as a function of
water column deptld and NPOC values. The model results are reportedhi® direct
photolysis and the reactions withH andO,. For the model description see the SI.

b) Time evolution of DCP and DCNP in the Rhéne dedgobns (Southern France), after the
DCP peak on 21 June (day )2). The DCP data were fitted with a pseudo-firsteord
equation, the DCNP ones with equation 14.
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Figure2
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Figure3
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Figure4
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Figure5
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Figure6
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Figure?7
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