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Abstract

Dissolved organic matter represents the main regemf organic carbon in most aquatic
ecosystems. In the present study, we determinedpkieal changes and the quantum vyields of
transient species formation for chromophoric dsdl organic matter (CDOM) samples
undergoing photodegradation. The results showttretriplet stateSCDOM* are potentially key
players in CDOM photodegradation and that suchstoamations are strongly influenced by small
differences in CDOM sources and sinks. In contré3H radicals are very unlikely to play a key
role in phototransformation. These results repreaenmportant first step in combining optical and

transient species analyses to understand photatiggma processes of dissolved organic matter.

Keywords:photochemistry; photogenerated transients; daedt sensitized photolysis; absorption

spectral slope; photobleaching.



1. Introduction

Dissolved organic matter (DOM) is a complex mixtureorganic compounds with spatial and
temporal distributions that result from multipleusces and sinks (Tranvik et al., 2009; Bracchini et
al., 2011). DOM sources in most ecosystems canisimglished as autochthonous (produged
situ by biological activity from aquatic macrophytes, hyfoplankton, zooplankton,
bacterioplankton, ...) or allochthonous (of temesbrigin, usually originating from the degradati

of terrestrial organic matter). These two DOM podsfer in their optical and chemical
characteristics (Sulzberger and Durisch-Kaiser92@hang et al. 2009). Dominant sinks of DOM
include direct photodegradation, reaction with plgenherated transient species, biological
degradation and flocculation (Moran et al., 2008eg et al., 2007). The importance of each sink
will depend on the local conditions as well as ¢hemical and optical characteristics of the DOM
present.

Solar ultraviolet radiation can directly modify pexties of the chromophoric fraction of
dissolved organic matter (CDOM) through photolysiswever, indirect phototransformation may
also play an important role in altering CDOM comigoa (Vione et al., 2009a, 2010a). The term
indirect photodegradation has been used with tviierdnt meanings in the scientific literature.
One concerns the loss in absorption at wavelertgtitsare not present in the incident irradiance
(Del Vecchio and Blough, 2004). The other is linkedhe formation and subsequent reactivity of
transient species such as hydroxyl radicaldH), singlet oxygen'(,) and triplet excited states of
dissolved organic matte?C(DOM*) that are generated during irradiation of Cld@Boreen et al.,
2008). The fact that some or most of the reactipecies that could be involved in the
transformation of DOM/CDOM are photochemically getted by CDOM itself, suggests that
CDOM is at the same time a producer and a scavexigeactive phototransients (Hoigné, 1990;
Canonica and Freiburghaus, 2001; Al Housari etall0; Minella et al., 2011). Few attempts have
been made so far to associate the production mditrat species with optical changes in CDOM.

In the present study, we compared changes in CD@i\al properties to the production of
transient species in controlled photodegradatigpeaments. Rates of transient formation and rates
of photodegradation were compared to identify thendient species that dominate CDOM

dynamics in a small coastal lake.



2. Experimental section

2.1. Sampling

Sampling and measurements were made in Fogliane iraay 2009 (Figure 1). The lake is a
small coastal lake (4 Kihin the National Park of Circeo in central Italjwo sampling sites (F1
and F2) were chosen to examine the CDOM variabdite to small differences in sources and
sinks. The F1 site was located in the centre ofdke, 200 m from the tidal sea gate that connects
the lake to the Tyrrhenian Sea. The F2 site waatéakcin the northeast part of the lake which is
bordered by agriculture areas but has no dire¢asaifreshwater inputs. The average depth of the
lake is around 1 m and the lake bottom is charaeigrby extensive areas of submerged
macrophytesRuppia maritimaandZoostera noltl, particularly evident in the northeast part of th
lake during the summer (Signorini et al., 2008)e Bpatial distribution of vertical light attenuatio
shows that the water of the F2 area has a higher att®huation (Bracchini et al., 2005).
Hydrodynamic models also indicate that the waterdence time is higher in this part of the lake
(Bartocci et al. personal comm.).

Temperature, pH, specific conductance and dissatxgden profiles were performed at each
sampling site using a Hydrolab Datasonde 3 (Hythrdlorp., USA), calibrated prior to each
measurement. Chlorophydl-fluorescence and nephelometric turbidity werenestied using daily
averages obtained from a portable fluorometer (S£8Ebmersible Fluorometer, Turner Designs,
excitation wavelength = 485 nm, emission waveleng#80 nm). The fluorometer response was
calibrated daily using a standard solution and onegsents of chlorophyb: concentrationssensu
Talling and Driver (1963)] from different lakes loding Fogliano Lake. Despite the different
sources of variability in the chlorophyl-fluorescence €.g, quenching, temperature, package
effect and self-shading), the measured concentiatend fluorescence signals showed a good
linear regression (R= 0.74, p < 0.001). Nephelometric turbidity caditon used a standard

formazine suspension.

2.2. CDOM Absorption measurements
Lake samples (1 liter) were obtained nearly sirmdtausly from two sampling sites (F1, F2) at a
depth of 0.5 m. Samples were filtered in serieagisterile filter membranes, with a porosity of 0.8

pm and 0.22um (cellulose acetate membranes, Sartorius, Minjsamter low N pressure. Filters



were initially pre-conditioned by using 200 mL bktsample. Filtered samples, sealed with Teflon
caps were stored in amber glass bottles at 4°C he dabsence of light until analysis.
Spectrophotometric analysis (Perkin Elmer Lambda\2&ian Cary 100) was performed using a
single 0.01 m quartz cuvette. Samples were acdkethtto room temperature (18 °C) and
absorbance spectra (A) were recorded from 240 n#O@nm with a spectral resolution of 1 nm
(measured absorbance range 0.0800 - 0.0009 AUN-Mivater (at the same temperature of the
samples) was used as a reference. Three compkets §£920 nm mif) of each sample were
performed and the average values were calculatezldifferences between the scans were close to
the detection limit of the spectrophotometefl(f AU). The average absorbance value between
680-700 nm was used as a null point adjustmenth®rabsorption spectra. Absorbance data were
converted into absorption coefficients usingg2a303A¢° /L, where L is the cuvette pathlength
(0.01 m).

A distribution of absorption spectral slopes wasngsted using 20 nm wavelength intervals
and a 1 nm step from 240 nm to 680 nm. For eaclhhr@Ovavelength interval, an estimate of
spectral slope, fitting value @Rof the exponential fitting and residuals wereeg@ined using a
nonlinear regression fitting method (Loiselle et @009a). The minimization of the least squares
between residuals and the experimental data wasl lmsthe Levenberg-Marquardt algorithm. The
resultant distribution of spectral slopesXS(mi*) was plotted as a function of wavelength. The
exponential fitting values were used to identifyvel@ength intervals where the assumption of
exponential behavior was significanf?(R0.95, p < 0.001).

2.3. Determination of nitrate, nitrite and Non-Purgeable Organic Carbon (NPOC) in lake water
The concentration of nitrate in lake water was eiged with a Dionex DX 500 Ilon
Chromatograph, equipped with Rheodyne injector |{20sample loop), LC 30 chromatography
oven, GP 40 gradient pump, Dionex lon Pac AG9-H@mM-10-32) guard column, Dionex lon Pac
AS9-HC 4-mm (10-32) anion exchange column, ASRS-RAT4-mm conductivity suppression
unit, and ED 40 electrochemical detector, operatembnductivity mode at 30°C. The eluent was a
1.1102 M K2CO3 / 4.510° M NaHCQ; mixture, flow rate was 1.00 mL nifnand the retention
time of nitrate was 6.75 min (column dead time 2160).

Nitrite was quantified following the procedure ofelder and Seaton (1996) using High
Performance Liquid Chromatography coupled with U¥-detection.



Non-Purgeable Organic Carbon (NPOC) was determwvitda Shimadzu TOC-¥s Total
Organic Carbon Analyzer, equipped with an ASI-Vasaimpler and fed with zero-grade air. Each
lake water sample was acidified with 2 M HCI (1.5%%) and sparged for 10 min with zero-grade

air prior to injection and catalytic combustionavfanic compounds into GO

2.4. Irradiation experiments.

Two different series of phototransformation expenms were performed on each filtered lake
water sample. One series examined photo-inducechatosn of reactive transient species in
controlled laboratory conditions. The other seriesed solar radiation over several days in
monitored lake conditions to determine the direod andirect modification of the optical
characteristics of the lake CDOM.

In the transient species experiments, irradiancepravided by a set of five UVA lamps (TL
KO5, Philips) with a constant spectral irradiancecoylindrical Pyrex cells over a 30 hour period.
The cells (4.0 cm diameter, 2.5 cm height, witlateral neck and screw cap) were filled with 20
mL of filtered lake sample, leaving about 10 mL d&zace, and were magnetically stirred during
irradiation. The incident UV irradiance (290 - 4@0n) was 57 W nf, measured with a
CO.FO.ME.GRA. power meter (Milan, ltaly). The enngs spectra were determined using an
Ocean Optics SD2000 CCD spectrophotometer (Figaje The photon flux in solution (1110~
Einstein L s*) was actinometrically determined using ferrioxajatonsidering the spectral trends
of ferrioxalate absorption and of the quantum yiefd=€* photoproduction (Kuhn et al., 2004).
The emission spectrum of the lamps was normaliagtié¢ actinometry data and the transmittance
of Pyrex (Albinet et al., 2010). The cell pathldngtas 0.016 m.

In the in-situ photodegradation experiments, exposure of filtded@ samples to incident
solar radiation was performed in 1 L sterile Tedfaolyvinylfluoride) sampling bags, after assuring
that the bags did not contribute to CDOM absorptiosample bias (Loiselle et al., 2009b). A set
of control samples was created by covering additittags with dark adhesive tape. Sample and
control bags containing filtered lake samples ween fixed in a horizontal position on the lake,
just below the surface of the water (< 1 cm depBhoyface irradiance measurements were obtained
every minute directly above the lake (1 m) usingie corrected multichannel (SKR 1850) and
single channel sensors (SKR 420, 430) for ultratiéd (UVA, 315-380 nm) and ultraviolet B
(UVB, 280-315 nm) (Skye Instruments LTD, UK). Thensor calibration was performed in March



2009 using a StellarNet deuterium lamp (model #SIBE spectral incident irradiancEq(A, t),
kW m? nm') was calculated by considering the total soladiance on the sample bag and the
spectral transmission of the Tedlar bags from 3600 nm (Figure 2b).

The cumulative UV irradiance dosB)(was determined in both experiments considerieg th

initial absorption spectrum for each sample togettigh the incident irradiance within the sample

400t 400t
container (cell, bag) ab = I I(EO(/],t) - E,(A,t))dtdA = I IEO(A,t)(l—e'a“’X) dtdA, wherex is
2800 2800

the optical pathlength of the sampkg,@,t) is the incident irradianceg is the sample spectral
absorption for each wavelength anid the irradiation time (Table 2). Loss due totwréng in the
filtered samples was assumed to be not signifiagtht respect to absorption.

Photodegradation rates were determined by usingle¢hgative of the change in absorption
and SR) with increasing dose. Over the limited duratidrii@ present experiment, the assumption
of a linear decrease was suitable for data fit. elmv, for long term photodegradation experiments,
the change in absorption (or spectral slope) vatl e linear, hence the derivative of the change in

absorption (or () with dose will not be constant over time.

2.5. Measurement of rates of reactive species photoproduction.
The transformation reaction of benzene into pherasl used as a probe f@H, the transformation
of 2,4,6-trimethylphenol was used f8€DOM*, and the transformation of furfuryl alcoholas
used for’O, (Al Housari et al., 2010). Filtered lake water gées (20 mL) were spiked with
benzene (initial concentration of 3.0 mM), furfuaftohol (FFA, 1.8 mM) or 2,4,6-trimethylphenol
(TMP, 2.0 mM) and placed into Pyrex glass cellghtly closed with a lateral screw cap. After
irradiation (up to 30 h), the cells were refrigedatin the dark for 15 min to avoid the loss of
volatile compoundse(g. benzene). The aqueous solutions were analyzedPhyCHUV with a RP-
C18 column. HPLC conditions for the different corapds are reported in Vione et al. (2010) and
Minella et al. (2011). Formation of phenol and @efgition of FFA or TMP were negligible for
samples when irradiated in ultra-pure water andaioe samples stored in the dark.

The time evolution data of phenol from benzenearadiated lake water were fitted using the

equation
R =k B, (kg - kg)" [exp(-kjt) - exp(-Kit)] (1)



whereP is the concentration of phenol at the titnB, the initial benzene concentratidd,
andks” the pseudo-first order rate constants for the &ion and the transformation of phenol,
respectively, ands® the pseudo-first order rate constant for the franstion of benzene. The
initial formation rate of phenol iR = k" B,. Phenol formation is accounted for by reaction
between benzene an@H (Takeda et al., 2004), phenol transformatiomeaction with OH and/or
3cDOM* (Canonica and Freiburghaus, 2001). TI@DOM* reaction is expected to prevail,
because it plays the main role also under conditishere degradation BQH is strongly favored
(Vione et al., 2009c).

The time evolution data of TMP and FFA were fittBdC'; = C's exp(k4 t), whereC'; is the
concentration of the substrdté = FFA or TMP) at the timg C', the initial concentration df and
ki the pseudo-first order transformation rate cortstdri. The initial transformation rate of the
substratd is given byR = k¢ C\. The errors associated to the rates were derit/éldea level
from the scattering of the experimental data (olgdias the average of replicate runs) around the
fit curves.

The reaction between benzene a@¢H produces phenol with a yield of 95% (Takedalgt a
2004). This reaction competes with the scavengihghe hydroxyl radicals by the natural
scavengers present in lake water. Therefore, thialiformation rate of phenol is expressed by the
following equation:

Kg.on B

B,"OH B, +ik3 S @

whereRon is the formation rate 60OH, kg on = 7.8<10° M~ s is the second-order rate constant

R, = 095Ry, -

for the reaction between benzene aD#l (Buxton et al., 1988B, = 3 mM, and; ks; S is the rate
constant for the scavenging @H by the natural components of the water sampédeda et al.,
2004). For most surface waters the valu&dé; S varies between f@and %10° s™* (Vione et al.,
2010a, and references therein). In the presen80aiM benzeneks oy B, = 2.3x10” s, which
allows the natural scavenging rate constanks; § to be neglected in equation (2). With this
approximation one gef» = 0.95Roy and, as a consequenBey = (0.95)" Re.

The reaction betweelD, and FFA (rate constaktraioz = 1.2x10° M™ s*; Wilkinson and
Brummer, 1981) is in competition with the thermahdtivation of-O, by collision with the solvent

molecules Ky = 2.5<10° s *; Halladja et al., 2007). FFA can also react WitiH, but the rate of



such a reaction is usually negligible compared Eé F *O,. The initial degradation rate of FFA
can be expressed as follows:

k|:|:A,1o2 FFA\)

FFA, +k, (3)

Rera = R102 K

FFAlO,
whereRyo is the formation rate 0O, upon irradiation of the sample. WilFA, = 1.8 mM it is
kera102 FFA, = 2.2x10° s, which cannot be neglected comparedgoThe formation rate ofO,
upon irradiation of the sample can be determinedkuthe conditions oR;02 » Roy and solving
equation (3) foRy02.

The reaction ofCDOM* with TMP is in competition with the other detivation processes, which
have rate constant kK 5 x 10° s * (Canonica and Freiburghaus, 2001). The reactiondssn TMP
and’OH is usually negligible compared to TMP’€DOM?*, but the same may not be true of the
reaction between TMP arl®,. The latter reaction is in competition with thenmal deactivation
of 10, following collision with the solvent. Furthermortie reaction between TMP af@DOM*

would consume the triplet states and proportionphigvent their reaction with £t give 'Os.
Therefore, the degradation rate of TMP due to eaatith 'O, 1h‘}pcan be expressed as follows

(Minella et al., 2011):

1 ' w [ TMP
R”%=R E K B kTMP,o2 °

k' TMP, k, + TMP ()
kTMP,3CDOM* o 'd kTMP,102 o

wherek,, ..., = (6.2£1.0x10" M~ s* (Tratnyek and Hoigné, 1994) aitP, = 2.0 mM. The rate

erﬁzp contributes to the measured transformation rat&d P, Rrvp, together with the reaction

betweerfCDOM* and TMP.Rnve can thus be expressed as follows:

=R kTMP,3CDOM* TMFf, o,
RrMP - 3cDOM* 1 + MP (5)
kTMP,3CDOM* TMI% +k

where Rﬁﬁ; is given by equation (4)n a previous field study, was found to be 3:0.0°

Scbom*

M~ st in Rhéne delta lagoons, and the same rate const&ne could be applied to both
freshwater and brackish samples (Al Housari e2@10). Such rate constant compares well with
the value of 210° M~* s obtained by Halladja et al. (2007) in the presevfceumic acids under

= 3.0x<10° M s* andTMP, = 2.0 mM, k., TMPR, = 6.0x10°

Scbom*

irradiation. With kTMP

Scbom*



s ', which does not allovk’ in equation (5) to be neglected. Therefore, then&tion rate of
3CDOM* (Rscpom+) can be expressed as follows:
TMP +k'

R, — (Rr _ eroz B MP,*CDOM* (6)
CDOM* MP MP
kTMP,3CDOM* TMF%

Equation (6) is valid iRscpom+ » Ron, Which is usually the case for surface watersHAuUsari et
al., 2010).

3. Results

3.1. In situ measurements

Dissolved oxygen concentrations and pH were sicguifily higher in F1, the sampling site located
closest to the tidal sea gate (Table 1). The cdraon of dissolved organic carbon (DOC,
measured as NPOC) was higher in site F2. Salimtytamperature measurements were similar in
both sites. The concentrations of nitrate werewele analytical detection limit (1 uM) in both F1
and F2, while the concentrations of nitrite wereouad 0.05 pM. Chlorophyll-a related
fluorescence was significantly higher in F1 witlspect to F2. Chlorophyll-a related fluorescence
measurements of filtered water samples showedasivalues (2.4 + 0.4 AU and 2.6 £ 0.2 AU).

3.2. CDOM characteristics

Absorption spectra were broad and unstructuredy thié expected near-exponential decrease with
increasing wavelength in the ultraviolet and visibavelengths. The highest absorption was
measured in the sample F2 with respect to F1 (Eigay).

The distribution of the absorption spectral slog®) Svas determined between 240 and 600
nm, using 20 nm wavelength intervals. An exponériiiting was found to be appropriate (p <
0.01) for the absorption data from 240 to 390 nm &t samples. The resulting spectral slope
distribution (Figure 3b) indicated that the diffiece between the samples is most significant for
spectral slopes between 285 nm and 350 nm. SanZlea& higher spectral slope than F1. In
comparison to purely allochthonous and autochther@DOM sources, the Fogliano samples had
much higher SX) values than those determined from the humic-t{2OM from Laguna Ibera
(allochthonous CDOM; Galgani et al., 2010) and @nésd a spectrally variable distribution, with

10



some analogy to exudates from a laboratory monaeubf the freshwater Chlorophy@hlorella
(Loiselle et al. 2009a).

3.3. Optical photodegradation
The change in CDOM absorption was measured inioalab the cumulative dode of solar UV
irradiance (Table 2). Solar irradiation of sampleifduced a clear and significant reduction (p <
0.05) of absorption with increasing dose betwedh&d 440 nm. The reduction in absorption with
exposure was significant between 240 and 365 nredople F2. Darkened control samples did not
show a significant change in absorption over tiniee absolute change in absorption with
increasing dose (th (kJ m?™) was used to determine a spectral photodegradatitss For
wavelengths below 400 nm, F1 had a higher photediadion rate with respect to F2 while both
had a significantly lower rate with respect to ltugnic-like CDOM from Laguna Ibera (Figure 4).
The absorption spectral slopeApincreased with irradiance dogefor most wavelengths
below 350 nm and decreased in the wavelengths bat&&5 nm 390 nm. The rate of change in the
absorption spectral slopeX$(with irradiance dose (nfn(kJ m? nm™)™) was significantly higher in
the F1 sample (p < 0.05) between 250 nm and 315anchbetween 320 and 375 nm (Figure 5).

This rate of change was generally higher thanrttedisured in Laguna Ibera.

3.4. Reactive species photoproduction
The photoproduction of phenol from benzene wasifsegmtly higher in the F1 sample (Figure 6),
Ri = (3.3 £ 0.1¥10™ M s with respect toRs 2 = (2.4 + 0.4)x 10 M s™. The phenol
formation rates as a function of the absorbed iarame dosd wereR’s ' = (2.0 + 0.1)x 10° M
m? kJ*! andR’p? = (6.3 + 0.1)x 10° M m? kJ™*. The'OH formation rates werBoy * = (3.5 + 0.1)
x 10 M s [corresponding to (2.1 + 0.3 10° M m? kJ™Y] andRor > = (2.5 + 0.4)x 10 M s*
[(6.5 + 0.1)x 10° M m? kJ™]. The quantum vyields 6fOH photoproduction®on = Ron (Pa) ™)
weredon ' = (11.1 + 0.4 10° andPon 2= (3.4 + 0.5)x 10°™°.

The concentrations of nitrate and nitrite, both gilale "OH sources in lake water were
extremely low (Table 1). Nitrate and nitrite at $below concentrations cannot influence the

formation of phenol from 3.0 mM benzene (Vione let2006). Therefore, the vast majority’@fH

11



photo-production in the studied samples would bepacted for by CDOM (Mopper and Zhou,
1990; Vione et al., 2006; Page et al., 2011).

The transformation rate of FFA was lower for Rkra ! = (4.3+ 0.3)x 10° M s * with
respect toRrra 2 = (5.1 + 0.1)x 10° M s assuming a linear decay (Figure 7). However, the
transformation rate per irradiance dose was siganifly higher in F1Rega - = (2.6 + 0.2)x 10° M
m? kJ'™* with respect tdReea 2 = (1.3 + 0.1)x 10° M m? kJ™%. To check for the participation &0,
in the transformation of FFA, samples containingn3@ NaN; in addition to 1.8 mM FFA were
irradiated, as the azide anions{Nis an effective scavenger &, (second-order rate constant 1.7
x 100 M st at pH 8.4; Wilkinson and Brummer, 1981). The azdeed samples showed
negligible transformation of FFA at the adoptecdiation time scale (Figure 7), suggesting that
0, was the main reactive species involved in the BEgradation. The resulting formation rates of
singlet oxygen were determined to Bgy; - = (9.2 + 0.7)x 10° M s [(5.6 + 0.4)x 10° M m?
kI andRioz 2= (1.1 £ 0.2)x 108 M s 1 [(2.9 + 0.5)x 10° M m? kJ'}]. In both cases, it iRio »
Ron, Which confirms the applicability of equation (3he quantum yields fo10, photo-production
are @07 L = (2.9 + 0.2)x 102 and @107 % = (1.5 + 0.3)x 1072 The latter yield is similar to that
reported for numerous lakes in northern Italy (\&oet al., 2010a). Considering that irradiated
CDOM would be the only important source’@l; in surface waters (Hoigné, 1990; Al Housari et
al., 2010), it can be inferred that CDOM in samplewould producéO, more effectively than
CDOM in F2 for the same irradiance dosad, - > ®107 ).

The degradation of TMP showed significant diffeenbetween the two samples (Figure 8),
with Rpvp 1= (8.0 £ 0.7)x 10° M s [(4.9 + 0.4)x 10° M m? kJ'] andRryp 2= (1.5 + 0.1)x 10°®
M s 1[(3.9 + 0.3)x 10° M m? kJ'Y]. The formation rates GCDOM* were Rscpom - = (8.4 + 0.7)

x 10° M s [(5.3 + 0.4)x 10° M m® kJ'"] andRscpom+ > = (1.6 + 0.1)x 10° M s [(4.2 + 0.3)x
10° M m? kJ'Y), obtained from equation (5) that is applicabledeseRscpom+ » Rown. The multi-
wavelength quantum yield®%cpoum-) Were (2.7 + 0.2x 102 and (2.2 + 0.1k 102 for F1 and F2,

respectively.
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4. Discussion

The spectral photodegradation rates and the quayitelas of transient photoproduction showed
clear differences between samples, with F1 beingenpihoto-reactive even though it had the
lowest CDOM absorption and DOC concentration (dee &Venk et al., 2011; Guerard et al.,
2009). Both samples showed the largest absorptisa below 300 nm, where incident solar
irradiance is minimal. In comparison, both samp#®wed a smaller photodegradation rate
compared to the humic-like CDOM from Laguna Ibe&galgani et al., 2010).

The rate of change of B(indicated that F1 underwent a larger modificat{decrease) in
average molecular weight (MW) for the same irradeadose with respect to F2, considering that
larger SA) values are usually associated with CDOM molecuiaging smaller average MW
(Peuravuori and Pihlaja, 1997; Blough and Del Vex,ch002; Helms et al., 2008). In comparison
to the humic-like CDOM of Laguna lbera, theApfates of change for the two samples from
Fogliano Lake were higher in absolute values, eafppedretween 240 nm and 280 nm. This
indicates that, while the overall photodegradatiate (loss of absorption) of the Fogliano Lake
samples was inferior to that of Laguna Ibera, thkative change in molecular weight (or
humic/fulvic ratio) was higher in Fogliano Lake (Filparticular) with increased irradiance dose.

The photoproduction quantum yields f@®H (@or), ‘02 (@102 and *CDOM* ( @scpom:)
were consistently higher for F1 with respect to E2hould be noted tha&scpom: - [ P10z - and
that 'O, is generated by the reaction betwé€DOM* and ground-state (Hoigné et al., 1990).
Therefore, it would appear that practically all triplet states of F1 were able to prodd€e. On
the other hand®™%cpom > @ %02 Meaning that a significant fraction (some 30 +9%p of the
excited triplet states of the F2 sample did nottreath ground-state oxygen to produe. This is
not surprising if one considers that the triplettstof anthraquinone-2-sulphonate does not yield
'0, (Maddigapu et al., 2010), and that quinones agoitant components of CDOM (Cory and
McKnight, 2005). Nevertheless, this finding furthemfirms that the CDOM at the two sites was
significantly different.

Previous studies have shown that photogeneratetsi¢ras react with CDOM and can
contribute to a loss in absorption (Scully et a&003). A main difficulty to relating
photodegradation to transient formation rates éspghor characterization of both transient species
(in particular’'CDOM*) as well as the CDOM itself. However, it isgsible to identify which of the
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transient species are most likely to contributphotodegradation by comparing transient formation
rates and photodegradation rates with the follovaagumptions(i) non-chromophoric DOM and
CDOM react at comparable rates and on an equinbalsis with photogenerated transierggy(
3CDOM* or "OH), and (i) such a reaction reduces CDOM absorbance. Consip¢hat the
decrease of absorbanaed.at 270 nm) is likely to follow pseudo-first orddnetics, as in similar
photochemical reactions (Vione et al., 2009b), ookins:

A=A &0 @)
where D is the cumulative absorbed dose dnds the dose-related rate constant. For limited
exposure as in the present case, a pseudo-firgr aldcay of absorbance would not differ
significantly from a linear trend. The relativegatonstants would He; = 8 x 10° m? kJ™* andkg,
= 3x 10° m? kJ™. The DOM concentration, derived from NPOC valig&€r;, = 2.2x 10 mol C
L™ andCr, = 2.6x 10* mol C L. If the decrease in absorbance was caused bytoreaetween
CDOM and transients and if DOM and CDOM reactedahparable rates with the transients, the
reaction rates between DOM and transients wouldRbe= key Crz = 2 x 10° mol C L' m? kJ™
andRez = 8% 10" mol C L m? kJ™.

For 3CDOM* as reactive transient, the reaction with D@®OM would be in competition
with other quenching processes (thermal deactimatieaction with @). Using a steady-state
approximation foPCDOM?, the rate of reaction can be expressed dsvist

Ks [Chom

& = R3 * 1
CDOM kg BDDOM +k

(8)

whereCpow is the concentration of organic carbon in unitsnoi C L™, kg is the second-order rate
constant between DOM/CDOM ari@DOM?*, and the rate constant of other guenchinggsses
of 3°CDOM* is k' = 5x 10° s * (Canonica and Freiburghaus, 2001). By examinieg#tios ofRg™"
Rt and R Re; * as a function okg (Figure 9), it is possible to show th¥DOM* could
contribute significantly to photodegradation rafasks > 5x 10" L (mol C)Y™* s™. This is within the
range of values obtained between triplet aromagtorkes (used a3CDOM* proxies) and
phenylurea herbicides, 10 1 L (mol C)* s (Canonica et al., 2006). The rangekgf/alues in
Figure 9 ensures thdts Cpom < K, which is reasonable for surface waters (Canoraca
Freiburghaus, 2001).
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Reactive triplet states are usually oxidizing aggtftus they would often react with ground-
state organic molecules by electron or hydrogertratison. Multiple oxidative steps can for
instance break conjugation or cleave aromatic rimgsle formation of new rings is usually less
common. In contrast, species formed by triplet cida would often react with dissolved, @
give back the initial compound (Maurino et al., 21

The contribution of'O, might also be significant as formation rafg, are similar to
Rscoom+ and the deactivation rate constants of the twaispén agueous solution are of the same
order of magnitude. Howevei); is often less reactive thA6DOM* (Halladja et al., 2007).

On the other handOH would not play an important role in the lossatfsorption in the
present samples, & - « Re; andRon’ 2 « Rep, With differences of about two orders of magnitude
Earlier studies have shown thatH plays a minor role in DOM photomineralizatiorrifgkmann et
al., 2003; Vione et al., 2009a). Here we show ihathould not play a significant role in the
decrease in CDOM absorption. Note that negligibl@MD mineralization was observed in the
irradiated samples (NPOC values were practicallystamt during lake-water irradiation, data not
shown), thus significant absorption loss was natoagpanied by an equivalent loss of organic
carbon. The lack of mineralization would be comsistwith the limited role ofOH in the studied
processes, as the hydroxyl radical is usually wewlin pathways that finally lead to the
mineralization of organic compounds (lurascu €t2409).

An additional issue is that the direct photolysisgesses of organic molecules often proceed
through the transformation of their triplet stafBsule et al., 2005; Vione et al., 2010b). Thuss it
interesting to compare the valuesRyi andRe> (respectively, 2« 10° mol C L™ m? kJ™* and 8x
107" mol C L™ m? kJ™) with Rscpom+ - andRscpom 2 (respectively, (5.3 + 0.4y 10° M m? kJ*
and (4.2 + 0.3x 10° M m? kJ'%). Note that organic compounds of CDOM contain s&v@ atoms,
thus theRscpom+ values in mol C ' units (instead of triplet state molarity M) woudd higher. As
Rscoom - > Re1 and Racpowm+ 2 > Re, there is the potential that direct photolysiscesses that
proceed through triplet-state formation are invdlvre the loss of absorption. Such processes would
not occur with high efficiency as energy dissipatieactions would compete witCDOM*
transformation. For F1, a major issue would bevémy efficient reaction betweéCDOM* and G
to give 'Oy, an energy-transfer process that would usuallg giack the unmodified, ground-state
CDOM (Boule et al., 2005).
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5. Conclusions

In the present study, CDOM samples from a smalll@halake showed markedly different
sensitivities to solar radiation. Such differen@e likely associated to a variation in CDOM
sources or sinks. While, similar CDOM sources weatesent throughout the lake, the F2 site is
characterized by a higher summertime density ofreubed macrophytes while F1 had a higher
phytoplankton biomass during the measurement peRedarding CDOM sinks, UV attenuation
was higher in F2, where autoshading by CDOM lintits penetration of UV within the water
column. Dilution effects on CDOM can be assumebédasignificantly higher in F1, located much
closer to the sea gate and therefore more sengdiv&al currents. However, the significantly
different SQ) as well as the transient species quantum yieldgate that dilution alone does not
control CDOM dynamics.

These moderately different conditions led to a ificemt difference in photodegradation and
transient formation rates. The CDOM present in WRh a higher absorption and higher DOC
concentration was found to be significantly lesstpheactive and had lower quantum yields of
transient formation than the F1 sample. This redym®otoreactivity is likely to be associated to
residence time, as the higheAB6f the F2 sample (suggesting lower average MWJ)ldv/andicate
a longer history of exposure. It is likely that BZharacterized by more recalcitrant CDOM which
accumulated in this part of the lake.

In both sites, indirect photodegradation procegsessuDel Vecchio and Blough, 2004)
were important in modifying the CDOM optical propes. The spectral distribution of
photodegradation had the highest rates below 300wirare exposure to solar radiation was very
limited (due to the lack of solar irradiance indbevavelengths as well as the screening effect of
the Tedlar). Changes in absorption were consistéhtthe photochemical production of transient
species, most notablJCDOM* and possibly’O,. In contrast,"OH was unlikely to play a
significant role. The triplet8CDOM* play an important role in absorption changgither via their
direct chemical modification or upon reaction wgitound-state CDOM, as their formation rates
were high enough to account for changes in absrplihese processes could explain the observed
connection between absorbance decrease and thetuguayield of transient 3CDOM¥)

photoproduction.
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The present study shows that the production oftireaspecies by CDOM plays a significant
role in CDOM photodegradation in the shallow watgr§ogliano Lake. This represents a first step
in combining optical and transient species analisibetter understand CDOM photodegradation

processes in the natural environment.
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Table 1. Physical and chemical characteristics of two sarggites in Fogliano Lake

Sampling site F1 Sampling site F2
Temperature#0.1) °C 22.4°C 23.2°C
pH (£0.1) 8.8 8.6
Salinity #0.1) PSU 32.8 32.1
Dissolved oxygen#0.1) mgL-1 | 6.6 5.3
Nitrate ¢1) uM <1 <1
Nitrite (x0.01) uM 0.05 0.05
Chlorophyll-a fluorescence 1)
AU 55 15
Turbidity (£0.2) NTU 2.6 3.4
NPOC ¢0.05) mg C E1 2.59 3.14

Table 2. Cumulative absorbed (UV) irradiance dose iforsitu photodegradation experiments at

different measurement times (t)

t1 t2 t3 t4 t5
(£0.1) (£0.1) (+0.1) (+0.1) (+0.1)
(kd/nf) (kd/nf) (k3/nf) (kd/nf) (k3/nf)
Sample F1 3.8 7.7 8.9 114 13.3
Sample F2 4.8 9.7 11.2 14.3 16.7

22




Figure 1. Sampling sites in Fogliano Lake.
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