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Abstract

Humic substances (HS) are known to act as photosensitizers toward the transformation of pollutants
in the surface layer of natural waters. This study focused on the role played by HS toward the
transformation of xenobiotics in seawater, with the purpose of assessing the prevailing degradation
routes. Phenol was chosen as model xenobiotic and its transformation was investigated under
simulated sunlight in the presence of terrestrial or marine humic and fulvic acids, in pure water at
pH 8, artificial seawater (ASW) or natural seawater (NSW). The following parameters were
determined: (1) phenol degradation rate; (2) the variation in HS concentration with irradiation time;
(3) the production of transformation products; (4) the influence of iron species on the
transformation process.

Faster transformation of phenol was observed with humic acids (HA) compared to fulvic acids
(SRFA), and transformation induced by both HA and SRFA was faster in ASW than in pure water.
These observations can be explained by assuming an interplay between different competing and
sometimes opposite processes, including the competition between chloride, bromide and dissolved
oxygen for reaction with HS triplet states.

The analysis of intermediates formed in the different matrices under study showed the formation
of several hydroxylated (hydroquinone, 1,4-benzoquinone, resorcinol) and condensed compounds
(2,2’-bisphenol, 4,4’-bisphenol, 4-phenoxyphenol). Although 1,4-benzoquinone was the main
transformation product, formation of condensed molecules was significant with both HA and
SRFA. Experiments on natural seawater spiked with HS confirmed the favored formation of
condensed products, suggesting a key role of humic matter in dimerization reactions occurring in

saline water.

1. Introduction



The photo-induced transformation of phenol in seawater is known to proceed through the formation
of a wide range of intermediates including mono- and dichlorophenols, nitrophenols, bromophenols
and bisphenols (Calza et al., 2008). In an attempt to clarify the role played by different
photosensitizers (dissolved organic matter, nitrate, nitrite, H,O,, iron species) in the formation of
the detected intermediates, each photosensitizer has been separately investigated. This paper is the
last of a set where the link between natural photosensitizers and secondary pollutants has been
highlighted for the first time in seawater. Previous studies have investigated the photosensitising
ability of iron species (Calza et al, 2012a), the role played by hydrogen peroxide and its interaction
with iron species (Calza et al, 2012b), as well as transformations induced by nitrate and nitrite
(Calza et al, 2012c). In this study, we focused on the ability of humic substances (HS) to act as
photosensitizers toward the transformation of organic compounds in the marine surface layer.

The abundant chromophoric moieties in DOM are able to initiate a number of photochemical
reactions of high environmental significance (Zepp, et al., 1977; Aguer and Richard, 1999). Such
reactions belong to the class of indirect photolytic processes that can promote the abiotic
phototrasformation of different organic compounds, such as toxic chemicals (Spokes and Liss,
1995; Magi, 1997, Fukushima et al. 2000, Aguer and Richard, 1999). When irradiated by sunlight,
HS produce solvated electrons as well as several reactive oxygen species (ROS), such as hydroxyl
radicals (OH), peroxyl radicals (ROO), singlet oxygen (*O,), carbon-centred radicals and excited
triplet states of DOM (Faust and Hoigne, 1987; Blough and. Zepp, 1995, Brezonik and Fulkerson-
Brekken, 1998)

Chemical analysis of DOM reveals noteworthy compositional variability between materials from
different sources, which affects DOM photochemistry. Terrestrial humic substances (THA) are
formed through transformation of organic matter derived from allochthonous sources. In contrast,
marine humic (MHA) and fulvic acids (SRFA) are predominantly autochthonous (Nissenbaum and
Kaplan, 1972, Stuermer et al. 1978) and their formation and diagenesis is partially mediated by

aquatic bacteria and enzymes (Malcom, 1990).



HS are a complex class of anionic biogenic polyelectrolytes able to interact with organic substances
and to play an important role as complexing agents for heavy metal ions or metal oxides (Calza et
al. 2012a, Gu et al. 1994, Leenheer and Brown, 1998). HS are strongly bound to mineral surfaces
by different mechanisms, e.g. through specific adsorption upon ligand exchange with protonated
surface hydroxyl groups (Calza et al, 2012a, Aguer and Richard, 1999, Christl and Kretzschmar,
2000, Murphy and Zachara, 1995).

HS adsorption on iron oxides can strongly modify the surface properties of the latter and affect
the fate, behavior, transport and transformation of environmental pollutants (Fu and Quan, 2006).
Humic coatings make hydrophilic oxide surfaces become more hydrophobic, thereby affecting the
interaction of these surfaces with hydrophobic organic pollutants (McKnight and Bencala, 1992,
Marshall et al. 1998). Considering the photochemical properties of iron oxides, it is interesting to
report that surface Fe(lll)-humate complexes are efficient photoreactants (Faust and Hoffmann,
1989). HS are also involved in the natural reduction of Fe(lll), and the dissolution of iron oxides
sensitized by surface Fe(lll)-humate complexes is an important process that controls iron
concentration and bioavailability in natural environments (VVoelker et al. 1997).
The main aim of this study is the assessment of the HS-sensitized phototransformation of phenol in
seawater. For this reason, different types of humic matter including commercial compounds
(terrestrial humic acid and fulvic acids) and extracted matter from seawater (marine humic acids)
were investigated. To take the effect of ionic strength into account, experiments were carried out in
pure water at pH 8, in artificial seawater (ASW, pH 8) and in natural seawater (NSW). After the
study of the effects of HS toward phenol degradation, attention was focused on more complex

systems where organic matter and inorganic constituents such as Fe(ll1) species coexist and interact.

The present study is not aimed at investigating the interaction mechanism between HS and Fe(lll)
species or Fe(l1) oxides, but rather the consequence of such an interaction on phenol disappearance
kinetics, type and amount of intermediates formed, and Fe(ll) formation from Fe(l1l), to point out

typical transformation routes photoinduced by HS in seawater.



2. EXPERIMENTAL SECTION

2.1. Material and reagents

Suwanee River Fulvic Acids (SRFA) were purchased from IHSS (International Humic Substances
Society). Terrestrial humic acids (THA) were purchased from Aldrich, while marine humic acids
(MHA) were extracted from Antarctic marine sediments following a procedure described elsewhere
(Thurman and Malcolm, 1981).

Hematite (a-Fe,03), goethite (0-FeOOH) and akaganeite (B-FeOOH) were synthesized
following literature methods (Bakoyannakis et al. 2003). Phenol, catechol, 1,4-benzoquinone, 2-
chlorophenol, 3-chlorophenol, 4-chlorophenol, 4-phenoxyphenol, 2-phenoxyphenol, 2-nitrophenol,
4-nitrophenol, 2-bromophenol, 4-bromophenol, 3,4-dichlorophenol, 2,2’-bisphenol, 4,4’-bisphenol,
Fe(ClO4);, NaOH, Na;SO,4, 4-aminoantipyrine and hydroquinone (all analytical grade) were
purchased from Aldrich and used as received. 3,5-Dichlorophenol was purchased from Fluka,
FeSO, from Carlo Erba and acetonitrile from Scharlau (Supergradient HPLC grade). Eluents for
liquid chromatography were prepared in MilliQ water and degassed before use. Solution pH was
adjusted by addition of 0.1 M NaOH and measured with a combined glass electrode connected to a
Metrohm 713 pH meter. Artificial seawater (ASW) was prepared in MilliQ water by addition of the
major sea salts (NaCl, Na,SO,4, KCI, NaHCO3, KBr, B(OH)3;, NaF, MgCl,, CaCl, and SrCl,), in
amounts indicated elsewhere (Calza et al., 2012a). A non-purgeable carbon content of 12.5 mg C

L™ and a pH of 7.9 were measured on NSW samples (Calza et al., 2008).

2.2. Irradiation procedures
Irradiation experiments were carried out in cylindrical Pyrex glass cells (4.0 cm diameter, 2.5 cm
height) containing 5 mL aqueous sample, under a Solarbox (CO.FO.MEGRA, Milan, Italy)

equipped with a 1500 Watt Philips Xenon lamp and a 340 nm cut-off filter, to simulate AML1 solar



light. The cell temperature during irradiation was 38 °C and the solutions were magnetically stirred

during irradiation. Experiments were carried out in NSW, ASW (pH 8) or in pure water at pH 8.

2.3. Sample preparation

The phototransformation of phenol (initial concentration 20 mg L™*) was investigated upon addition
of THA, SRFA or MHA (50 mgL™?) in pure water, ASW or NSW. NSW was sampled in June 2007
in the Gulf of Trieste, Northern Adriatic Sea (ltaly) (see Calza et al. 2012a for NSW analysis).
Irradiation experiments were carried out just after sampling. To study the behavior of iron species,
solutions were spiked with Fe(ClO4); or with Fe (hydr)oxides (hematite, goethite or akaganeite).

At equal concentration, SRFA showed significantly higher radiation absorption compared to THA
or MHA.. Above 300 nm, the absorption spectra of all HS samples showed a featureless exponential
decay with increasing wavelength, which is typical of these compounds (Del Vecchio and Blough

2004).

2.4. Analytical determinations

The intermediates formed by phenol photo-induced transformation were identified and quantified
by HPLC-UV through comparison with standard solutions. Moreover, GC-MS analyses were
carried out to confirm the identity of the supposed structures.

The disappearance of phenol and the evolution of intermediates was monitored with a
Merck-Hitachi HPLC equipped with L-6200 and L-6000 pumps for high-pressure gradients, a
Rheodyne injector (54 puL sample loop), a RP C18 column (LichroCART, Merck, 12.5 cm x 0.4
cm, 5 um packing) and a UV-Vis detector (Merck Hitachi L-4200) set at 220 nm. Elution was
carried out with 70/30 phosphate buffer (10 mM, pH 2.8)/acetonitrile at a flow rate of 1 mL min™™.

The formation of intermediates was confirmed using a GC-MS Agilent 6890, series I, equipped
with a 5% phenylmethylpolysiloxane column (Agilent HP-5; 30 m x 0.25 mm). Water samples

were extracted in dichloromethane, and the extract was dried with anhydrous Na,SO,. The GC
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operating parameters were as follows: injector at 300°C, splitless injection (1 min), injection
volume 1 uL. Temperature was linearly increased at a rate of 10 °C min™* from 50 to 300 °C.

The transformation of humic and fulvic acids was monitored as non-Purgeable Organic Carbon
(nPOC), using a Shimadzu TOC-5000 analyzer (catalytic oxidation on Pt at 680 C). Calibration was
achieved by injecting standards of potassium hydrogen phthalate.

Iron (1) concentration was measured by UV-Vis spectrophotometry (Varian Cary 100 Scan),
upon Fe?" complexation with 1,10-phenanthroline (Kester et al., 1967). The absorbance of the

complex [(C12H1sN2)sFe]** was measured at 511 nm. The detection limit was 1 pmol L™.

3. Results

3.1. Photoinduced decomposition of humic acids

Preliminary experiments were run to assess the stability of HS over an extended irradiation time
(72 h). Pure water at pH 8 or ASW were spiked with THA, MHA or SRFA and irradiated. Partial
degradation occurred within 72 h, as indicated by the decrease of dissolved organic carbon
(nPOC, see Figures 1 and 2). These data are not surprising, because humic substances can be
photochemically degraded by sunlight into biologically labile and/or volatile organic
compounds, carbon monoxide and carbon dioxide. Such reactions involve hydroxyl radicals
('OH) and Fe complexes with organic ligands (Mopper et al. 1991; Bertilsson and Tranvik, 2000;
Wiszniowski et al., 2002; Brinkmann et al., 2003; Anesio and Graneli, 2003). HS were more
easily degraded in pure water than in ASW, which can be attributed to a scavenging effect of
bicarbonate/carbonate and most notably bromide ions toward ‘OH radicals (Buxton et al., 1988).
When reacting with 'OH, bromide and carbonate/bicarbonate produce Br,* and CO3°,
respectively, which are oxidizing agents (Br,* is also a brominating agent; Vione et al., 2008;
Tamtam and Chiron, 2012) but less reactive than "OH itself (Neta et al., 1988; Calza et al.
2012a). This means that Br,™* and CO3° can be involved in the transformation of organic

compounds (vide infra), but hardly so in their mineralization. A similar issue applies to HS



triplet states (Canonica et al. 1995; Vione et al., in press). In both matrices, degradation was

more pronounced for MHA than for THA or SRFA.
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Figure 1. nPOC measurement for terrestrial humic acids (THA, left) and marine humic acids
(MHA, right) in pure water (adjusted to pH 8) or in artificial seawater (ASW) as a function of
irradiation time. Phenol disappearance (Co= 20 mgL™) as a function of irradiation time in the

presence of humic acids (50 mgL™), in pure water and ASW.
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Figure 2. nPOC measurement for Suwannee River fulvic acids (SRFA) in pure water (adjusted to

pH 8) and in artificial seawater (ASW) as a function of irradiation time. Phenol disappearance



(Co= 20 mgL™) as a function of irradiation time in the presence of SRFA (50 mgL™), in pure water

and ASW.

3.2. Phenol photodegradation
Pure water or ASW were spiked with HS (THA, MHA or SRFA) and phenol (20 mg L™?) and
irradiated under simulated sunlight. Under these experimental conditions HS are the only important
light absorbers and the direct photolysis of phenol can, therefore, be neglected (note that phenol does
not absorb radiation above 300 nm).

Phenol time profiles are plotted in Figures 1 and 2. Degradation occurred in all cases,
although to a different extent. Disappearance rates were higher in ASW than in pure water (see
Table 1).

Table 1. Phenol disappearance rates in the presence of humic matter (50 mgL™).

Phenol, rate: v (M x 10° h™

Spiked with: H,0, pH 8 ASW NSW
THA 0.41 0.74 2.08
MHA 0.42 0.72 1.16
SRFA 0.36 0.15 1.80
THA, hematite 0.18 0.92 -
THA, goethite 0.24 0.74

THA, akaganeite 0.21 0.54

THA, Fe(l1l 0.28 0.48

SRFA, Fe(ll1) 0.16 0.22 0.68
SRFA, goethite - - 0.54
SRFA akaganeite - - 0.70
SRFA, hematite 0.27 0.30 -

The photo-transformation of phenol sensitized by HS is a rather complex process and a
number of reactive species has been invoked. Literature debate has concerned the type of oxidant
that accounts for the degradation of phenolic compounds. Canonica et al. (1995) had shown that
phenolic pollutants are readily photo-transformed by HA/SRFA and proposed the involvement of

sensitizers in excited triplet states. The possible reaction pathway should involve an electron
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transfer from phenol to the excited states of carbonyl groups present in the HS structure, yielding
protonated phenoxyl radicals (PhOH-*, readily transformed into PhO-) and deprotonated ketyl
radicals (R1R,-C-O-"). Further reaction with oxygen causes regeneration of the carbonyl groups and
formation of HO,-/O, °-radicals. Kepczynski et al. (2007) suggested a contribution from photo-
oxidants such as hydroxyl radicals, singlet oxygen and peroxyl radicals, all formed from excitation
of HA. However, recent evidence has provided additional support for the hypothesis that excited
triplet states (*HS*) play an important role in the transformation of phenolic compounds (Halladja
et al., 2007; Cavani et al., 2009; Trubetskoj et al., 2009; De Laurentiis et al., 2013).

A major obstacle to the transformation of phenol by *HS* in aerated solution is represented
by the reaction between the triplet states and oxygen to yield O, (Canonica et al. 1995). Indeed, O,
is much less reactive than typical *HS* toward phenolic compounds and it would be largely
inactivated by collision with water molecules. In the presence of ASW, the *HS* species could
undergo an important scavenging by chloride and bromide to produce transients (the radicals Cl,™
and Br,"; De Laurentiis et al., 2012; Brigante et al., 2014) that are more reactive than 'O, towards
phenol (Wilkinson and Brummer, 1981; Neta et al., 1988). As far as phenol transformation is
concerned, oxygen would thus channel the incoming light energy towards thermal deactivation
through 'O, generation. In contrast, chloride and bromide contained in ASW would favor light-
energy exploitation via formation of reactive radicals. The reactions that are proposed to take place
in the system, and which explain why phenol transformation is faster in ASW compared to pure

water, are the following:

HS — *Hs* (1)
*HS* + 0, - HS + 10, (2)
®HS* + Phenol — products (3)
'0, 2 0, (4)
SHS*+2Cl" > HS " +Cl, " (5)

11



3HS* + 2Br > HS™ +Br,™* (6)

Phenol —<2-82" 5 products (7)

Reaction between phenol and 'O, could take place but it would be less important. Note that the
reactions involving Cl,™ and Br,~ (as well as *HS* and 'O, ) would not cause significant
mineralization of HS (Vione et al., in press). Therefore, while enhancing phenol transformation,
seawater would inhibit HS mineralization because of the scavenging of "OH by bromide and
carbonate/bicarbonate, as discussed in section 3.1.

Comparison between Figure 1 and Figure 2 showed that phenol transformation was more
effective with THA and MHA compared to SRFA, despite the higher ability of SRFA to absorb the
incident radiation. Several studies have shown that HS structure has an important impact on
photoreactivity (Gao and Zepp, 1998; Vialaton and Richard, 2002; Leenheer et al., 2001, These et
al., 2004; Chin et al., 2003; Ge et al., 2010). Generally speaking, the low-molecular weight fractions
of HS should show higher ability to form triplet states (Minella et al., 2011; Minella et al., 2013).
Indeed the larger molecules, as supra-molecular aggregates of smaller compounds (Nebbioso and
Piccolo, 2012), are characterized by charge-transfer interactions that favor internal conversion at the
expense of photophysical (e.g. fluorescence) and photochemical processes (reactivity) (Del Vecchio
et al., 2004). From this point of view, SRFA should have higher ability to produce reactive triplet
states compared to HA. However, the HS-photosensitized degradation of organic substrates also
depends on the occurrence of antioxidant moieties within HS, which inhibit substrate degradation
by favoring the back-reduction of partially oxidized species (PhO® = phenoxy radical) to the initial

compound (PhOH = phenol) (Canonica and Lubscher, 2008; Wenk et al., 2011):

HS* + PhOH — HS™* + PhO" + H' (8)
HS™+0;, > HS+0," (9)
PhO® + HS — PhOH +S* (10)

12



Therefore, the effectiveness by which THA, MHA and SRFA induce phenol phototransformation
would depend on the budget between their ability to produce reactive triplet states under irradiation
and the occurrence of the back reactions (10). Note that different functional groups would be
responsible for triplet photogeneration and for the occurrence of back-reactions, which could

explain why different HS samples did not behave in the same way.

3.3. Intermediate formation

As far as intermediates are concerned, no compound detectable by HPLC-UV was found upon light
exposure of THA, MHA or SRFA alone in pure water at pH 8 or in ASW. Conversely, in the
presence of HS and phenol under irradiation, several hydroxylated and condensed intermediates
were detected. The main intermediate was always 1,4-Benzoquinone and, among the
hydroxyderivatives, hydroquinone and resorcinol were also identified (see Figure 3 for the time
evolution profiles of intermediates in ASW and Figure 4 for their maximum concentration values in
the different cases).

A parallel pathway brings about the formation of condensed products. The compounds 4,4’-
bisphenol and 2,2’-bisphenol were formed in all cases, while 4-phenoxyphenol was only detected in
SRFA-spiked samples. Condensed products formation would most likely involve abstraction of an
hydrogen atom from phenol with the formation of a phenoxyl radical, in equilibrium with its

tautomeric form.
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Figure 3. Formation of transformation products from phenol degradation in the presence of SRFA

(left) or THA (right) in ASW.

Dimerization of phenoxyl would then yield bisphenols and phenoxyphenols

OH O- 0O
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— (=== w
H
H

In ASW in the presence of MHA, also 2- and 4-chlorophenol were formed in detectable amounts.

Note that chlorophenol formation from phenol is accounted for by reaction between phenoxy

radicals and Cl,™* (a process that usually has low yields; Vione et al., 2005). Because phenoxy

radicals may be consumed by HS anti-oxidant sites (reaction 10), one could explain why the

formation of halogenoderivatives was not observed with all the HS samples.
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Figure 4. Maximum concentration of intermediate compounds formed during phenol photo-

transformation in H,O (top) and in ASW (bottom) spiked with THA, MHA and SRFA.

3.4. Influence of iron species on phenol and humic acids photodegradation

The THA solution was spiked with Fe(ClO4); or different iron oxides (hematite, goethite,
akaganeite) and irradiated. The degradation curves plotted in Figure 5 showed that THA were more
easily degraded when spiked with iron species. In ASW, the highest enhancement of degradation
was observed with the Fe(ClO,4)s-spiked solution. An explanation may lie in the improved oxidation
of humic substances in the presence of Fe species under irradiation (Voelker et al., 1997). The
increased efficiency highlights a synergic effect of the two photosensitizers toward the production
of active species, and most notably of *OH. The Fe effect is particularly marked in pure water,
while the lower effect observed in ASW medium could be attributed to iron complexation with

chloride ions or other ASW salts (Vione et al., 2005).
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Figure 5. THA disappearance as a function of irradiation time in the presence of Fe(l1l) or Fe(lll)-

oxides in ASW.

Pure water or ASW containing phenol and THA were then spiked with selected iron species and
irradiated, monitoring phenol disappearance. The relevant rate constants are reported in Table 1.
Addition of iron species decreased phenol disappearance rates. This effect could be partially
attributed to enhanced humic acids photodecomposition by Fe compounds, which would decrease
the photosensitizing ability of THA. In ASW, the adsorption of ions (for example, chloride) on the
iron-oxide surface could also inhibit photoactivity (Al- Rasheed and Cardin, 2003, Abdullah et al.
1990, Bekbolet et al., 1998). Moreover, THA would scavenge the reactive species produced by Fe
compounds. It is true that such transient species would not be produced at all in the absence of Fe,
but Fe compounds and THA would mutually compete for the incident irradiance. Light absorption
by Fe compounds would decrease the photoactivity of THA in THA+Fe systems compared to THA
alone, thereby decreasing the ability of THA to photodegrade phenol. Such a decrease of THA
photoactivity would not be compensated for by the photoactivity of Fe compounds, because of the

THA-mediated scavenging of Fe-photogenerated reactive species.
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Upon exposure of Fe species to simulated sunlight, formation of Fe(ll) took place as shown in
Figure 6. Fe(Il) was formed at higher concentration in pure water than in ASW. A first issue is that
Fe(I11) (hydr)oxides are less soluble in seawater compared to freshwater (Wells et al, 1991; Millero,
1998). In natural seawater the formation of dissolved Fe(ll) is thought to take place upon iron
photoreduction by humic matter, via a mechanism similar to that observed for Fe(lll)-carboxylate
complexes. Light absorption induces ligand-to-metal charge transfer (LMCT), with Fe(ll)
production and ligand oxidation upon dissociation of the complex. The photoinduced LCMT
reactions of Fe(lll)-fulvate complexes are known to occur both in solution and on the surface of

iron oxides, and they cause the reduction of Fe(lll) (Voelker et al. 1997).

4.5 H B
4.0
357 v hematite
T 3.0 1 + goethite
-
(=] 7 * i
o5 akaganeite
= 14 A Fe(lll)
‘6 2.0 1 __.'
[T . [T 1A
1.5 - v hematite 1.5 q: A
¢ goethite AL
1.0 N d 1.0 {3 — 0 A
akaganeite TSR .
] 0.5 i T —_—
51 A Felm . =
OF——T—— T T T T 0 — 1 T T . T T T T 1
0 12 24 36 48 60 72 0 12 24 36 48 60 72
irradiation time, h irradiation time, h

Figure 6. Formation of Fe(ll) from Fe(lll), hematite (Fe,O3), goethite (a-FeOOH), akaganeithe (-

FeOOH) as a function of irradiation time: (a) pure water; (b) ASW.

An additional issue is that one expects faster Fe(ll) oxidation to Fe(lll) in ASW compared to
pure water, which could also explain the results reported in Figure 6. The reason is that light
absorption by HS in pure water would give ®HS*, which would mainly be scavenged by O, to
produce '0,. Singlet oxygen is poorly reactive towards Fe(11) (Wilkinson and Brummer, 1981). In

contrast, *HS* in ASW would be significantly scavenged by chloride and bromide to produce Cl,™*
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and Br,*, respectively (De Laurentiis et al., 2012; Brigante et al., 2014), which are involved in
Fe(ll) oxidation (Neta et al., 1988).

The same TPs already reported for phenol degradation by HS were formed in HS + Fe systems,
namely hydroxylated (1,4-benzoquinone, resorcinol, hydroquinone) and condensed compounds
(2,2’-bisphenol and 4,4’-bisphenol). The maximum concentration values of intermediates are
reported in Figure 7. The 1,4-benzoquinone was still the main product, with hematite as the only
exception. In ASW, 2-chlorophenol was also detected in the presence of humic acids and hematite,
goethite or akaganeite. These results are in agreement with the occurrence of a chlorination process
mediated by iron species in seawater, as previously evidenced (Calza et al., 2012a), and with the

detection of chlorophenols in ASW + HS (section 3.3).

3.5. Natural seawater
Natural seawater (NSW) was spiked with phenol and irradiated as described earlier. It was also
spiked with HS or HS/iron species. Phenol disappearance rate was higher in NSW+HS compared
with ASW+HS (ty, decreased from 24 h (ASW) to 15 h (NSW)), presumably due to the presence of
natural photo-sensitizers in seawater (see Table 1). By contrast, phenol degradation rate was
decreased in the presence of NSW+HS+Fe compared to NSW+HS. A likely explanation, already
advanced for ASW, is that Fe compounds and HS mutually hamper the respective photochemical
activities and do not operate synergistically. The possible reason is competition for light absorption,
coupled with the ability of HS to scavenge the reactive species photogenerated by Fe compounds.
Numerous phenol intermediates were identified in NSW (most notably halophenols and
nitrophenols) and in NSW + HS, and they are reported in Figure 7. The addition of HS enhanced
the formation of condensed compounds already detected in NSW (2,4’-bisphenol, 2-phenoxyphenol
and 4-phenoxyphenol), which underlines the key role of HS in inducing the formation of phenol

dimers in seawater. Moreover, 2,2’-bisphenol and 4,4’-bisphenol were only formed in NSW+HS.
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Figure 7. Intermediates from phenol in NSW not spiked or spiked with THA, MHA or SRFA.

These two compounds were also detected in ASW+HS (see Figure 8) and they can be
considered typical phenol intermediates, the formation of which is induced by HS. The production
of condensed compounds and particularly of 4,4’-bisphenol and 4-phenoxyphenol was particularly

enhanced in the presence of THA and MHA.
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Figure 8. Intermediates from phenol (relative colors are in the legend) in ASW (deep colors) and

in H,0 (pale colors).

The formation of nitro- and bromoderivatives was strongly depressed with NSW+HS compared

with NSW, while hydroxyderivatives were formed in similar amount. Chloroderivatives formation
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seems to be scarcely influenced by the presence of HS, with SRFA as the only exception. In fact, in
SRFA-spiked samples, formation of chloroderivatives and most notably of 2-chlorophenol was
slightly favored.

Irradiation of systems containing NSW + HS + Fe gave similar results as those observed with

NSW + HS (data not shown).

Conclusions

The transformation of phenol in both artificial and natural seawater proceeded through the
production of hydroxylated and condensed compounds. While the formation of hydroxy derivatives
is non-specific and it is known to occur with all photosensitizers, the formation of condensed
products can be considered as a signature of the photoreactivity of humic matter.

Different types of humic substances (HS) are able to act as photo-sensitizers toward the
degradation of phenol. Irradiation of natural seawater spiked with phenol and HS enhanced the
formation of several condensed products, suggesting a central role played by fulvic and humic acids
of different origins on phenol dimerization in marine water. Interestingly, the dimerization and
oligomerization of phenol and of other phenolic compounds represents a potential source of humic-
like and fulvic-like substances in sunlit natural waters (De Laurentiis et al. 2013; Bianco et al.
2014). This issue might allow the suggestion that HS could undergo some sort of photoinduced
auto-replication in the presence of phenols in environmental waters.

The HS-sensitized transformation of phenol was faster in seawater (either natural or artificial)
than in pure water. A likely explanation is that the triplet states of HS (*HS*) in pure water are
mainly scavenged by dissolved O, to produce O,, which is poorly reactive towards phenol and
mainly undergoes inactivation by collision with the solvent. In sea water, the ions chloride and
bromide can effectively scavenge *HS* and undergo oxidation to the radicals Cl,™ and Br, ",
respectively. The latter are considerably more reactive than ‘O, towards phenol, and they may

induce significant substrate transformation. Following addition of iron species, phenol degradation
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rate slowed down. This effect could be attributed to an enhanced HS photodecomposition by Fe
compounds, which would decrease the HS photosensitizing ability, and to a scavenging by HS of

the reactive species produced by Fe compounds.
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