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Abstract

Aqueous 3-(3,4-dichlorophenyl)-1,1-dimethylurea (diuron) has been oxidised by
ozonation, photocatalysis and photocatalytic ozonation. Diuron degradation takes place
via radical pathway through hydroxyl radicals in those systems involving ozone. Diuron
elimination in photocatalytic ozonation is not enhanced if compared to single ozonation;
however, TOC removal was significantly improved. Specifically, 80% TOC removal in
2 hours was reached in photocatalytic ozonation while single ozonation just led to 25%
TOC reduction. Photocatalysis required 9 hours to reach 25% TOC reduction. Ten
transformation by-products generated during the application of the three technologies
were tentatively identified by liquid chromatography-quadrupole time-of-flight mass
spectrometry (LC-QTOF-MS/MS). Single ozonation and photocatalytic ozonation led to
the formation and complete elimination of all by-products. Low weight carboxylic acids
evolution suggests that high TOC removal in photocatalytic ozonation is linked to its
capacity to oxidise small oxygenated compounds and release of inorganic chloride and
nitrate. Toxicity evolution to Vibrio fischeri in photocatalytic ozonation displayed an
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increase in inhibition at the initial stages (>90% of inhibition), followed by a decrease
of this parameter as the reaction progressed. The final treated sample shows a lower

toxicity than the initial one (55% vs 20%).

Keywords: photocatalytic ozonation, diuron, transformation products, toxicity

evolution



Highlights:

e ®OH radical plays an important role in diuron photocatalytic ozonation (>99%).

e 03/Ti02/UVA enhances TOC removal (83% synergism) if compared to simpler

systems.

e By-products derive from *OH attack to the alkyl side chain and/or CI substitution.

e 03/TiO2/UVA is capable of mineralize small oxygenated species.

¢ Diuron toxicity to Vibrio fischeri shows a maximum at initial stages of oxidation.



1. INTRODUCTION

Intensive agriculture involves a high herbicide demand. The presence of these
substances in the environment is alarmingly increasing all over the world. Since
herbicides are usually persistent in soil and water, their presence supposes a potential
harmful risk in natural ecosystems.

Water resources scarcity is an increasingly problem in many areas of the Earth.
Recycling aqueous effluents by new treatment methods is a challenge for the scientific
community. Although treating organic/inorganic pollutants by means of different
technologies (usually biodegradation) is quite often viable, a variety of them, such as
some pesticides, are recalcitrant to conventional biological treatments [1]. For this
reason, more powerful oxidising technologies are required.

Organochlorides are some of the most popular and widely used pesticides. They derive
from chlorinated hydrocarbons. The high physical and chemical stability favour their
persistence and slow biodegradability in the environment. Diuron (CoHi0CL2N20, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea) works by inhibiting the photosynthesis process.
Diuron is an organochloride phenylurea herbicide commonly used as pre and post
emergent herbicide of a huge variety of both, crop and non-crop areas. Diuron’s use is
currently approved in the European Union until 2018 [2]. This herbicide, whose
presence has been reported in 70 % of 100 rives of 27 European Countries with a
maximum concentration of 0.826 pg L' [3], appears to be moderately persistent and
relatively immobile in water [4]. Moreover, because of its high toxicity, pollution due to
this substance is considered as a real environmental hazard. This is evidenced by a
recently launched European Directive which includes diuron in the list of priority

pollutants in water treatment policy [5].



The harmful presence of phenylurea herbicides in aqueous environments has initiated a
considerable research production, including ozone and advanced oxidation processes
such as Fenton-based systems, photocatalysis and, ozone combined with UV radiation,
catalysts or H»O, [6]. Diuron ozonation has been reported in the literature as an
effective technology [7]. Nevertheless, to the author’s knowledge, individual diuron
photocatalytic ozonation focused on the generated transformation products has not yet
been reported.

Photocatalytic ozonation consists in the simultaneous application of ozone and
photocatalysis. The process is presented as a promising chemical technology which
reaches high mineralization rates. The combination of ozone in photocatalytic systems
allows for a synergistic effect based on the high efficient electron trapping by ozone.
Additionally higher amounts of hydroxyl radicals are generated if compared to
photocatalysis in the presence of oxygen alone [8]. In spite of being an effective
technology, separation of catalyst from the media and energy requirements must be
considered at the time of scaling up. In any case, the synergistic effect frequently
observed considerably reduces the costs if compared to photocatalysis or ozonation
alone [9].

In the last years, photocatalytic efforts have been focused on developing more reliable
and efficient photocatalysts which can take benefit of the solar spectrum more
effectively [10]. Amongst the main proposed strategies, TiO> metal and non-metal
doping [11], coupling of oxides to TiO> [12], photocatalysts alternative to TiO> and
supported or easily removable solids [9, 13] can be listed. In this work, a lab
manufactured N-doped titania has been used. N doping improvements on photoactivity
and characterization of the solid have previously been studied in-depth in a mixture of

three pyridine based herbicides, under photocatalysis and photocatalytic ozonation



processes [14]. Moreover, N-doping may be considered as a starting point in catalyst
recovering due to the increase in particle size. A higher particle diameter, if compared to
commercial formulas, makes easier the recovering process from the effluent. Ozonation
and photocatalysis of diuron have been compared to photocatalytic ozonation under
UVA radiation when required (maximum of emission at 365 nm).

The aim of the present work has been focused on the identification of the main
transformation byproducts formed in photocatalytic ozonation and comparison to those
generated under single ozonation or photocatalysis. Final oxidation organic acids
evolution has also been monitored in order to explain TOC removal extents. Toxicity
evolution to bacteria Vibrio fischeri has been studied for the three processes and

compared to results of intermediates, organic acids released and TOC evolution.

2. MATERIALS AND METHODS

2.1. Chemicals

Analytical standard diuron was acquired from Sigma-Aldrich (>98%) and used as
received in all experiments. HPLC-grade acetonitrile from VWR Chemicals was used in
the HPLC system. lonic chromatography solutions were prepared from Sigma-Aldrich
reagents. Titanium isopropoxide (Sigma-Aldrich, >97%), trimethylamine (Panreac,
99.5%) and HCI (Fischer Scientific, 37%) were used in N doped titania photocatalyst
synthesis. Potassium indigo trisulfonate, used in dissolved ozone monitoring, was
purchased from Sigma-Aldrich (99%). Ultrapure water used in all trials was produced in
a Mili-Q® academic (Millipore) system.

Chemicals for mobile phase in LC-QTOF-MS analysis (water, >99.9% and acetonitrile,
>99.9%) were LC-MS CROMASOLV® from Fluka. Formic acid was used (98%, LC-

MS from Fluka) to acidify water.



2.2. Experimental setup and procedure

Photoreaction installation was equipped with a 1.0 L volume cylindrical reactor made of
borosilicate glass. The reactor was placed into a cylinder pipe (54 cm of height and
31cm of external diameter) equipped with four black light lamps of 4lcm of length
(LAMP15TBL HQPOWER™ 15 W emitting in the range 350-400 nm, maximum at
365 nm). The inner surface was covered with aluminum foil in order to enhance photons
reflection. UVA photon flow entering the reaction system was calculated in a previous
work by means of ferrioxalate actinometry. Values of 1.77, 3.26, 5.13 and 6.86-10
Einstein min' L' when 1, 2, 3 and 4 lamps, were reported [15]. Additionally, when the
aluminium foil covering the internal walls of the installation was substituted by a black
surface, the intensity (4 lamps switched on) decreased to 3.60-10° Einstein min™ L.

In a typical experiment, 30 L h! gas flow rate of oxygen, or an oxygen-ozone mixture,
was fed to the photoreactor system through a stainless steel diffuser. Solid photocatalyst
was added 30 min before starting the reaction, in order to reach the possible adsorption
equilibria onto its surface. Samples at different times were extracted and filtered by
means of Millex-HA filters (Millipore, 0.45 um) before analysis.

Ozone was continuously generated by electrical discharges of pure oxygen in a Sander
Laboratory Ozone Generator. An Anseros Ozomat ozone analyser, the measurement

based on 254 nm absorbance, was used to monitor ozone gas phase concentration.
2.3. Photocatalyst synthesis

N doped titania photocatalyst was prepared applying a sol-gel method followed by
thermal treatment and calcination according to literature and previous works [16, 14].
Briefly, 12 mL of titanium (IV) isopropoxide were dissolved in 100 mL of ethanol.
Next, 9 mL of trimethylamine was added. Afterwards, titania was precipitated using 100

mL of HCI 0.1 M. The suspension was thermally treated at 80°C for 12 hours. The final
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residue was dried overnight at 100°C and calcined at 500°C for 4 hours (initial ramp of
10°C min’!)
2.4. Analytical methods

Diuron was analysed by an Agilent 1100 (Hewlett-Packard) high performance liquid
chromatography with UV detection (HPLC-UV). The column used was a Kromasil 100
5C18 (S5pm, 2.1x150 mm). 0.1% H3POs4 acidified water (A) and acetonitrile (B) were
the mobile phases used. An elution gradient from 50% to 65% of B in 6 min was
applied. UV detection was conducted at 243 nm.

Liquid chromatography coupled to a quadrupole time-of-flight mass spectrometer (LC-
QqTOF-MS) was used to identify and monitor transformation products generated in
single ozonation, photocatalytic oxidation and photocatalytic ozonation processes.
Chromatographic separation was carried out in an Agilent 1260 Infinity system
equipped with a Poroshell 120 EC-C18 (2.7 um, 4.6x50 mm) column. Pure MiliQ water
(phase A) or acidified water with 0.1% formic acid (for negative and positive ionization
modes, respectively), and acetonitrile (phase B) were used as mobile phases. Elution
gradient at 0.4 mL min™' flow rate went from 10% A (1 min) to 100% B in 10 min, and
kept thereafter for 5 min before returning to initial conditions. Injection was completed
with 10 pL. HPLC system was connected to a hybrid quadrupole time-of-flight mass
spectrometer TRIPLE TOF 5600+ system (AB Sciex) with an electrospray interface
(ESI). Both ESI (+) and ESI (-) modes were considered for unknown transformations
products (TPs) identification. The equipment worked via TOF MS survey scan followed
by four IDA (Information Dependent Acquisition) TOF MS/MS scans. Alternatively to
IDA mode, other tools like ‘mass defect filters’ and ‘include list’ for potential
candidates were used in order to focus and shorten TPs identification during the

acquisition process. Besides, for low intensity TPs, the SWATH® tool was considered



to obtain MS/MS fragmentation patterns. Scanned mass range was from m/z=50 to 800
Da, either in TOF or MS/MS experiments. An accumulation time of 100 ms was used in
each scan. IDA criteria considered dynamic background subtraction. Collision energy of
30 eV with a + 10 eV spread was used in MS/MS fragmentation. Diverse AB SCIEX
software (Analyst TF 1.5, PeakViewTM 2.2 and MasterView 1.1) was used to record
and process LC-QTOF-MS data. MasterView processing was also enhanced with
potential candidates lists based on computational (in-silico) prediction tools like
University of Minnesota Pathway Prediction System and PathPred [17].

Ionic short chain organic and inorganic anions were monitored by ionic chromatography

T™ goftware.

using a Metrohm 881 Compact Pro ionic connected to MaglC NE
Total organic carbon (TOC) was determined by a Shimadzu TOC 5000A analyser.
Aqueous dissolved ozone was measured by Bader and Hoigné method [18], the analysis

is based on 5,5,7-indigotrisulfonate decolouration, spectrophotometrically determined at

600 nm.
2.5. Ecotoxicity assays

Toxicity evolution was evaluated by means of the bioluminescence bacterium Vibrio
fischeri inhibition to reaction samples. Microtox 500 was used at room temperature to
quantify light emitting decay when exposed to reaction samples extracted at different
oxidation times. Luminescence decay was recorded at different exposure times (5, 15

and 30 min) and inhibition percentages were calculated.
3. RESULTS
3.1. Efficiency of ozonation, photocatalysis and photocatalytic ozonation

Some preliminary experimental series were conducted to assess the efficacy of different

oxidation systems on both, diuron and TOC removal. Additionally, the effect of



different catalysts (doped, undoped and commercial TiO») was also investigated.
Experimental conditions such as catalyst load and ozone dose have been chosen
according to previous literature [19]. Figure 1 shows the results obtained.

Figure 1 reveals some interesting aspects. Hence, no appreciable difference in diuron
conversion was experienced in runs conducted in the presence of ozone. Single
ozonation, catalytic ozonation and photocatalytic ozonation led to similar diuron
depletion rates. However, contrarily to the first though, in these systems diuron (and
likely TOC) is mainly removed by the action of hydroxyl radicals generated after ozone
decomposition. Some simple calculations could corroborate the previous hypothesis.

If the heterogeneous reaction develops in the slow regime, the following rate expression
can be applied:

dC
-—2 :ko3 Cow C03d K. onCowCoon

dt (1)

Where ko3 and keon are the second order rate constants of the reactions between diuron
and ozone and hydroxyl radicals, respectively. The Hatta number was thereafter

calculated to estimate the regime of the reaction. Hatta number (Ha) is defined as:

JCphuko. D
Ha=Y_—PL "0 7o )
kL
Do, stands for ozone diffusivity in water and ki is the individual mass transfer

coefficient in the liquid phase. Values used to calculate Ha were Do, = 1.7-10° m* 5™

[20] and ki = 5-10° m s}, typical of bubble contactors. When Ha<0.03 slow regime
kinetic is developed. If only the reaction of diuron with molecular ozone took place,
which can experimentally be tested adding a hydroxyl radical inhibitor, such as tert-

butyl alcohol, equation 1 would reduce to:
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dC

DIU _
- kO3CDIUCO3d

3)

Since ozone concentration was experimentally measured, equation 3 could be

numerically solved by applying the simple Euler method:

CgllU =Chy — (ko3 Cfmucz%d )At “4)

In the previous expression, ozone concentration was adjusted to a third order

polynomial leading to:

Chio= Chy = ko, Chyu [ at’ +bt*+ot+d ] ) At (5)

Figure 2 shows the experimental evolution of diuron in absence and presence of tert-

butyl alcohol. A value of ko, = 19.2 + 1.1 M"'s! (R*>0.99) was obtained by considering

the ozonation in presence of tert-butyl alcohol, where Ha value was always below 0.03.
Other authors have reported similar kinetic rate constant values, 14.7 M''s™ [21] and
16.5 M!'s! [22], evaluated under competition kinetic methods.

As observed from Figure 2, the radical pathway of diuron oxidation plays an important
roled under the operating conditions used in this study.

Moreover, since diuron conversion in the absence of tert butanol does not depend on
initial concentration, Figure 2 suggests that the concentration curves obey first order

kinetics. First order kinetics can be obtained provided that k, C,,,,Cy, << k.;,CpC.on

and Ceon 1s kept constant during the process, i.e. quasi steady state conditions in
hydroxyl radicals concentration applies. Accordingly, equation 1 was now solved
optimizing the Ceon to minimize the differences between experimental and calculated
DIU depletion profiles. A steady state hydroxyl radical concentration of 7.1-10°13 M,

assuming keon = 6.6-10° M! 57! [23], was found to acceptably model the process. This
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result allows for elucidating the percentage of indirect diuron removal due to hydroxyl
radicals as the ratio:

_ K.onCoon
k03Co3 + K.ouCuon

Noon x100 (6)

This ratio had a minimum around 99% when ozone concentration reached its maximum
but DIU conversion was above 99% (see figure 2) which is similar and consistent with
previous ozonation works [7].

As DIU was mainly eliminated by hydroxyl radicals, photocatalytic ozonation would
have been expected to enhance the DIU depletion rate; however, this was not the case.
Previous results indicate that hydroxyl radicals generated in the presence of ozone are
sufficient to degrade diuron and additional active species from the photocatalytic system
do not play a significant role in diuron conversion. Nevertheless, substantial differences
were experienced when analysing TOC results. Figure 1 shows a poor 25%
mineralization when O3 or O3/N-TiO> was applied for 2 hours. Photocatalysis could
achieve similar results only after 9 hours. Mineralization, however, reached an
outstanding (if compared to the rest of systems) 80% after 120 minutes when
photocatalytic ozonation was used. A synergistic effect could therefore be obtained
when simultaneously applying the photocatalysis in the presence of ozone. Ozone might
improve photocatalytic systems by trapping photo-generated electrons, avoiding,
therefore, the undesirable hole-electron recombination. Additionally, after electron
trapping, more active species (mainly radicals) are generated [8]. The extent of

synergism can be calculated from:

kPhotCat O '[kO ion Tk ]
-O3 zonation ' “PhotCat
ASynergisms = x100 (7)

kPhotCat—O3
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Where KphotCat-05, Kozonation and Kenotcat are empirical pseudofirst order rate constants

corresponding to photocatalytic ozonation, single ozonation and photocatalysis,
respectively. TOC removal pseudo first order rate constants values obtained from
Figure 1 were, when N-TiO> was applied, 1.66-102 min! (R? = 0.997), 1.90-10 min!
(R* = 0.995) and 0.8:10° min™ (R* = 0.992), for KphotCat.03, KOzonation and Kehotcat
respectively. Synergism percentage was calculated to be 83.7%.

Moreover, Figure 1 shows that N doping of TiO: improves photoactivity in the
photocatalytic ozonation process. Although Figure 1 shows no significant differences in
diuron removal for undoped and doped catalyst, N-TiO2 led to higher mineralization
rates than undoped TiO>. Undoped titania achieved 40% TOC reduction after 180 min
while N doped TiO> led to 80% under the same operating conditions. Physical
properties of solids and its photoactivity behaviour have previously been discussed [14].
Commercial P25 also exhibits 80% of mineralization.

After assessing the efficiency of the different systems under study, in the next stage an
attempt was conducted to identify some of the most important transformation products

(TPs) generated during their application.
3.2. Identification of TPs by LC-QTOF-MS/MS and ionic chromatography

In this work, 10 compounds have been tentatively identified by LC-QTOF-MS/MS.
Table 1 summarizes, organized in increasing experimental accurate mass value, some of
their characteristics such as generating system, retention time and elemental
composition of the protonated/deprotonated ions and their fragment ions, obtained by
ESI(+) or ESI(-) and Rings plus Double Bonds Equivalent (RDBE).

Diuron and some of their TPs were identified in both ESI(-) and ESI(+) modes. From
the [M-H] ion two fragments were obtained corresponding to the loss of the -NH(CH3)»
group and further chloride release from the aromatic ring. From the [M+H]" three
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fragments were detected, again the loss of the -NH(CHs)2 group and the two moieties
resulting from breakage of the -CO-NH(CHa) side chain. This MS/MS fragmentation
pattern may be useful to interpret where the initial molecule has easiness to be oxidized
since this are the more likely bounds to be broken by oxidation processes [22].

The first transformation product TP1 was given an ion formula [CoHoCI2N2Os]". Figure
4 shows the product ion spectra and tentative fragment ion structures of some TPs found
in this investigation,. This molecule could be the result of two hydrogen abstractions by
hydroxyl radicals present in the three investigated systems. Hydroxylation of diuron has
been reported to occur in photocatalytic systems both in the aromatic ring and -CHj3
groups [24, 25]. However, fragmentation of the precursor led to the loss of a -CH(OH):
group and further release of the -CO-NHCH3;-CH(OH)> moiety, suggesting that
hydroxyl attack has occurred in one of the external methyl chains. The proposed
structure of this transformation product has also been reported in the photo Fenton
treatment of a mixture of diuron and linuron [26]. Attack of hydroxyl radicals to N-
methylated derivatives of formamide and acetamide has been reported to occur by
abstraction of hydrogen from the methyl group [27].

TP2 presents an ion formula [CsHsCI2N>O3]" obtained in ESI(+) mode. It would result
from demethylation of TP1 and further release of a molecule of formaldehyde.
Fragmentation of TP2 suggests the presence of the dichlorophenyl structure (loss of the
CO-NH-CH(OH), group). The proposed formula would be 3-(3,4-diclorofenil)-1,1-
dihydroxy urea. This compound has also been proposed as an intermediate in the photo
Fenton process [26]. In this investigation TP2 was only detected when single ozonation
was used. TP2 is also likely to be generated in the photocatalytic ozonation but it must

be instantaneously removed from the reaction media, so it could not be detected.
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TP3 was identified in those systems using radiation. The ion formula of this compound,
[CoH11CIoN20,]", maintains the same number of carbons than the parent herbicide.
Fragmentation of the precursor leads to the detection of an m/z moiety corresponding to
the dichloroaniline ion. Accordingly, loss of a -CO-N(CH3)CH2OH group is suggested.
TP3 formation is previous to TP1, since hydroxylation of methyl group takes place in
two steps. The presence of this structure in the photo Fenton and photocatalytic systems

has been reported [24, 26, 28].

TP4 led to 4 fragments in ESI(-) and 2 fragments in ESI(+) modes. The precursor was
tentatively assigned in ESI (-) as [CoH7C1aN202]" (or [CoHoCIN202]" in ESI(+) mode).
Fragments in ESI(-) mode indicated losses of -CO, -N(CH3)CO and -CON(CH3)CO
(see Figure 3). TP4 is the main byproduct of diuron oxidation detected in photocatalytic

[24, 28], photoFenton [26, 28] and ozonation [29, 30] systems.

TP5 was identified in ESI(+) and ESI(-) modes, in both cases fragmentation led to the
release of the -CONHCHj3 group. The proposed structure of this transformation product
is likely to be the result of diuron demethylation, already reported in all the cited works

dealing with identification of byproducts of diuron.

TP6 was the only transformation product suggesting the hydroxylation of the aromatic
ring by substitution of one of the chloride groups in the parent herbicide. This
hypothesis is substantiated by the analysis of the fragments generated from the
precursor (see Figure 3). Hence, in ESI(-) mode the precursor [CoH10CIN2O2] exhibits
the typical loss of the -NH(CH3)2 group, followed by losses of the —CO group or the
HCI neutral loss. The absence of the ion 159.9715 (CsH4CI:N™) found in the rest of TPs
that still maintain the chloroaniline structure, which also indicates the breakage of the

ring.
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TP7 was only detected in the ozonation process, being the unique transformation
product resulting from the aromatic ring opening. Fragmentation of TP7 leads to the
release of H>O, -COOH and -CO-N(CH3), groups. The lower retention time and RDBE
value compared to the rest of precursors is consistent with the increased polarity of the
proposed structure confirming the suggested structure. No bibliographic reference could
be found for this compound. The proposed structure indicates a high degree of oxidation
with two acidic groups located in the opened ring (see Table 1). It is noteworthy to say
that the side chain bounded to the aromatic ring in the original diuron molecule is kept
unchanged in TP7, suggesting that multiple hydroxyl attack to the aromatic ring has
previously occurred. This is substantiated by a high release of Cl” during ozonation

process (see below in Figure 6).

TP8 was only detected in the photocatalytic systems. Moreover, TP8 (together with
TP4) accumulates in the reaction media after 540 min of photocatalysis treatment
showing a high intensity. TP8 involves the release of one molecule of dimethylamine
(or N,N-dimethylhydroxyamine) from diuron and further formation of an oxazole like
ring. No reference has reported the formation of this compound; however two ring

transformation products have been suggested elsewhere [31].

TP9 structure is the result of the release of the dimethylamine group (or N,N
dimethylhydroxyamine) from diuron. Fragmentation of TP9 includes the loss of -CHO
in one of the fragments and the two -Cl of the aromatic ring in the other analysed

fragment (Figure 3).

Finally, TP10 suggests the formation of dichloroaniline, the typical end product in all

kind of incomplete diuron mineralization systems.

16



Based on the structures found in this work and results presented in literature [24, 27,
28], Figure 4 summarizes the proposed mechanism pathway degradation by *OH radical
attack. Since direct ozonation is negligible if compared to *OH radical pathaway, TPs
formation is assumed to be the consequence of hydroxyl radicals reactions. Two
different routes have been considered, the attack and oxidation of the alkyl side chain
and the substitution of chlorine by OH groups. However, other authors include the *OH
attack to aromatic rings and simultaneous substitution of chlorine by *OH, oxidation of
alkyl chain and *OH attack to aromatic rings [28]; reactions that have not been

considered in this work.

Figure 5 shows the evolution of normalized intensity of TPs related to maximum
intensity of diuron at time zero. Normalized intensity percentage is not necessarily
proportional to concentration in the same proportion for all compounds, i.e. peak
intensity highly depends on analytical operating conditions and easiness of ionization of
the TP. However, this parameter could give an approximated idea of the amount of TP
generated and its evolution with time. Accordingly, from Figure 5 some hypothesis can
be derived. Hence, in the ozonation process, based on peak intensity, TP2 and TP4 are
the transformation products showing a higher transient concentration in the media with

a maximum located in the range 5-7.5 min and 2.5-5 min for TP2 and TP4, respectively.

Photocatalytic ozonation is characterized by the apparent high selectivity of the process
towards TP4 formation, achieving a peak intensity of roughly 45% of the initial diuron
intensity. Also, if compared to the ozonation process, maximum in concentration for
some TPs are shifted from the range 2.5-7.5 min to values above 20 min. Thus, TP1,

TP9 and TP10 show increasing intensities from 0 to 20 min.
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The photocatalysis was the least efficient system. Diuron and TPs were detected even
after 540 min of reaction. TP8 and TP4 were the TPs presenting a higher intensity. The

first one was only detected in this system.

Figure 6 displays the evolution of some typical low weight organic acids that
accumulate in the media after applying advanced oxidation systems. Also nitrate and
chloride profiles are shown. As observed, chloride appears in the three systems almost
from the beginning, suggesting that hydroxylation of diuron aromatic ring immediately
takes place coinciding with the hydroxyl attack to the chain attached. Also it has to be
pointed out that, when ozone is present, chloride concentration linearly increases from
the initial state until diuron has disappeared, thereafter a second slower period of
chloride accumulation occurs due to chloride release from intermediates. Nitrate follows
a similar pattern in the ozonation process although a short lag period previous to its
detection was found. This lag period was more evident in the photocatalytic ozonation.
In this process nitrates were not detected until diuron was completely depleted.
Thereafter nitrate concentration linearly increased up to the values predicted from the
initial diuron concentration. The higher mineralization capacity of the photocatalytic
ozonation, if it is compared to single ozonation, is the capacity of oxidising small
oxygenated molecules. This fact is patent after observing the concentration profiles of
formic acid in both systems. Formic acid reached a value of 1.16 ppm after 180 min of
ozonation, followed by a clear upward trend, while this compound presented a
maximum of around 1.03 ppm in photocatalytic ozonation at 30 min sharply decreasing
its concentration to 0.05 ppm at 120 min. In opposition to single ozonation,
photocatalytic ozonation is capable of removing formic acid. Finally, it should be
mentioned the absence of nitrates in the photocatalytic process which agrees with the

fact that nitrogen derivatives of diuron are still present in solution.
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3.3. Evolution of toxicity to Vibrio fischeri

Toxicity of TPs towards V. fischeri was assessed at different times of exposure in
samples taken along the reaction period in single ozonation, photocatalysis and
photocatalytic ozonation runs. Figure 7 depicts the inhibition percentage as a function of
time. This figure shows diverse trends when using different systems. With the exception
of photocatalysis, a slight increase in toxicity at the initial stages of the oxidation
followed by a decrease in toxicity as the reaction proceeds is observed. This tendency is
related to a higher toxicity from initial intermediates. As low weight oxygenated species
are being formed, toxicity tends to be reduced.. In relation to diuron toxicity, Gatidou
and co-workers [32] reports an ECso value of 9.2 mg L™! after 30 min of exposition to V.
fischeri.

Although ozonation and photocatalytic ozonation display similar toxicity responses with
a maximum (> 90% inhibition at 30 min of exposure) followed by decrease; some slight
differences could be extracted. Hence, photocatalytic ozonation exhibits lower
inhibition values at the final stage of the process, when small organic acids and TOC are
removed from the media. After 3 hour of treatment ozonation decreased the inhibition
percentage to 55% while photocatalytic ozonation reduced it to 20%. The maximum
inhibition reached might be due to the higher toxicity of intermediates compared to
diuron, especially TP10 (3,4-dichloroaniline) which is the most toxic transformation
product [33, 34]. Moreover, photocatalytic ozonation clearly reaches its maximum in
toxicity at 5 minutes, while ozonation requires 15-20 min. This delay supports the idea
that maximum of toxicity matches maximum of TPs formation in each oxidation
technology, discussed previously.

In the case of photocatalysis, the inhibition profile steadily increases through the

process because of the incomplete oxidation of intermediates. According to Figure 5,
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photocatalysis is the technology displaying the highest values of TPs intensity. This
explains why after 9 hours of treatment inhibition percentage reaches 85% (30 min of

exposure).

4. CONCLUSIONS

Diuron has a low rate constant towards molecular ozone, accordingly, oxidation
processes involving ozone take place via hydroxyl radical, this latter pathaway supposes
above 99%. Photocatalytic ozonation does not significantly improve parent compound
removal. However, high TOC removal rates are reached by this system, showing an
outstanding 83% of synergism in TOC removal if compared to single ozonation and

photocatalysis.

Transformation products derived from ozonation, photocatalysis and photocatalytic
ozonation are quite similar since the radical pathway plays an important role in the three
systems. In processes in the presence of ozone, TPs maximum formation were observed
once diuron was abated, afterwards they were utterly removed. Photocatalytic ozonation
displayed high selectivity to TP4 formation (N-[(3,4-dichlorophenyl)carbamoyl]-N-

methylformamide).

High mineralization rates linked to photocatalytic ozonation are due to the high capacity
of oxidising small oxygenated organics. Chloride evolution suggests that hydroxylation
of diuron takes place coinciding with hydroxyl radical attack. Inorganic nitrogen was

not displayed until diuron was completely depleted.

Toxicity evolution to V. fischeri during photocatalytic ozonation showed an increase at
the initial oxidation stage (> 90%) decreasing thereafter as the reaction progresses.
Ozonation displayed a lower ability to decrease the inhibition percentage after reaching

the maximum in toxicity. Photocatalysis gradually increased the toxicity to the bacteria.
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Photocatalytic ozonation has a powerful capacity of generating radicals making possible
the oxidation of organic pollutants, with high environmental concern. This is the origin
of the observed higher mineralization rate if compared to single ozonation or

photocatalysis.
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Table 1. Proposed intermediates found by LC-QTOF-MS/MS after diuron oxidation by

ozone, photocatalysis and photocatalytic ozonation

Experimental
Ocxidation Rt Ion formula, Ion formula,
TP Exact Mass RDBE
process (min) [M+H]+ [M-H]-
(error, ppm)
TP1 02/UVA/CAT 262.9996 (2.19) CoHoCL2N203 5.0
HO O :
.:.@NH 5 3 920  216.9940 (2.10) CsHiClN2O 5.0
M
ol ,;.)/— \oHg 03/UVA/CAT 159.9726 (3.25) C6HaCLN- 4.0
TP2 250.9985 (-2.1) CsHgCLaN20O3* 5.0
M MR H 0s 10.64
M 159.9731 (6.4) CsHaCLN* 5.0
& U HG—UH
GiH
TP3 249.0192 (-2.2) CoH11CI2N202* 5.0
02/UVA/CAT
1 MH  CHLGH 10.63
)/._N’ 03/UVA/CAT 159.9715 (-3.6)  CeH4CLN" 5.0
1 d e,
244.9890 (2.21) CoH7CLN2O>" 6.0
216.9941 (2.56) CsH7CLN2O- 5.0
10.42 187.9675 (2.69) C7H4ClbNO- 5.0
TP4 02/UVA/CAT
159.9726 (3.25) CsH4CN- 4.0
] WH  CHO 03
}_m 58.0298 (8.80) C2HaNO
& o h,  O3/UVA/CAT
247.0812 (1.3) CoHoCl2N202* 6.0
10.45 123.9968 (11.3) CeHsCIN* 4.0
60.0444 (-8.9) C2HeNO* 1.0
231.0097 (2.2) CoHoCLNO- 5.0
9.62 185.9519 (3.0) C7H2ClaNO- 5.0
DIU 02/UVA/CAT 149.9744 (-1.2) C7HCINO 5.0
u@_} (H, 03 233.0243 (2.3)  CoH11CLNO* 5.0
/
1]
& 0 \(_:Hg O3/UVA/CAT 187.9664 (-3.2) C7HsCL12NO* 5.0
9.58
159.9715 (-3.6)  CeH4CLN* 4.0
72.0444 (-7.5) C3HeNO* 2.0
02/UVA/CAT 216.9941 (2.56) CsH7CIaN20O~ 5.0
TP5 9.20
O3 159.9726 (3.2) CeH4CLN- 4.0
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u - n 03/UVA/CAT 219.0081 (4.9)  CsHsCLN,O' 5.0
W .
u Va 927 1619869 (-52)  CeHeCLN 4.0
127.0183 (4.54)  CeHeCIN' 45
213.0425 (:2.7) CoH1oCIN2Ox 5.0
167.9858 (3.4) C7H3CINOY 6.0
6.44
TP6 02/UVA/CAT 139.9909 (4.2) CeH3CINO N/A
GIﬁNH " 0s 132.0091 (4.1) C7HNO» N/A
M
Hed U}_ ‘v,  Oy/UVA/CAT 215.0582 (-1.1)  CoHCIN:O 5.0
659 1269945 (-45)  CeHiCIO* 4.0
72,0440 (-13.0)  C3HeNO' 1.0
+
7 203.0662 (-2.9) C7H11N20s 4.0
HO_ D 185.0566 (1.98)  C7HsN2Os* 3.0
Ho” '?‘/EHS 157.0604 (-5.8)  CeHoN2Os* 3.0
CHs 72.0462 (17.5)  C3HeNO* 2.0
P8 201.94681 (9.1) C/H:CLNOy 6.0
o " O2/UVA/CAT  9.54
L 165.9701 (3.12) C7HCINO> N/A
Cl ] ]
P9 0,/UVA/CAT 187.9675 (2.7) C7H:CLNO 5.0
o H 0s 1044 159.9726 (3.2) CeHsCLN- 4.0
H
o U}— 03/UVA /CAT 116.0142 (4.8) C/H:NO: N/A
TP10 0,/UVA/CAT 159.9726 (1.9) CoHaCLN 4.0
| NHE 03 9.23
123.9960 (4.8) CoH3CIN- 5.0
a 03/UVA/CAT
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Figure 1. Normalized concentration of diuron (left) and TOC removal (right) evolution
with time under diverse technologies. Experimental conditions: V=1.0 L; Cpiu,0=10 mg
L' Qe=30 L h'"; Cosinie=10 mg L''; (if applied); Ceatalyst = 0.5 g L'; pHo=5.6-6.0 o,
Ozonation; O, Catalytic ozonation; A, Photocatalytic ozonation with N doped TiO2; V¥,
Photocatalytic ozonation with undoped TiO2; ¢, Photocatalytic ozonation with Degussa

P25 TiO2; A, Photocatalysis with N doped TiO2; V, Photocatalysis with undoped TiO».
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Figure 2. Ozonation of diuron. Experimental conditions: V=1.0 L; Q,=30 L h'
Co,inte=10 mg L', pHo=5.6-6.0. Ozonation: ®, Cp0=5 mg L'; m, Cpw,0=10 mg L.

Ozonation with tert-butyl alcohol: A, Cpu,o=10 mg L' and Cipon=10? M. Empty

symbols correspond to dissolved ozone concentration (Co,d). Solid lines: normalized

diuron model concentration and 3™ order polynomial representing dissolved ozone.

Dashed line: normalized diuron model concentration with no radical contribution.
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Figure 3. MS/MS fragmentation pattern spectra and fragment ion structures of some

TPs found in this investigation in ESI(-)
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Figure 4. Tentative oxidation pathway in diuron oxidation by ®*OH radical attack. TPs

detected are highlighted in boxes.
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Figure 5. Evolution of normalized intensity of TPs related to maximum intensity of
DIU at time zero in the ozonation (top), photocatalytic ozonation (middle) and
photocatalysis (bottom) of diuron. Symbols: V, TP1; A, TP2; O, TP3; ¥, TP4; m, TP5:
e, TP6; *, TPS; A, TP9; o,TP10. (Dashed lines: Intensity in ESI(+) mode, solid line:

Intensity in ESI(-) mode, thick dashed line: DIU evolution)
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Figure 6. Anionic and short chain organic acids evolution during ozonation (left),

photocatalytic ozonation (middle) and photocatalysis (right). Experimental conditions as

in Figure 1. Left y-axis (dashed lines): e, chloride normalized to maximum chloride

concentration; m, nitrate normalized to maximum nitrate concentration. Right y-axis

(solid lines): A, acetic acid; V, formic acid; ¢, oxalic acid.
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Figure 7. Toxicity evolution to V. fischeri during ozonation (left), photocatalytic
ozonation (middle) and photocatalysis (right) at different exposure times. Experimental
conditions: V=1.0 L; Cpu,o=10 mg L-1; Q=30 L h!; Cosinle=10 mg L'; (if applied);
Cn-tioz = 0.5 g L''; pHo=5.6-6.0. Exposure time (min):e, 5; m, 15; A, 30. (Dotted lines:

normalized DIU concentration, dashed lines: normalized TOC removal)
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