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This study evaluated the formation of chlorinated transformation products during photo-Fenton treat-
ment of pyrimethanil (PYR-20mgL-') in two water matrices, demineralised water (DW) and water
containing 5gL~! of NaCl (DWyac). All experiments were carried out in compound parabolic col-
lectors (CPC) at an initial Fe2* concentration of 5mgL-' and H,0, concentration of 150-350mgL-!.
Dissolved Organic Carbon (DOC), High-Performance Liquid Chromatography with Diode-Array Detec-
tion (HPLC-DAD), Liquid Chromatography-Time-Of-Flight Mass Spectrometry (LC-TOF-MS), toxicity
and biodegradability tests were conducted to control the photocatalytic treatment. In DW, PYR was
completely eliminated after 11.8 min of illumination and initial DOC was reduced 50% after 79 min of
illumination with 33 mM of H, O, consumed. On the other hand, in DWy,c; water matrix, the same reduc-
tion in DOC took 110 min of illumination and H,0, consumption of 39 mM, and total degradation of PYR
was observed at 12 min of illumination. PYR transformation products (TPs) were identified by LC-TOF-
MS. It was demonstrated that photo-Fenton in a DWy,¢ produces some chlorinated TPs in addition to
the non-chlorinated TPs identified during degradation in the DW. All TPs formed were eliminated during
photo-Fenton. Additionally, the presence of chlorinated TPs does not increase the toxicity of the water,
and TPs formed are more biodegradable than PYR.
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1. Introduction

The expansion of agriculture, mainly due to the widespread use
of pesticides, has contributed directly to water pollution. The most
important pesticide pollution pathways into the environment are
diffuse contamination and surface run-off [1]. The increase in the
occurrence and abundance of these compounds in natural water
has caused some countries to regulate pesticides to prevent their
toxic effects on ecosystems. EU legislation, especially the Water
Framework Directive (WFD), and other complementary European
Directives, limit the concentrations of hazardous chemical sub-
stances, such as pesticides and others priority chemicals, in bodies
of water [2]. The latest Directive, approved in 2008 (2008/105/EC),
includes environmental quality standards (EQS: annual averages
and maximum allowable concentrations) for priority substances
and certain other pollutants to improve surface water chemical sta-
tus. Italso includes dioxins and PCBs in the list of substances subject
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to review in 2011 for possible identification as priority substances
or priority hazardous substances [3].

Pesticides present generally have high chemical stability, and
are usually resistant to conventional biological processes, demon-
strating the necessity to develop new treatment alternatives. In
this context, advanced oxidation processes (AOPs) are effective new
technologies able to eliminate stable and recalcitrant compounds.
AOPs are characterized by the production of hydroxyl radicals
(*OH), which are powerful, unselective oxidants (2.8 V vs. standard
hydrogen electrode). Recent studies confirm the potential of these
processes for transforming toxic or recalcitrant compounds, such
as pesticides, into biodegradable substances susceptible to elimi-
nation in a following biological treatment [4]. This reduces the cost
of reagents (i.e., H,0,, FeZ*, TiO,), energy consumption and reac-
tor dimensions associated with the full AOP treatment, which is
shortened to a minimum.

Depending on the transformation during the AOP, not only the
active substances must be analysed, but also the transformation
products (TPs) generated during the treatment. An IUPAC technical
report on regulatory limits for pesticide residues in water [5] states
that if a TP has been identified in amounts exceeding 10% of the
applied dose of a pesticide, it should be considered a major degra-
dation product and included in an additional risk assessment. The
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report took specific information on TP pesticide activity, toxicology
and ecotoxicology into account.

In addition, when the inorganic content in the water matrix is
very high, some reactive species like chloride or sulphate radicals
are produced, which directly influence the TPs generated during
the AOP. Chlorine radicals (CI*) may lead to the formation of chlo-
rinated organic compounds, which are known to be very harmful,
and in some cases, able to generate persistent substances. To date,
few studies have been published reporting on the formation of
intermediate chlorinated degradation products [6-8], which must
therefore be the subject of further study.

Pyrimethanil (PYR), N-(4,6-dimethylpyrimidin-2-yl)-aniline, is
an anilinopyrimidine employed as a fungicide in agriculture. Some
studies have related the potential danger of PYR to an increase in
liver weight. Histopathological changes in liver and thyroid have
been observed in short-term toxicity studies in rats and mice [9].
However, this pesticide is not included in the priority chemical sub-
stances list. The study of this compound in degradation studies is
urged by its widespread use in agriculture for the prevention of
botrytis (greenhouses, vineyards, etc.). Additionally, this pesticide
is commonly used in intensive agriculture in the southeast of Spain
[10,11].

The main purpose of this study was to determine whether PYR
chlorinated TPs are formed during photo-Fenton in a matrix with
high chloride content. To ensure the quality of the results, the
same experimental and analytical procedures were applied to PYR
degradation in both demineralised water (DW) and in water con-
taining 5 gL~! of NaCl (DWy,¢;). Three samples containing variable
amounts of PYR and chlorinated TPs were analysed by respirome-
try to evaluate the changes in toxicity and biodegradability during
photodegradation in saline conditions. Another aim was to find out
if there is any biotransformation of PYR and its TPs after 24 h of
exposure to activated sludge.

2. Experimental

2.1. Chemicals

The 99.9% pure PYR standard CAS number 53112-28-0 was
provided by Riedel-de Haén (Germany). PYR degradation was
evaluated in two different water matrices, demineralised water
(DW) supplied by the Plataforma Solar de Almeria (PSA) dem-
ineralisation plant (conductivity <10 uScm~1, CI- 1.2-1.3mgL"!,
NO3~<0.2mgL~!, organic carbon<0.5mgL-!) and saline water
with 5gL-1 of NaCl (DWy,¢). For chromatographic analysis,
HPLC-grade methanol was supplied by Merck (Germany); Milli-
Q ultra-pure water system from Millipore (Milford, MA, USA) and
formic acid (purity, 98%) from Fluka were used. All photo-Fenton
experiments were performed using iron sulphate heptahydrate
(FeSO4-7H,0), reagent-grade hydrogen peroxide (30%, w/v), and
sulphuric acid for pH adjustment, all purchased from Panreac.

2.2. Analytical determinations

Mineralisation was monitored by measuring the dissolved
organic carbon (DOC) by direct injection of filtered samples
into a Shimadzu-5050A TOC analyzer with an NDIR detector
calibrated with standard solutions of potassium phthalate. PYR
degradation was evaluated by direct injection in an HPLC-DAD
(Agilent Technologies, series 1100) equipped with a C-18 column
(LUNA 5 pm, 3mm x 150 mm, from Phenomenex) and operated
at a flow rate of 0.5mLmin~!. An isocratic method with 15%
HPLC-grade acetonitrile and 85% ultrapure water (Millipore Co.)
mobile phase was employed with detection at A=210nm. Total
iron concentration was monitored by colorimetric determina-
tion with 1,10-phenanthroline, following ISO 6332, and using a

Unicam-2 spectrophotometer. Hydrogen peroxide was analysed
by a fast, simple spectrophotometric method using ammonium
metavanadate, which allows the immediate determination of H, O,
concentration based on the formation of a red-orange peroxovana-
dium cation during H,0, reaction with metavanadate [12].

TPs generated during photo-Fenton were monitored by LC-TOF-
MS (Agilent Technologies). An HPLC Series 1100 system (Agilent
Technologies) equipped with a 3 mm x 250 mm reverse-phase C18
analytical column, with 5 wm particle size packing (ZORBAX, SB-
C18, Agilent Technologies) was used. The mobile phase was a
mixture of acetonitrile acidified by 0.1% formic acid (A) and water
acidified by 0.1% formic acid (B) at a flow rate of 0.4mLmin~!. A
linear gradient progressed from 10%A (initial conditions) to 100%A
in 50 min, and was then kept at 100%A for 5 min. The 20-p.L samples
injected were previously filtered through Teflon. Biomass samples
were centrifuged and extracted with acetonitrile (50/50). The HPLC
system was connected to a TOF mass spectrometer (Agilent Tech-
nologies) equipped with an electrospray interface operating under
the following conditions: capillary 4000V, nebuliser 40 psi g, dry-
ing gas 9L min~1, gas temperature 300°C, skimmer voltage 60V,
octapole rf 250V, with four different fragmentation voltages, 190,
230, 260 and 300V. Data were processed with MassHunter Work-
station Software, selecting elemental composition, double-bond
equivalent (DBE), electron state “even”, and number of charges
+1. In most cases, possible elemental compositions for ions were
assigned with a deviation of 5 ppm.

Photo-Fenton experiments were performed in a compound
parabolic collector (CPCs) pilot plant designed for solar photocat-
alytic applications. The reactor is composed of two modules of eight
Pyrex glass tubes mounted on a fixed platform tilted 37° (local lat-
itude). The total area is 3m? and the total volume is 40L, 22 of
which are irradiated volume. The total volume in each experiment
was 35L. At the beginning of all the photocatalytic experiments
(photoreactor covered to avoid any photoreaction during prepara-
tion), PYR standard solution was added directly to the photoreactor,
and a sample was taken after 15 min of homogenisation (initial
concentration, around 20 mgL-1). After that, the pH was adjusted
with sulphuric acid and another sample was taken after 15 min
to confirm the pH. Then, iron salt was added (FeSO4-7H,0) and
homogenised well for 15 min before sampling. Finally the first dose
of hydrogen peroxide was added, the photoreactor was uncovered
and samples were taken at preset times to evaluate the degradation
process.

Photo-Fenton experiments were carried out at a pH adjusted
to 2.6-2.8 (H,SO4, 2N) with 5mgL-! of Fe2*. Initial hydrogen
peroxide concentration was around 250 mgL~! and was kept at
150-350mgL-! throughout the experiments. The concentration
of H,0, was maintained in this range by the addition of hydro-
gen peroxide during the treatment time at various reaction times.
A sample was taken periodically to carry out the determination of
hydrogen peroxide present in the solution. Solar ultraviolet radia-
tion (UV) was measured by a global UV radiometer (KIPP&ZONEN,
model CUV 3) mounted on a platform tilted to 37°, which provides
data in terms of incident UV (W m~2). This gives a measure of the
energy reaching any surface in the same position with regard to the
sun. With Eq. (1), combination of the data from several days’ exper-
iments and the comparison of photoreactors installed at different
sites is possible.

uv
t30 w,n = t30w,n-1 + AanT: Atp=tyh —th_1;:tg=0(n=1) (1)

where UV is the average solar ultraviolet radiation measured during
Atp, ty is the experimental time for each sample, Vr is the total vol-
ume of water loaded in the pilot plant (35 L), V; is the total irradiated
volume (22 L, glass tubes) and t3pw is a “normalized illumination
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time”, which refers to a constant solar UV power of 30 W m~2 (typ-
ical solar UV power on a normal sunny day around noon).

2.3. Biological measurements

Respirometry assays were carried out using a BM-T respirome-
ter (from Surcis SA) consisting of a 1-L capacity biological reactor
with temperature control (to maintain the temperature at 20 °C by
external circuit) and a Stratos 2402 Oxy oximeter. Respirometry is
based on the consumption of oxygen by the microorganisms in the
activated sludge, and its operation is based on closed-loop batch
processing in which the dissolved oxygen contained in the sludge
is continuously measured.

For toxicity and biodegradability analysis, the reactor was first
loaded with activated sludge (700 mL) from the Almeria (Spain)
municipal wastewater treatment plant and the respirometer reac-
tor flask was kept in continuous aeration and agitation to air
saturation conditions. During this period, 3 mg of N-allylthiourea
per gram of volatile solids (VSS) was added to the activated sludge
to inhibit nitrification and measure the effect of the sample alone
on the heterotrophic bacteria.

Toxicity was evaluated by comparing the bacterial activity in
two assays: one containing the sludge and 300 mL of distilled
water with sodium acetate (0.5 g/g VSS), a biodegradable substrate
(reference), and another containing the sludge and 300 mL of the
target sample with the same biodegradable substrate. Tests were
extended until the biomass reached the maximum respiration rate
(Rsmax, mgL-1h~1). The percentage inhibition of each sample is
expressed quantitatively according to the following equation:

I(%) = 100 x (1 — RSmax saMPLE / RSmax REFERENCE ) (2)

For biodegradability measurements, 300 mL of each filtered sample
were added to the respirometer reactor and oxygen consumption
was monitored automatically. At the end of the test, the respirom-
eter software gave the readily biodegradable fraction of the sample
(rbCOD) based on the total oxygen consumption measured and the
normal biomass growth rate calculated (0.67) for activated sludge
from conventional municipal wastewater treatment plants. The
rbCOD/COD ratio shows the sample’s biodegradability, where 0.3
or higher means that it is classified as very biodegradable and 0.1
is biodegradable, whereas below 0.05 indicates that the sample is
not biodegradable (0.05-0.1 is slightly biodegradable) [13].

The biodegradability tests lasted 24 h for two reasons. The main
purpose was to observe the evolution of pyrimethanil and its TPs
during contact with the activated sludge in order to evaluate pos-
sible biotransformation or formation of new TPs. Samples were
analysed by LC-TOF-MS at the beginning and after 24 h of exposure
to the biomass (both from supernatant and from solid activated
sludge). The activated sludge was also analysed because previ-
ous experiments showed that PYR was partially adsorbed on the
biomass [14], and therefore, TPs might also be adsorbed. For these
analyses, the biomass was previously extracted with acetonitrile.
The second goal was to evaluate any potentially chronic sample tox-
icity. After the tests, sodium acetate was added to check the ability
of the biomass to consume an easily biodegradable compound after
continuous exposure to the solutions containing PYR and its TPs.

3. Results and discussion
3.1. Pyrimethanil degradation

PYR degradation by photo-Fenton was evaluated in two water
matrixes (DW and DW\y,¢) to study the formation and evolution
of PYR and its TPs during the process, especially chlorinated TPs in
DWnicl-
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Fig. 1. DOC, PYR degradation and H,0, consumption during photo-Fenton with
5mgL-! of Fe?* in DW (solid dots) and DWy,¢ (open dots).

The starting conditions (20 mgL-! PYR and 5 mgL-! Fe2*) were
adapted from previous photo-Fenton PYR degradation studies in
specific industrial wastewater [10,14]. In general, 20mgL-! PYR
might be considered too high for diffuse contamination and surface
run-off, but to unequivocally identify TPs, the initial concentration
of the parent compound has to be high. Otherwise it would be
nearly impossible to determine the TPs during treatment, since they
are usually degraded as soon as they occur. In DW, 50% of the initial
DOC was reduced after 79 min of illumination time with 33 mM of
H,0, consumed. PYR was completely eliminated after 11.8 min of
illumination. In DWy,(, the same decrease in DOC took 110 min
with an H,0, consumption of 39 mM. PYR was also observed to be
completely degraded at around 12 min of illumination time. These
results are summarized in Fig. 1. Additionally, kinetic parameters
of DOC mineralisation were evaluated for both water matrices.
Pseudo first order constants (kj;,) values were 0.02864 min~! and
0.02093 min~! for DW and DWy,¢|, respectively. Further, the maxi-
mum gradient of the degradation curve (rpoco) was 18.2 mg min~!
for DW and 19.3 mgmin~! for DWy,(.

As observed, photo-Fenton degradation of PYR was less efficient
in terms of DOC reduction in the presence of NaCl. A longer illu-
mination and higher hydrogen peroxide dose were required for
less mineralization. This is due to the two well-known negative
effects of chloride ions on AOPs, formation of chloro-Fe(Ill) com-
plexes that reduce the amount of active iron, and scavenging of
hydroxyl radicals [15]. Nevertheless, these effects were not notice-
able in PYR degradation since it was eliminated in both cases with
a similar illumination time and H,O0, consumption. In the pres-
ence of high concentrations of Cl~, chlorine radicals and radicals
formed from the reaction between chlorine radicals and hydrogen
peroxide could easily attack the original molecule, partly compen-
sating the scavenging of *OH by chloride (see reactions (I)-(III)
described below) [14,16]. Furthermore, less active chloride radicals
formed could also react with HO, (reactions (IV) and (V)) increas-
ing the reagent consumption [17]. This demonstrated that the PYR
molecule is susceptible to efficient degradation by the chloride rad-
icals formed.

Cl~ +HO* — CIOH*~ 40
CIOH*~ +H' - CI* + H,0 (1)
Cl* + Cl-— Cl, (1)
Cl* + H,0, — HO* + CI- +HT (1v)
Cl* + Hy03 — HO,* + 2C1~ +H* V)
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Table 1

Accurate mass measurements determined by LC-TOF-MS for PYR and TPs generated during photo-Fenton treatment in both of the water matrices studied.

Comp. R¢ Ion formula [M+H]* Mass (m/z) Error (ppm) DBE* Water matrix
Experimental Calculated
PYR 233 Ci2Hi4N3 200.1187 200.1182 -2.39 8 DW, DWaci
Ci2H11N, 183.0921 183.0917 -2.34 9
CeH7N> 107.0613 107.0604 -8.73 5
P1 6.7 CoH12N30 178.0905 178.0902 -1.39 6 DW, DWy,q
C7H10N3 136.0797 136.0797 -0.38 5
C7H7N, 119.0525 119.0531 4.7 6
CeHsNy 105.0369 105.0375 5.62 6
CeHgN 94.0653 94.0651 -11.54 4
P2 10.6 Ci2H16N303 250.1192 250.1186 -2.34 7 DW, DWyaq
Ci2H14N30; 232.1056 232.1080 10.17 8
C10H14N350, 207.1002 207.1007 2.35 6
CioH12N50 190.0989 190.0975 —7.46 7
CgHgN30 162.0672 162.0662 -6.28 7
C7H10N3 136.0863 136.0869 43 5
C7H7N, 119.0613 119.0604 -7.84 6
CgHsN; 105.0454 105.0447 —6.49 6
P3 16.5 C12H12N30, 230.0937 230.0924 —5.66 9 DW, DWy,q
Ci2H1oN30 212.0829 212.0818 -5.37 10
Cy1H1oN30 200.0838 200.0818 -9.85 9
C11H10N3 184.0871 184.0869 -0.7 9
CioH10N3 172.0869 172.0869 -0.05 8
P4 17.4 C12H12N30, 230.0929 230.0924 -2.17 9 DW, DWy, ¢l
CioH10N3 172.0866 172.0869 1.88 8
CeH7N, 107.0616 107.0604 -11.55 5
P5 18.0 C12H14N50 216.1147 216.1131 -7.26 8 DW, DWy,q
C11HoN3 169.075 169.076 6.38 9
P6 19.8 C12H14N50 216.1138 216.1131 -3.08 8 DW, DWy, ¢
Ci2H12N3 198.1028 198.1026 -1.15 9
C11Hi12N3 186.1032 186.1026 -3.34 8
Cy1H11 N2 171.0928 171.0917 —6.62 8
CgH7N; 131.0603 131.0604 0.28 7
CeH4N 90.0342 90.0338 —4.24 6
P7 18.4 CeHoCIN; 158.0473 158.048 3.99 4 DWhaq
CeHgCIN, 141.0213 141.0214 0.78 5
CsH,CIN 116.025 116.0262 9.97 3
CsHgN 80.0498 80.0495 —4.58 4
P8 28.7 Ci2Hi3CIN; 233.0707 233.072 543 8 DWhaq
C12H10CIN, 217.0523 217.0527 1.86 9
Ci2H12N3 198.1029 198.1026 -1.65 9
C7HgN> 118.0563 118.0565 1.15 5
CsHgN 82.058 82.0579 -2.32 3
P9 29.7 C12Hi3CIN; 233.0723 233.072 -1.43 8 DWhac
Ci12H10CIN; 217.0544 217.0527 -8 9
Ci2HiaN3 198.1022 198.1026 1.9 9
CoHgN3 158.0718 158.0713 -3.53 8
C7HgN; 118.0534 118.0565 7.18 5
CsHgN 82.066 82.0651 -10.17 3
P10 314 Ci12H13CIN; 233.0719 233.072 0.34 8 DWhpac
C12H10CIN, 217.0516 217.0527 5.1 9
Ci2HgN; 181.076 181.076 0.1 10
C11H7N; 167.0599 167.0604 3.14 10
Ci1HgN 154.0644 154.0651 4.73 9
CgHgCIN, 141.0219 141.0214 -2.3 5
CsH7CIN 116.0255 116.0189 5.94 3
CsHgN 80.0496 80.0495 -1.68 4

3.2. Photocatalytic PYR TPs detected by LC-TOF-MS

Samples from each experiment were analysed by LC-TOF-MS
in full-scan, positive mode to detect the PYR TPs. The appearance
of peaks with an appearance-disappearance time profile indicated
possible TPs. Table 1 summarizes the analytical information relative
to the TPs identified, such as calculated and experimental accurate
masses of the protonated ions [M+H]*, their respective errors in
ppm and double bond equivalents (DBE) provided by the software.

In addition, the low errors observed (mostly below 5 ppm), allowed
correct assignation of the elemental composition of the ions.

Table 1 shows the ten TPs found in the matrices studied, six in
DW (P1-P6) and ten in DWy,¢ (P1-P10). Different experimental
conditions and four fragmentation voltages (190, 230, 260 and
300V) were applied during LC-TOF-MS analyses to find adequate
in-source fragmentation for reliable identification.

As shown in Scheme 1, electrophilic substitution of one hydro-
gen atom in the PYR molecule by hydroxyl radicals constitutes
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Scheme 1. Proposed PYR transformation pathway during photocatalysis in DW (P1-P6) and DWy,c (P1-P10).

one of the first steps in the degradation process, and yields the
formation of the most abundant intermediates. These reactions
were observed in both water matrices. Monohydroxylated deriva-
tives had a nominal m/z 216 for the [M+H]* ion and an elemental
composition of C;,H14N30 without variation from PYR in the DBE.
Two compounds (P5 and P6) showed these characteristics with
elution at 18.0 and 19.8 min. Two possible structures have been
proposed for these compounds. P6 was assigned to hydroxyla-
tion in the pyrimidine ring. This position is highly favourable for
electrophilic attack because of the higher electron density of the
pyrimidine ring. P5 was assigned to hydroxylation in the benzene
ring. In this case, a position near the NH substituent would be the
most reactive to oxidants (see Scheme 1), as reported in previous
publications [18,19].

Atotalion chromatogram (TIC) and extracted ion chromatogram
(EIC) clearly showed the presence of two TPs with [M+H]* at m/z
230. The ion formula in both P3 and P4 was Ci3H{3N30, with
a double-bond equivalent of 9, demonstrating that an additional
bond had been established. These structures could be a quinone
imine derivative formed by oxidation of P5 and subsequent hydrox-
ylation of the resulting molecule at different positions. Evidence of
the formation of the quinine imine intermediate was found in the
EIC chromatogram, but very little of it, indicating highly favourable
hydroxylation of this molecule. Fragmentation of P3 and P4 is useful
for assigning the position of the hydroxyl group. Therefore, similar-
ities in the fragmentation spectra of Compounds P3 and P6, which
show loss of —H,0 and —CH, 0, suggest that the hydroxylation reac-
tion takes place in the pyrimidine ring. On the contrary, P4 shows an
ion fragment (CgH7N,; m/z 107) common to the PYR spectrum and
attributable to the pyrimidine moiety, thus indicating that hydrox-
ylation occurred in the quinone imine fraction.

P1 has been identified as 2-acetyl(phenyl)guanidine, which is
evidence of a parallel route concurrent with hydroxylation due to

the attack of the hydroxyl radicals on the C=C double bond in the
pyrimidine ring followed by ring opening. The fragmentation pat-
tern found confirms the proposed structure with losses of —C;H,0
(m/z 136), corresponding to the acetyl group and —NH3 (m/z 119).
The appearance of the fragment at m/z 94 (CgHgN; DBE: 4), cor-
responding to the aniline moiety also confirms this part of the
structure (see Scheme 2). The structure of the compound labelled
P2 was not assigned, but was regarded as a TP because its con-
centration increased and decreased with reaction time. The mass
spectrum showed common ions related to P1 (m/z 136, 119 and
105) thus indicating that P2 corresponds to a previous step in this
alternative route.

An additional group of TPs was identified during the experi-
ments in saline water (DWy,¢). It is important that all of them had
a chlorine atom in their molecule, thus indicating that chlorina-
tion reactions can occur during the treatment when wastewater
contains a high concentration of chlorine.

Four different chlorinated TPs were unequivocally determined:
P7, P8, P9 and P10. Three of them had the same accurate mass
(m/z233.0720) and elemental composition, C;,H13CIN3, but eluted
at different retention times, indicating the formation of different
isomers. Mass spectra fragmentation (Table 1) showed analogous
fragmentation of P8 and P9. This would be related to a similar struc-
ture presenting Cl addition in different positions of the aromatic
ring. P10 had three fragments common to P7 from a TP identified
as 5-chloro-4,6-dimethylpyrimidin-2-amine. It could therefore be
concluded that the Cl addition in P10 analogous to P7 was in the
“pyrimidine ring” (see Scheme 1).

Figs. 2 and 3 show the most abundant intermediates in both DW
and DWp,q treatment over time. The most abundant by-product
generated in DW during treatment was P5 while P4 was found in
very low concentrations. All TPs detected were easily degraded dur-
ing first stages of photo-Fenton (in less than 12 min of illumination).
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Scheme 2. Proposed fragmentation of P1 (2-acetyl(phenyl)guanidine).
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Fig. 2. PYR degradation and TPs in DW during photo-Fenton treatment.

In DWy;c1, the most abundant TPs were the four chlorinated by-
products (P7-P10). P8, P9 and P10 concentrations were the highest
at around 6 min of illumination, but fell drastically in the following
20 min. P7 was the most abundant at longer treatment times and
turned out to be the most persistent intermediate. P7 disappeared
completely only after 65 min of phototreatment. This is of great
interest, because it points out the formation of chlorinated inter-
mediates as a relevant issue during the application of advanced
oxidation processes to the treatment of saline effluents.

3.3. Respirometry assays

Three samples with variable concentrations of PYR and TPs were
selected for respirometry analysis to find out the changes in toxicity
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Fig. 3. PYR degradation and TPs in DWy,¢ during the photo-Fenton treatment.

and biodegradability during the AOP, and any biotransformation of
PYR and its TPs.

As described in Section 3.2, even though the structures of the by-
products are quite similar to PYR, generally, AOPs (as photo-Fenton)
generate more oxidised compounds and biodegradability of more
oxidised compounds is usually higher [20]. Besides, it should be
remarked that by LC-TOF-MS not all TPs can be identified and
therefore more biodegradable compounds could be present and not
identified.

The selected samples were the starting solution (M0: 20 mg L~!
PYR), and two samples containing large amounts of chlorinated TPs:
M1 (6 min of treatment time, 8 mg L~! PYR, high concentrations of
P9 and P10) and M2 (10 min of treatment time, 1mgL-! PYR, and
high concentrations of P7 and P9).

3.3.1. Toxicity analyses

The toxicity tests in all three samples showed 30% inhibition to
activated sludge. It can be concluded that none of the sample results
were relevant for biomass, and that the presence of chlorinated TPs
did not affect sludge activity.

3.3.2. Biodegradability analyses

Biodegradability analyses were continued 24h in order to
observe any biotransformation of TPs formed during photo-Fenton
as it was not expected any biotransformation product of PYR and
to evaluate potential chronic toxicity of the samples after exposing
biomass to PYR and its TPs. In these tests, each sample (M0, M1 and
M2) was individually mixed with the biomass, and after 10 min,
two samples were taken from the supernatant and the sludge to
find the adsorption of PYR and TPs on the biomass. After 24 h, sam-
ples were again taken from the supernatant and the biomass. All
samples were analysed by LC-TOF-MS. Throughout the test, oxy-
gen consumption by the biomass was continuously recorded. The
most relevant results are summarized below.

MO (20 mg L1 PYR): After 10 min, 65% of PYR had been adsorbed
on the biomass. During the first hours of exposure, no oxygen con-
sumption was recorded, which means that the sample was not
rapidly biodegradable. However, after 24 h, the rbCOD/COD ratio
was 0.05, demonstrating that after a long enough contact time, PYR
can be partially biodegraded.

Regarding the LC-TOF-MS analyses, only PYR was detected in all
the samples (supernatant and sludge), suggesting that formation of
bio-TPs did not occur.

M1 (6min of treatment time; 8mgL~! PYR, PS5,
P6 « P8 <P7<P9<P10): 75% of PYR was adsorbed on the biomass
after 10 min of exposure. In this case, some oxygen consumption
was recorded after 20 min, indicating that at least some of the TPs
are easier to biodegrade than PYR. After 24 h, the rbCOD/COD ratio
was 0.1, showing a clear increase in biodegradability of the sample
with photo-Fenton. According to LC-TOF-MS, PYR, P5, P6 and P7
were detected in both supernatant samples (first and after 24 h).
PYR, P8, P9 and P10 were recorded in both sludge samples. PYR
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and TPs in the samples were lower after 24 h of biotreatment than
in the first samples, showing that these compounds can only be
partly biodegraded. No formation of bio-TPs was observed.

M2 (10 min treatment time; 1mgL-! PYR and P7): 60% of PYR
was adsorbed on the biomass after 10 min of exposure. Some
oxygen consumption was recorded after 10 min of exposure and
the rbCOD/COD ratio was 0.2 after 24 h. This also confirms that
photo-Fenton increases the biodegradability of PYR.

The LC-TOF-MS analyses found P7 in the four selected samples
(supernatant and sludge, first and after 24 h). The final concen-
tration, corresponding to a 30% reduction in P7 after 24 h, was
considerably lower than the first. In this case, PYR and P7 were
also only partly biodegraded and no new bio-TPs were found.

After 24h exposure of the biomass to PYR and TPs, sodium
acetate (0.5g/g VSS) was added to evaluate the response of the
biomass and find any chronic toxicity. In all three cases (M0, M1
and M2), the biomass respirometric activity was normal, com-
pletely consuming the biodegradable substrate (according to the
dissolved oxygen recorded). This means that continued exposure
of the biomass to PYR and its TPs does not affect sludge activity,
corroborating the acute toxicity analyses.

4. Conclusions

The formation of chlorinated TPs during photo-Fenton treat-
ment of PYR in water containing high concentrations of chloride
has been demonstrated by LC-TOF-MS analysis. Four chlorinated
TPs were found during photo-Fenton degradation in the presence
of 5gL~1 of NaCl. The chlorinated TPs formed showed greater resis-
tance to photo-Fenton treatment than other TPs. All TPs formed
were eliminated during photo-Fenton, demonstrating the effi-
ciency of the phototreatment, for both the elimination of the parent
compounds and their main degradation intermediates.

The presence of chlorinated TPs did not increase the toxic-
ity of the water. Furthermore, an increase in biodegradability of
the solution was observed as photo-Fenton continued, indicating
that the TPs formed are more biodegradable than PYR. LC-TOF-
MS revealed that PYR and its TPs formed during photo-Fenton
can only be partly biodegraded by activated sludge. No forma-
tion of new TPs as a consequence of the biological treatment was
observed.
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