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Marı́a José Farré a, Stephan Brosillon b, Xavier Domènech a, José Peral a,∗
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bstract

Freshwater polluted with herbicides is a problem of general concern since these compounds are commonly toxic and non-biodegradable. An
nnovative technology for the elimination of such compounds is the coupling between an Advanced Oxidation Process (AOP) and a biological
reatment. The success of this coupled methodology depends on the biodegradable nature of the by-products originated at the end of the chemical
tage. The present paper is based on the analysis of the intermediates generated during the chemical oxidation of Diuron and Linuron herbicides
sing three different doses of photo-Fenton reactants. Among the three effluents obtained after the chemical pre-treatment, only the most oxidised is
ompletely biodegradable. Several analytical methods: reverse phase ultra pressure liquid chromatography UPLC(RP)/MS, ionic chromatography
C and gas chromatography/MS have been used to elucidate the degradation mechanism. Beyond conventional separation methods, hydrophilic

nteraction chromatography HILIC coupled with mass spectrometry has been necessary to identify small polar compounds at the end of oxidation
rocess. The first steps of the degradation mechanism have been ascertained. Furthermore, different by-products have been found at the end of
he chemical process when different reactant doses were used. These differences have been based on the presence of urea derivates (methylurea,
,1-dimethylurea) and unidentified chlorinated compounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays herbicides are indispensable for agricultural prac-
ices. Nevertheless herbicides also represent a water quality risk
actor because these substances are generally toxic and non-
iodegradable. A part from lixiviates coming from agricultural
elds, washing of herbicide containers and unused treatment
olutions also contribute to this problem producing highly pol-
uted effluents that should be treated before their disposal to the
nvironment.

Conventional technologies for the removal of pollutants
nclude biological, physical and chemical treatments. The draw-

acks of biological wastewater treatment plants (WWTP) are
ase on the requirement of a long residence time to degrade the
ollutants because microorganisms are affected by the toxicity of

∗ Corresponding author. Tel.: +34 93 581 2772; fax: +34 93 581 2920.
E-mail address: jose.peral@uab.es (J. Peral).
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he herbicides [1]. Physical treatments require a post-treatment
o remove the pollutant from the newly contaminated envi-
onment. Finally, chemical treatments require a large amount
f reactant and generally are expensive. In this situation, the
evelopment of new technologies aimed at the straightforward
egradation of such substances is of practical interest. In recent
ears the coupling between an Advanced Oxidation Process
AOP) and biological systems for the treatment of different pol-
uted effluents has been proposed [2–7]. In this way the AOP
s performed as a first step to enhance the biodegradability
nd generate a new effluent able to be treated in a biological
lant.

AOPs are based on the production of the highly reactive
ydroxyl radical (OH•) under mild experimental conditions.
his radical can react with organic matter (redox standard

otential 2.8 V versus NHE) producing CO2 as final product.
ue to the reactivity of free hydroxyl radicals, their attack is
on-selective, which is useful for the treatment of wastewater
ontaining many different pollutants.

mailto:jose.peral@uab.es
dx.doi.org/10.1016/j.jphotochem.2007.02.028
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Fig. 1. Percent (%) TOC removal in photo-Fenton pre-treatment and biological
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Photo-Fenton is preferred among the other AOPs because it
chieves high reaction yields with low treatment costs, mainly
ue to the possibility of a more effective use of solar light as
photon source [8]. In this process the hydroxyl radical pro-
oters are Fe(II) and hydrogen peroxide [9] (reaction 1, Fenton

rocess).

e(II) + H2O2 → Fe(III) + OH− + OH• (1)

nder irradiation of λ < 410 nm, Fe(III) can be reduced to Fe(II)
losing a loop mechanism where Fe species act as catalyst,
iving rise to additional OH• [10] (reaction 2, photo-Fenton
rocess).

e(III)(OH)2+ + h� → Fe(II) + OH• (2)

he best optimization of a chemical–biological coupled sys-
em can be achieved by using a low amount of reactants in
he chemical step. However, these reactant doses should assure
he biocompatibility of the by-products generated. With this
bjective, the monitoring of the intermediates produced in the
hemical treatment is indispensable to understand the biologi-
al compatibility of the phototreated effluent. This monitoring is
ot always easy since by-products generated in such oxidation
rocesses can be small polar compounds with different chemical
tructure and low concentration. In this situation, reversed phase
iquid chromatography HPLC (RP) is not the best separation

ethod because polar compounds are not retained on non-polar
tationary phases. On the other hand, normal phase HPLC elu-
nts (often based on hexane) produce an incompatibility with
ass detectors since ionization is not easily achieved in totally

rganic, non-polar eluents. When hydrophilic interaction chro-
atography (HILIC) [11] is performed aqueous mobile phases,

sually containing more than 50% of organic solvent, and a polar
tationary phase like diol, silica or amine are used. The retention
f polar compounds is increased when the proportion of organic
olvent is increased.

Alpert et al. [11] suggested that the retention mechanism
nvolves portioning of the analyte between the mobile phase and
layer of mobile phase enriched with water on the stationary

hase. In this way the elution order in HPLC(HILIC) is more or
ess the opposite of that seen in HPLC (RP). So HPLC (HILIC)
oupled with mass spectrometer appears to be an appropriate
ethod for the determination of the concentration and structure

f small polar compounds.
Phenylurea compounds are herbicides which have been

idely used since their discovery in 1950. Linuron, 3-
3,4-(dichlorophenyl)-1-methoxy-1-methylurea] and Diuron
-[3,4-(dichlorophenyl)-1,1-dimethylurea] were selected as
arget compounds. The degradation of Diuron and Lin-
ron herbicides by means of the coupling of photo-Fenton
nd biological treatment was performed and published
n a previous work [5]. In that study, three different
hoto-Fenton reagent doses were used in the chemical treat-

ent (i.e., A: [Fe(II)] = 9.25 mg L−1, [H2O2] = 97.1 mg L−1;
: [Fe(II)] = 13.3 mg L−1, [H2O2] = 143 mg L−1; C: [Fe(II)] =
5.9 mg L−1, [H2O2] = 202 mg L−1). The photo-Fenton reac-
ion was run for 60 min. The disappearance of initial herbicides

2

u

equencing batch reactor (SBR) coupling system as function of photo-Fenton
ose. A: 9.25 mg L−1 Fe(II), 97.1 mg L−1 H2O2; B: 13.3 mg L−1 Fe(II),
43 mg L−1 H2O2 and C: 15.9 mg L−1 Fe(II), 202 mg L−1 H2O2.

uring the photo-Fenton process was determined by HPLC/UV
nalyses for all the doses used. The percentages of TOC removal
fter the chemical step when dose A, B and C were used were
6%, 25% and 36%, respectively. After that, a biological sys-
em was used in order to completely remove organic matter
rom solution. Among the three photo-Fenton doses selected,
nly dose C successfully converted the initial toxic and non-
iodegradable effluent into a new form which was able to be
ssimilated by the biomass. Fig. 1 shows the percentage of TOC
emoval after the chemical-biological coupled system for the
reatment of Diuron and Linuron.

The aim of the present paper is to enhance the knowledge
n the chemical composition of the three effluents after photo-
enton in view to understand the difference of biodegradability
f each effluent as well as to determine a possible reaction mech-
nism of the oxidation of both herbicides. Heteroatoms, short
cids as well as oxidized by-products evolution were analyzed
n order to obtain such information.

. Materials and methods

.1. Preparation of initial wastewater

Diuron (98.5% Aragonesas Agro S.A. technical grade) and
inuron (92.6% Makhteshim Agan España, S.A.) were used as

arget compounds in the experiments. A initial saturated solu-
ion was prepared in water purified in a Millipore Milli-Q system
nd then filtrated by means of a 20 �m nylon filter. The concen-
ration of the initial solution was 42 mg L−1 and 75 mg L−1 of
iuron and Linuron, respectively. These values correspond to

he maximum solubility of both herbicides in water at 25 ◦C.
he initial solution was transparent and colourless.
.2. Photo-Fenton experimental procedure

FeSO4·7H2O (Merck) and H2O2 (Panreac, 33% w/v) were
sed in the photo-Fenton experiments. Experiments were con-
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abatement). The mineralization rate did not follow simple first
or zero-order kinetics models and overall reaction rate constants
could not be estimated. The complexity of the data is due to the
fact that TOC is a parameter which is often the consequence of
66 M.J. Farré et al. / Journal of Photochemistry a

ucted at 25 ± 0.2 ◦C in a cylindrical Pyrex thermostatic cell of
50 cm3 capacity provided with a magnetic stirrer. A 6W Philips
lack light with a measured intensity of 0.21 mW/cm2 was used
s a photon source. In all the experiments pH was adjusted
o 2.8 with H2SO4. Three different combinations of photo-
enton reagents were used (i.e., A: [Fe(II)] = 9.25 mg L−1,
H2O2] = 97.1 mg L−1; B: [Fe(II)] = 13.3 mg L−1, [H2O2] =
43 mg L−1; C: [Fe(II)] = 15.9 mg L−1, [H2O2] = 202 mg L−1.)

The experimental procedure was as follows: in each exper-
ment the photo-reactor was charged with 0.250 L of solution
o be photo-treated. The pH of these solutions was always
djusted to 2.8 and after that FeSO4·7H2O was added. Finally,
he hydrogen peroxide was added to the solution and UV light
as switched on. The total photo-treatment time selected was
0 min.

.3. Analytical methods

TOC was analyzed with a Shimadzu TOC-VCSH appara-
us. Cl− and NO3

− ions were analyzed by Dionex DX120 ion
hromatography equipped with a conductivity detector using an
onPac® AS19 anion-exchange column (4 mm × 250 mm) as the
tationary phase. A gradient of KOH in water: 10 mM from 0 to
0 min and then increasing to 45 mM from 10 to 25 min was used
s mobile phase. The flow rate was 1 mL min−1 and the injec-
ion volume was 500 �L. The mobile phase was electrolitically
enerated by means of a EGC II KOH.

For the determination of short acids (oxalic, acetic and formic
cids) the same system was used but the gradient was changed:
0 mM from 0 to 10 min and then increasing to 58 mM from 10
o 40 min.

Ammonium was analyzed using an Orion 95-12 Ammonia
lectrode and a Crison pH/mV meter with readability to 0.1 mV.

Separation and identification of first oxidation by-products
ere performed with an AcquityTM ultra performance LC

Waters), equipped with a mass spectrometer Quattro Premier-
icromass-(Waters). The mobile phase was a mixture of (A)

cetonitrile and (B) acetonitrile (10%), water and formic acid
0.1%). The composition of the phase changed according to the
ollowing gradient: 20% of A was kept during 4 min. From 4
o 5 min, B was steadily increased to attain the 95%. Finally
he phase turned to the initial composition until the end of the
un. The system was equipped with a UPLCTM BEH C18 capil-
ary column (2.1 mm × 100 mm × 1.7 �m). Mass spectra were
btained by electro-spray ionization (ESI) in negative mode.
one voltage of 25 V in full scan mode and 23 V in the MRM
ode were used. When samples concentration was required,
ASIS HLB 6cc cartridges were used for solid phase extraction
nd ethanol was used as eluent.

3,4-Dichloroaniline and 3,4-dichlorophenyl isocyanate were
dentified during photodegradation of both pesticides by means
f GC–MS. These products were extracted from the treated
olution by solid phase extraction (Maxi-Clean C18 600 mg,

lltech). A mixture of dichloromethane and ethyl acetate (1/1,
/v) was used to elute the intermediate products. This solution
as concentrated under nitrogen flow for the analysis of the by-
roducts. The GC–MS was performed using a HP 6890 series

F
C
F
1
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C equipped with a MS (HP 5973). The system was fitted with a
P-5MS capillary column (30 × 0.25 i.d. × 0.25 �m), splitless

njection, and helium was used as carrier gas (1 mL min−1). The
C oven temperature was programmed to initially hold at 50 ◦C

or 3 min, to increase from 50–275 ◦C at a rate of 5 ◦C min−1

nd to hold at 275 ◦C for 15 min. The injector and interface
emperature were kept at 250 ◦C. Mass spectra were obtained
y electron-impact (EI) in negative mode at 70 eV, using scan
ode (30–800 m/z).
Small polar compounds were analysed with a HPLC (HILIC)

oupled with a Esquire 3000 (Bruker) mass spectrometer, using
n Agilent 1100 liquid chromatograph equipped with a Nul-
leosil diol column (7 �,15 cm × 0.4 cm). The injection volume
as 5.00 �L and temperature was not controlled. The mobile
hase consisted of (A) acetonitrile and (B) 20 mM aqueous
mmonium formate, the pH of which was adjusted to 3.3 with
ormic acid. The composition of the phase changed following
gradient: 95% of A was kept during 3 min, then it changed

rom 95% to 50% of A in three more minutes, steady decrease
o 20% of A up to minute 10. From 10 to 14 min the composition
as kept stable at 20% A. Finally from 14 to 30 min the mobile
hase was returned to initial conditions. Electro-spray (ESI) in
ositive mode was used for detection. The capillary voltage was
ptimized to 5000 V using full scan mode (50–200 m/z).

. Results and discussion

.1. Heteroatoms evolution

Mineralization of Diuron and Linuron herbicides, using A,
and C photo-Fenton reactant dose, was followed by means of

OC measurements over 150 min (see Fig. 2 for relative TOC
ig. 2. Relative TOC evolution vs. irradiation time with A (�), B (�) and
(�) reagent doses for Diuron and Linuron herbicides. A: 9.25 mg L−1

e(II), 97.1 mg L−1 H2O2; B: 13.3 mg L−1 Fe(II), 143 mg L−1 H2O2 and C:
5.9 mg L−1 Fe(II), 202 mg L−1 H2O2. pH 2.8, T = 25 ◦C.
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Fig. 3. Chloride concentration vs. irradiation time with A, B and C reagent
d
H
2

t
e
b

C

n
t
r
s
u
t
i
m
C
e
D
o
w
t
t

a
h
a
i
a
i
t
d
o
c
g

Fig. 4. Nitrate (—), ammonium (– –) and total nitrogen recovered (· · ·) evolution
vs. irradiation time during the photo-degradation of Diuron and Linuron with
A
H
2

n
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a
g
to reach a maximum after approximately 50 min when dose A
was used to oxidized Diuron and Linuron. After 60 min of irra-
diation, the time used to perform biological coupling, acetic acid
concentration was 4.88 mg L−1. On the other hand, when doses
oses for Diuron and Linuron herbicides. A: 9.25 mg L−1 Fe(II), 97.1 mg L−1

2O2; B: 13.3 mg L−1 Fe(II), 143 mg L−1 H2O2 and C: 15.9 mg L−1 Fe(II),
02 mg L−1 H2O2. pH 2.8, T = 25 ◦C.

he parallel degradation of several compounds. The stoichiom-
try of the complete mineralization of Diuron and Linuron can
e expressed with the following global equations:

9H10Cl2N2O + 13O2 → 2HNO3 + 2HCl + 9CO2 + 3H2O

(3)

C9H10Cl2N2O2 + 12.5O2

→ 2HNO3 + 2HCl + 9CO2 + 3H2O (4)

It is well known that chlorinated compounds are generally
ot biodegradable [13], consequently it is important to access
he ratio of mineralization of chlorine during irradiation. For that
eason, the formation of chloride ion was investigated. Fig. 3
hows chloride evolution when the three selected doses were
sed. Chloride evolves very quickly suggesting an early degrada-
ion/dechlorination stage, as described before [12]. From Fig. 3
t is seen that chlorine was completely removed from the aro-

atic ring before 60 min in the effluents treated with dose B and
. In both experiments the total amount of Cl− produced at the
nd of the reaction was approximately 32.3 mg L−1 (100% of the
iuron and Linuron chlorine content). On the other hand, 7.8%
f chlorine remained linked to the aromatic ring after 60 min
hen dose A was used to treat the polluted effluent. This means

hat a chlorinated intermediate is present in the residual TOC at
he end of the chemical treatment with reagent dose A.

Nitrogen release was monitored by the combination of free
mmonia and nitrate. Although the reactions shown above
ave been written taking into account the most oxidized state,
mmonia could be formed and then oxidized to nitrate at long
rradiation times. Both, ammonia and nitrate have been detected
t different relative concentrations depending on the dose used
n the pre-treatment. By observing Fig. 4, it can be concluded
hat the amount of nitrate and ammonia formed in the oxi-

ation process is directly proportional to the concentration of
xidant used. When dose C was selected (the highest oxidant
oncentration used in the present study), only 18% of total nitro-
en present in the initial molecules was recovered. Incomplete

F
i
B
1
H

(�), B (�) and C (�) reagent doses. A: 9.25 mg L−1 Fe(II), 97.1 mg L−1

2O2; B: 13.3 mg L−1 Fe(II), 143 mg L−1 H2O2 and C: 15.9 mg L−1 Fe(II),
02 mg L−1 H2O2. pH 2.8, T = 25 ◦C.

itrogen mass balance indicates that other nitrogen containing
ompounds must be present in the solution during the process.

At this point it was necessary to find an analytical technique
ble to determine this type of compounds dissolved in complex
atrixes.

.2. Short organic acids evolution

The evolution of acetic, formic and oxalic acids concentration
long 350 min of photo-Fenton oxidation reaction was investi-
ated. As seen in Fig. 5, the concentration of acetic acid increases
ig. 5. Acetic acid (—), oxalic acid (– –) and formic acid (· · ·) evolution vs.
rradiation time during the photo-degradation of Diuron and Linuron with A (�),

(�) and C (�) reagent doses. A: 9.25 mg L−1 Fe(II), 97.1 mg L−1 H2O2; B:
3.3 mg L−1 Fe(II), 143 mg L−1 H2O2 and C: 15.9 mg L−1 Fe(II), 202 mg L−1

2O2. pH 2.8, T = 25 ◦C.
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Fig. 6. Relative abundance of different acids and non-identified organic mat-
ter (NIOM) after 60 min of irradiation of Diuron and Linuron with A, B and
C
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and C were applied in the photo-Fenton process, less than
.2 mg L−1 were found before the biological coupling.

The monitoring of oxalic acid evolution over 350 min showed
hat its production was higher for doses B and C (61.5 mg L−1

nd 65.5 mg L−1, respectively) than for dose A (44.6 mg L−1).
axima in the evolution curves were achieved at the moment

elected for the coupling with the biological system. Both, acetic
nd oxalic acid were produced after ring opening, as described
efore [14]. Soft oxidant conditions favour the production of
cetic acid, while an increase in OH• concentration produces a
igher concentration of oxalic acid, which is the product of the
xidation of acetic acid.

Formic acid can be generated from the direct oxidation of
ethyl groups or from oxalic or acetic acid oxidation [15]. At

0 min, the formic acid concentration of effluents treated with
oses B and C was approximately 25 mg L−1, while the concen-
ration for effluent treated with dose A was 22.5 mg L−1. High
oncentration of formic acid remained in solution after 350 min
hen the polluted effluent was treated with photo-Fenton dose
(i.e., 27 mg L−1), thus suggesting that formic acid is more

esistant to degradation than acetic or oxalic acid. On the other
and, when the effluent was treated with doses B or C, due to
he higher OH• concentration used, formic acid concentration
ecrease to 13.8 mg L−1 and 11.2 mg L−1, respectively.

Short acids percentages at the end of photo-Fenton process
re represented in Fig. 6. The 100% value corresponds to the
esidual TOC present in solution after 60 min of photo treatment
nd the value of carbon content in the form of short acids is cal-
ulated according to this percentage. The figure also shows the
xistence of non-identified organic matter (NIOM) for the three
reated effluents. In order to understand differences between
iodegradability at the end of the chemical process UPLC/MS

RP), GS/MS and HPLC(HILIC)/MS were used in an attempt
o characterize the NIOM.

According to the results on the chloride, nitrogen, and short
cid release, it could be infer that a part of the identified organic

(
c

o

ig. 7. UPLC chromatogram in scan mode obtained at 25 V and corresponding to 15 m
7.1 mg L−1 H2O2).
reagent doses. A: 9.25 mg L−1 Fe(II), 97.1 mg L−1 H2O2; B: 13.3 mg L−1

e(II), 143 mg L−1 H2O2 and C: 15.9 mg L−1 Fe(II), 202 mg L−1 H2O2. pH
.8, T = 25 ◦C.

ompounds present after 60 min contain chlorine in the case A
nd nitrogen for the three cases A, B and C.

.3. Identification of first by-products formed and
egradation mechanism

The photoproducts formed in the first steps of the oxida-
ion process of Diuron and Linuron herbicides when A, B and

photo-Fenton reagent doses were used were investigated by
eans of UPLC(RP)–MS (see Fig. 7 for UPLC chromatogram).
he short column employed in the UPLC technique enabled the

dentification of unstable products. Ten products were identified
y the molecular ions and mass fragment ions detected at the MS.
he structures of the by-products as well as the main fragmenta-

ions are summarized in Table 1 . In addition, initial compounds

Linuron and Diuron) were also found in the chromatogram (i.e.,
ompounds 6 and 10).

Due to the characteristic isotopic distribution of the presence
f chloride atoms in a molecule (Cl35 and Cl37), it can be

in of an experiment of photo-Fenton with reactant dose A (9.25 mg L−1 Fe(II),
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Table 1
Main fragments arising from MS analysis of Diuron and Linuron degradation samples

Compound Retention time (min) Molecular weight (m/z) Molecular ion and fragmentations Photoproduct

1 1.50 220 219(100), 176 (22)

2 1.71 250 249 (5), 203 (100), 160 (5)

3 1.88 248 247 (7), 217 (100), 160 (68)

4 2.09 264 263 (8), 217 (100), 160 (23)

5 2.22 248 247 (25), 202 (100)

6 (Diuron) 2.31 232 231

7, 8 2.47, 2.55 264 263 (20), 202 (100)
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Table 1 (Continued )

Compound Retention time (min) Molecular weight (m/z) Molecular ion and fragmentations Photoproduct

9 2.70 246 245 (100), 217 (30), 188 (52), 160 (28)

10 (Linuron) 2.83 248 247
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e
photo-Fenton process using reagent dose A. 3,4-dichloroaniline
and 3,4-dichlorophenyl isocyanate were identified by the mass
of the molecule and fragment ions and also, through comparison
onfirmed the presence of two chloride atoms in all the
tructures determined (i.e., three peaks with isotopic abundance
00%, 66% and 10.6%). Moreover, no recombination between
y-products formed has been observed. By interpreting
he mass spectra, compound 3: N′-(3,4-dichlorophenyl)-
-(hydroxymethyl)-N-methyl-urea, and compound 4:
’-(3,4-dichlorophenyl)-N-(dihydroxymethyl)-N-methyl-urea,
ere identified as the products formed by the first and second

ttack of OH• to the methyl group of Diuron, respectively.
ompound 2: N-(3,4-dichlorophenyl)-N’-(dihydroxymethyl)-
rea was identified as the product formed by the attack of OH•
o the second methyl group of Diuron once the first methyl
roup had been eliminated. This demethylation process has
een proposed previously and occurs through the formation of
ydroxylated or carboxylated compounds as follows [14]:

-CH3→ R-CH2OH and/or R-CHO and/or R-COOH → R-H

Compound 9: N′-(3,4-dichlorophenyl)-N-formyl-N-methyl-
rea was identified as the oxidation product of compound 4.
ompound 5: N′-(3,4-dichlorophenyl)-N-formoxy-urea, was the

esult of oxidation of Linuron with the elimination of a methyl
roup. Compounds 7 and 8, that show the same spectra, were
dentified as the products of the oxidation of compound 5 (see
ig. 8 for mass spectrum of compounds 5, 7 and 8). No explana-

ion has been found to explain the difference in retention time.
he fragment at m/z = 202 obtained in MS spectra of compounds
, 7 and 8 can be explained assuming the formation of a radical
nion during the fragmentation process in the electro-spray. In
ompounds 5, 7 and 8 NH O COOH and NH O CHO bond
ere present at the end of the molecule. It can be supposed

hat in the fragmentation process, the hydrogen atom bonded
o the nitrogen atom can be transferred producing the lost of

2O and CO2 on the one hand, and H2O and CO on the other.
n those cases Katsumata et al. [16] and Tahmasseb et al. [20]

uggest the first attack of OH• radical in the oxomethyl group
f Linuron. Then, OH• attacks the methyl group after eliminate
he oxomethyl group of parent compound. This assumption is
ontrary to our results.
Finally, compound 1 appears to be the product of hydroxyl
ddition to the benzene ring of the target compounds, once the
ethyl or hydroxymethyl groups had been eliminated. All the

esults, except those for compounds 5, 7 and 8, are consis-
ent with previous publications where the presence of two main
ites of initial attack by OH• radical in these kinds of com-
ounds was suggested: the aromatic ring and the methyl group
12,14,16].

Two different compounds were found in short reaction time
xperiment A GC–MS analysis was carried out after 15 min of
Fig. 8. LC–ESI-MS spectrum of compounds 5, 7 and 8 (Table 1).
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ith Wiley library data with similarities up to 86%. Katsumata
t al. [16] observed 3,4-dichlorophenyl isocyanate in the degra-
ation pathway of Linuron. Moreover, 3,4-dichloroaniline and
,4-dichlorophenyl isocyanate were also proposed as the main
egradation intermediates by Salvestrini et al. [17] in Diuron
inetic studies. These two compounds were no longer detected
fter 60 min of irradiation time for dose A. Multi residual mon-
toring (MRM) without concentrating the samples was used
o detect the evolution of the first by-products formed during
hoto-Fenton reaction. Fig. 9 shows the relative evolution of by-
roducts when dose A was used in the oxidation process. The
inetic behaviour of the detected by-products clearly confirms
hat these aromatic compounds undergo further transformation
ince the concentration at 60 min was negligible. Moreover, from
ig. 9 it appears that the oxidation and decarboxilation processes

hat eliminate alkyl groups seem more favoured than the attack
o the aromatic ring by OH• radicals.

Samples at 60 min of irradiation time were concen-
rated by means of solid phase extraction on C18 cartridges
nd some traces of compounds 1–10 were found. Traces

f the intermediates resist the OH• attack as expected at
he end of a mineralization process. Similar results were
btained when effluent treated with doses B and C were
nvestigated.

c
n
a

cheme 1. Degradation pathways of Diuron by OH•. (A) by-products identified in t
dentified by Tahmasseb et al. [20]. *Radical attach to benzene ring.
ig. 9. Relative first by-products evolution during photo-Fenton degradation of
iuron and Linuron herbicides with dose A(9.25 mg L−1 Fe(II), 97.1 mg L−1

2O2). pH 2.8, T = 25 ◦C.

In addition to these13 compounds, other degradation products

ould exist in the photo-Fenton system. Nevertheless, they were
ot detected because of the high polarity of the column employed
nd the low concentrations used.

his work, (B) by-products identified by Malato et al. [12] and (C) by-products
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cheme 2. Degradation pathways of Linuron by OH•. (A) by-products identified
dentified by Katsumata et al. [16]. *Radical attach to benzene ring.

.4. Relation between the end by-products formed and
iodegradability

The differences between the organic matter present at the end
f the three photo-treated effluents were investigated. Smaller
nd increasingly polar compounds are supposed to be generated
long the oxidation process. As described in the introduction,
PLC(HILIC)/MS is the analytical technique that can correctly

nalyze those small polar compounds.
Differences were found when solutions treated with doses A,

and C were analyzed by means of HPLC(HILIC)/MS. Higher
oncentrations of methylurea, and 1,1-dimethylurea were identi-
ed in the solution treated with dose A. The isotopic distribution
f methylurea peak as well as molecular mass and retention time
oincided with that of an authentic standard. On the other hand,
N,N′-dimethylurea standard was used to determined the sec-
nd product detected. Isotopic distribution as well as molecular
ass coincided with the standard but retention time was differ-

nt. Therefore we can consider that the methylurea formed in
he degradation of parent compounds was the 1,1-dimethylurea.
his assumption is in accordance with the logical order in the
egradation pathway.

The percentages of these two final products generated in the
xidation process were analyzed. 100% was arbitrary assigned
o the product found in photo-treated solution A, then, based
n this the relative amounts in samples B and C were calcu-
ated. Methylurea present in solution B and C reach 43% and

1%, respectively. On the other hand 1,1-dimethylurea was not
resent in phototreated solution C, while only 5% was founded
n solution B. Although urea should be present at the end of
he oxidation process [18] the comparison of both, the photo-

i
b
o
l

s work, (C) by-products identified by Tahmasseb et al. [20] and (D) by-products

reated solutions with a standard solution of urea indicates its
bsence.

Biodegradability between 27.3% and 53.1% has been deter-
ined for dimethylurea after 14 days of aerobic domestic sludge

reatment [19]. This means that when this product is generated
n the chemical step, a higher hydraulic retention time (HRT)
n the sequencing batch reactor would be needed to completely
liminate organic matter from solution. In such a case, economic
onsiderations should be necessary in order to give priority to
tronger chemical pre-treatment or a longer secondary biolog-
cal process. It should be mentioned that the presence of other
y-products as methylaniline or short chlorinated compounds
annot be rejected but their presence is difficult to determine
ith the analytical methods used in this work. In fact no total

hloride was recovered in photo-treatment of Diuron and Lin-
ron solution with dose A as explain above. Further experiments
re required in order to completely close nitrogen and carbon
alances in this oxidation process. Based on the intermediate
roducts found in this work and the results obtained by other
esearchers [12,16,20], an improved possible degradation path-
ay for Diuron and Linuron is proposed in Schemes 1 and 2,

espectively.

. Conclusions

The degradation of Diuron and Linuron herbicides has been
arried out by means of a chemical (photo-Fenton) and a biolog-

cal coupled system. Three combinations of reactant dose have
een used in the chemical step. Different degrees of elimination
f total organic matter have been achieved in the secondary bio-
ogical treatment depending on the by-products generated in the
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hemical stage. Formic, oxalic and acetic acids appear at dif-
erent concentration during the photo-Fenton experiments. The
resence of acetic acid has been found to be higher under soft
xidant conditions while an increase in OH• concentration pro-
uces a higher concentration of oxalic acid. 3,4-dichloroaniline
nd 3,4-dichlorophenyl isocyanate have been found as inter-
ediates in the oxidation processes among other hydroxilated

y-products.
The presence of methylurea and 1,1-dimethylurea as well as

ome non-identified chlorinated compound seem to be the cause
f the different biodegradability of the photo-treated effluents.
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