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bstract

Titanium dioxide photocatalysis (200 mg/L) and photo-Fenton were applied to the treatment of several different pesticides considered priority
ubstances (PS) by the European Commission dissolved in water at 50 mg/L or at maximum water solubility (alachlor, atrazine, chlorfenvinphos,
iuron, isoproturon and pentachlorophenol) alone (20 mg/L of iron) and as a mixture (10 mg/L of iron). All tests were performed in new twin 75-L

ompound parabolic collector (CPC) pilot plants driven by solar energy. Total organic carbon (TOC) mineralisation, disappearance of the parent
ompound and inorganic ion release are discussed as a function of treatment time. Photo-Fenton treatment was found to be shorter than TiO2 and
ore appropriate for these compounds and mixtures of them.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The increasing volume of wastewater containing non-
iodegradable pollutants discharged into the environment
emands the development of new powerful, clean and safe
econtamination technologies. In this context, EU legislation
s continually being adapted to protect and improve the qual-
ty of Europe’s fresh water resources. The most recent update
as the European Water Framework Directive (WFD), Directive
000/60/EC, establishing a framework for Community action in
he field of water policy. The WFD represents a breakthrough
n EU water policy, not only in terms of the scope of water pro-
ection, but also its development and implementation. The WFD
alls for conservation of aquatic ecosystems, sustainable use of
ater and preservation of water resources, such as groundwater.
his is to be obtained by reducing emissions of environmental

ollutants into bodies of water, improving water quality and
ontrolling pollution at its source [1]. The WFD includes a
ist of 33 priority substances (PS) which represent a signifi-
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ant risk to or through the European aquatic environment [2].
essation or phasing out of discharges, emissions and losses
f these substances must follow an appropriate timetable not to
xceed 20 years. The water-soluble pesticides, alachlor, atrazine,
hlorfenvinphos, diuron, isoproturon and pentachlorophenol,
re included among these substances.

Several processes and technologies are available today for
he treatment of wastewater [3,4]. The wastewater treatment
echniques most frequently used can be classified as physical,
iological and chemical. However, very often wastewater con-
aining pesticides cannot be treated by biological techniques,
ince they are toxic to the microorganisms and therefore their
iodegradation is impossible.

Advanced oxidation processes (AOP) may be used for decon-
amination of water containing these compounds and interest-
ng reviews about them have recently been published [5–7].
lthough there are different reaction systems, all of them are

haracterised by the production of OH radicals (•OH), which
re able to oxidise and mineralise almost any organic molecule,

ielding CO2 and inorganic ions.

Methods based on H2O2/UV, O3/UV and H2O2/O3/UV com-
inations rely on photolysis of H2O2 and ozone to produce
he hydroxyl radicals. Heterogeneous photocatalysis is based

mailto:mignacio.maldonado@psa.es
dx.doi.org/10.1016/j.jphotochem.2006.06.036
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n the use of a wide-band-gap semiconductor, where photo-
xcitement of a valence band electron leads to several reactions
nd production of the desired hydroxyl radical [8]. The Fen-
on method applies the combination of H2O2 and Fe2+ salts.
his reaction had already been described towards the end of

he 19th century [9], but its application for wastewater treat-
ent was not discussed until the second half of the last century

10]. If the Fenton reaction is irradiated with UV–vis light,
t is called the photo-assisted Fenton, or more simply, photo-
enton reaction. Irradiation is known to greatly enhance reaction
ates by accelerating the regeneration of ferrous from ferric iron
11,12].

Heterogeneous photocatalysis (TiO2) and photo-Fenton are
f special interest since sunlight can be used for them [13,14],
hile AOP based on O3 and H2O2 photolysis need short wave-

ength photons, which have to be generated by energy and cost-
ntensive UV-C lamps. Consequently, the use of solar energy can
mprove not only wastewater treatment costs, but also contribute
o process sustainability by saving electricity.

Although the strong potential of AOPs for treating non-
iodegradable compounds containing wastewater is widely rec-
gnized, it is also known that their operating costs for total
xidation of the hazardous organic compound remain relatively
igh compared to biological treatments. However, their use as
pre-treatment step for enhancement of the biodegradability of
astewater containing recalcitrant compounds can be justified

f microorganisms in a biological treatment can readily degrade
he intermediates resulting from the reaction.

In this context, under the “CADOX” project (http://www.
sa.es/webeng/projects/cadox/index.html), financed by EC-
GXII (started in February 2003 and scheduled to last 42
onths) an industrial consortium of nine public and private insti-

utions has been formed for the development of a new technology
ased on integrating AOP and aerobic biological processes to
mprove the cost effectiveness of AOP for the remediation of
ndustrial wastewater with non-biodegradable contaminants. In
his study, preliminary experiments to achieve this goal were car-
ied out in new twin solar reactors developed in the project work
rogram and located at the Plataforma Solar de Almerı́a, Taber-
as, Spain (photo-Fenton experiments) and the INETI, Lisbon,
ortugal (TiO2 experiments).

. Experimental

.1. Chemicals

The pesticides used in the study were alachlor (95%,
14H20ClNO2, Aragonesas Agro S.A. technical grade), atrazine

95%, C8H14ClN5, Ciba-Geigy technical grade), chlorfenvin-
hos (93.2%, C12H14Cl3O4P, Aragonesas Agro S.A. techni-
al grade), diuron (98.5%, C9H10Cl2N2O, Aragonesas Agro
.A. technical grade), isoproturon (98%, C12H18N2O, Aragone-
as Agro S.A. technical grade) and pentachlorophenol (98%,

6HCl5O, Aldrich Chemical analytical grade). Mixtures of

hese were also tested.
Titanium dioxide P25 was donated by Degussa Iberica, iron

ulphate (FeSO4·7H2O), hydrogen peroxide (30% w/v) and sul-

2

c
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huric acid for pH adjustment were provided by Panreac (ana-
ytical grade).

.2. Equipment and analytical methods

.2.1. TOC
Mineralisation of the chemicals was monitored by measuring

he total organic carbon (TOC) by direct injection of the filtered
amples into a Shimadzu-5050A TOC analyzer provided with
n NDIR detector.

.2.2. HPLC
The amount of atrazine, alachlor, chlorfenvinphos, diuron,

soproturon, and pentachlorophenol in the samples was deter-
ined at the PSA by reverse-phase liquid chromatography
ith UV detection in an Agilent Series 1100 chromatograph

quipped with a C-18 column (LUNA 5 �m, 3 mm × 150 mm
rom Phenomenex, flow rate 0.5 mL/min). Ultra pure distilled-
eionized water obtained from a Milli-Q (Millipore Co.) sys-
em was used to prepare all solutions. At the INETI, com-
ounds were determined by reverse-phase liquid chromatogra-
hy with UV detection in a Hewlett-Packard series 1100 chro-
atograph equipped with a Waters �-Bondapack C-18 column

10 �m; 4.6 mm × 250 mm, flow rate 1.5 mL/min). Ultra-pure
ater obtained from a Millipore Elix S device was used for the
reparation of all standard and mobile-phase aqueous solutions.
able 1 shows the mobile-phase composition and wavelength in
ach case.

.2.3. Ion concentrations

.2.3.1. Photo-Fenton experiments. Cation concentrations
ere determined with a Dionex DX-120 ion chromatograph

quipped with a Dionex Ionpac CS12A 4 mm × 250 mm
olumn. Isocratic elution was done with H2SO4 (20 mN) at a
ow rate of 1.3 mL/min. Anion concentrations were measured
ith a Dionex DX-600 ion chromatograph using a Dionex

onpac AS11-HC 4 mm × 250 mm column. The flow rate
as 1.5 mL/min and elution was done with NaOH gradient
rogrammes. Finally, iron concentration was determined
ccording to ISO 6332, and hydrogen peroxide by iodometric
nalysis.

.2.3.2. TiO2 experiments. The phosphate formed during
estruction of chlorfenvinphos was assessed colorimetrically by
he vanadomolybdophosphoric acid method and the amount of
itrogen liberated in the form of ammonium from photocatalytic
egradation of pesticides was evaluated using the colorimetric
henate method [15]. Chloride ions in photocatalytically oxi-
ised samples of pesticides were quantified using a WTW model
L801 selective combined electrode connected to a WTW Ino-

ab pH level 1 device. Nitrate levels were estimated directly using
nalytical kits from Merck in the ranges of 0.5–20 mg N–NO3/L.

.3. Experimental set-up
.3.1. Solar reactor
The reactor loop consists of a continuously stirred tank, a

entrifugal recirculation pump (1.5 m3/h), a solar collector and

http://www.psa.es/webeng/projects/cadox/index.html
http://www.psa.es/webeng/projects/cadox/index.html
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Table 1
HPLC methods for target compounds

Compound Mobile phase (ratio) Wavelength (nm)

Alachlor H2O/acetonitrile (ACN) (40/60) 225
Atrazine H2O/ACN (55/45) 240
Chlorfenvinphos H2O/ACN (40/60) 240
Diuron H2O/ACN (40/60) 254
Isoproturon H2O/ACN (55/45) 240
P ethan
M /35),
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entachlorophenol H2O (pH 3)/m
ixture (alachlor, atrazine, chlorfenvinphos, diuron,
isoproturon)

H2O/ACN (65
(35/65), 12.1–

onnecting tubing and valves. Piping and valves are made of
olypropylene. The total volume of the reactor is between 70
nd 82 L (VT), depending on the level of liquid in the tank.
he solar collector is composed of four compound parabolic
ollector (CPC) units [16] (concentration factor = 1) with an
rea of 1.04 m2 (total area 4.16 m2), in an aluminium frame
ounted on a fixed south-facing platform tilted 37◦ in Taber-

as, Almerı́a (Spain) and 40◦ in Lisbon (Portugal). Each unit has
ve borosilicate-glass tubes (OD 50 mm, transmissivity > 50%
t λ > 300 nm; >75% at λ > 320 nm; >90% at λ > 350 nm) con-
ected by plastic joints, and the total illuminated volume inside
he absorber tubes is 44.6 L (Vi). To perform tests adequately

mixing in the dark, changing the illuminated area of the collec-
or, etc.), the collector can be covered with special “hand-made”
luminium sheets. Flow diagram and isometric drawing are
epicted in Fig. 1.

w
a
a

Fig. 1. Flow diagram and isometric
ol (10/90) 220
0–12 min; H2O/ACN
n

220: alachlor; 240: chlorfenvinphos,
isoproturon; 254: atrazine, diuron

Solar ultraviolet radiation (UV) was measured by a global UV
adiometer (KIPP&ZONEN, model CUV3), mounted on a plat-
orm tilted 37◦ (the same angle as the CPC) in Tabernas, Almerı́a
nd a global UV radiometer Ecosystem model ACADUS 85P
ilted 40◦ in Lisbon, both of which provide data in terms of
ncident WUV m−2. This gives an idea of the energy reaching
ny surface in the same position with regard to the sun. Using
q. (1), combination of the data from several days’ experiments
nd their comparison with other photocatalytic experiments is
ossible:

30 W,n = t30 W,n−1 + �tn
UV Vi ; �tn = tn − tn−1 (1)

30 VT

here tn is the experimental time for each sample, UV the aver-
ge solar ultraviolet radiation measured during �tn, and t30 W is
“normalized illumination time”. In this case, time refers to a

drawing of the solar reactor.
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onstant solar UV power of 30 W m−2 (typical solar UV power
n a perfectly sunny day around noon).

Eq. (2) has sometimes been used (mainly for comparison of
ollector efficiency) for data obtained from the experiments:

UV,n = QUV,n−1 + �tn UV
Ar

VT
, �tn = tn − tn−1 (2)

here Ar is the illuminated collector surface (m2) and QUV,n is
he accumulated energy per unit of volume (J/L) incident on the
eactor for each sample taken during the experiment.

.4. Procedures

For photo-Fenton tests, pH was adjusted to 2.7–2.9 (except
entachlorophenol, see Section 3 for details) with sulphuric acid
o avoid iron hydroxide precipitation. The first dose of hydro-
en peroxide was always added after pH adjustment and addition
f Fe, and was usually 100 mL (reagent grade, 30% w/v). The
oncentration of peroxide in the reactor was determined by fre-
uent analysis and controlled to avoid complete disappearance
y adding small amounts as consumed. All the tests were begun
he same way with the collectors covered to avoid illumination. It
hould be remarked that all single-substance experiments were
erformed at 50 mg/L or close to their water solubility limit.
nce the pilot plant was filled with the “simulated wastewater”,
sample was taken and sulphuric acid was added (Point 1 in

he photo-Fenton figures). After 15 min, a sample was taken
o confirm that the pH was around 2.8–2.9 (Point 2). Then,
ron salt (FeSO4·7H2O) was added and mixed for 15 min until
omogenous and another sample was taken. All experiments
ere carried out at 20 mg/L Fe concentration. Hydrogen per-
xide was then added (Point 3) and after 15 and 30 min two
amples were taken (these samples correspond to the Fenton
eaction, from Point 3 until t = 0) and, finally, the collectors were
ncovered, which is when photo-Fenton began.

The start-up procedure was shorter for TiO2 tests. All
he experiments were started by recirculating the solution
ith the collectors covered for about 15 min until a con-

tant concentration was achieved throughout the system. After
ampling, the catalyst, titanium dioxide, was added (concen-
ration = 200 mg/L) and the mixture recirculated for 15 min

ore. Just before uncovering the CPC to start the photocat-
lytic process, another sample was collected to characterise
he initial condition of the solution. Samples were also taken
t different times to evaluate the progress of photocatalytic
xidation.

. Results and discussion

First of all, it should be remarked that the catalyst concentra-
ion (200 mg/L of TiO2 and 20 mg/L of Fe) is in the optimum

ange for 50-mm-OD solar photoreactors, as stated previously
16]. The complete mineralization of each chemical product is
escribed by Eqs. (3)–(8). The decomposition of nitrogenated
ompounds gives rise to ammonia which, afterwards, is, in gen-

o
c
p
w

Fig. 2. Degradation of pesticides by TiO2.

ral, oxidised to nitrate.

Alachlor C14H20ClNO2 + 20O2

→ 14CO2 + HCl + HNO3 + 9H2O (3)

Atrazine C8H14ClN5 + 12.5O2

→ 8CO2 + HCl + 5HNO3 + 4H2O (4)

Chlorfenvinphos C12H14Cl3O4P + 14.5O2

→ 12CO2 + HCl + H3PO4 + 4H2O (5)

Diuron C9H10Cl2N2O + 13O2

→ 9CO2 + 2HCl + 2HNO3 + 3H2O (6)

Isoproturon C12H18N2O + 18.5O2

→ 12CO2 + 2HNO3 + 8H2O (7)

Pentachlorophenol C6HCl5O + 4.5O2 + 2H2O

→ 6CO2 + 5HCl (8)

igs. 2 and 3 show the degradation and mineralization of pes-
icides treated by TiO2. It has been demonstrated that target
ompounds can be treated successfully by heterogeneous pho-
ocatalysis using titanium dioxide (200 mg/L). Alachlor was
ompletely mineralized in 240 min, and the compound disap-
eared in less than 1 h. According to the process stoichiome-
ry (Eq. (3)), chloride and nitrogen were completely released,
lthough the latter appeared mainly in the form of ammonia.
he chlorfenvinphos degradation profile shows mineralization

ccurring in about 320 min with overall disappearance of the
ompound in about 120 min. Stoichiometric release of phos-
horus and chloride was complete (Eq. (5)) and concomitant
ith product removal. Pentachlorophenol was mineralised to
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Fig. 3. Mineralization of pesticides by TiO2.

ess than 1 mg/L of TOC in about 2.5 h, by which point the orig-
nal compound had also been destroyed and all the chloride was
resent.

Atrazine completely disappeared in less than 1 h, yielding
hlorinated and/or nitrogenated secondary products. As a mat-
er of fact, several authors refer to the ultimate formation, in
eterogeneous photocatalytic degradation of atrazine, of very
ecalcitrant compounds, bearing 3/8 of the organic carbon of the
riginal molecule and the triazine ring [17,18]. As a consequence
f the formation of such compounds, mineralisation is deficient,
nd nitrogen released from atrazine is incomplete, as observed
n the experiment performed (final TOC = 5 mg/L = 3/8 initial
OC). As ammonia is a precursor of nitrate, its concentration

n the solution is usually higher. However, in atrazine degrada-
ion, the inorganic nitrogen was almost completely oxidised to
itrate.

Complete mineralisation of diuron and isoproturon was also
ery difficult. Diuron concentration was reduced to less than
mg/L in 60 min, but final TOC (2.3 mg/L) was not mineralised,
robably due to the formation of recalcitrant nitrogenated prod-
cts containing 62% of total nitrogen and the rest of carbon. In
ontrast, dechlorination was faster and complete. In the case of
soproturon, 3 mg/L of organic carbon remained in the solution
t the end. Reduction of TOC was initially faster, up to 85% in
h, but continued very slowly afterwards (from t = 200 min to

he end of the test). Disappearance of the compound is complete
n less than 1 h. Only 50% of the original amount of nitrogen
as released from isoproturon, suggesting the formation of sta-
le nitrogenated intermediates. N2 formation seems not probable
ue to the absence of N–N bondings in the molecular structure
19].

Very slow degradation of TOC from phenylurea pesticides
fter 80–90% mineralisation [20,21] and very slow minerali-
ation of urea have been reported previously [22]. Urea could

herefore be expected as an intermediate originating from pheny-
urea pesticides. Urea contains only one C atom and two N
toms, with the C atom being fully oxidised (oxidation state
IV). This impedes as well hydrogen abstraction as electrophilic

t
t
a

ig. 4. Evolution of pH (open symbols) and ammonium cation concentration
solid symbols) in TiO2 experiments.

ttack by hydroxyl radicals at the carbon atom. Furthermore, sev-
ral resonance structures are possible making the molecule very
table and the oxidative attack on the amine groups very slow.
ydroxylamine could be an intermediate product leading to the

ormation of nitrate [19]. Mainly, the formation of urea could
ustify not only the remaining TOC, but also the incomplete
elease of N as NH4

+ or NO3
−.

Fig. 4 shows evolution of pH and ammonium cation concen-
ration, arrows show the point of total dechlorination. Alachlor
nd isoproturon behave the same way. Both molecules are
estroyed with an initial decrease in pH because of Cl− release
alachlor) and/or formation of carboxylic acids (in both cases)
ollowed by an increase up to 6.3–6.8, as a result of the increase
n ammonium cations. Diuron, chlorfenvinphos and PCP show
n initial decrease in pH in the solution and a constant value
hereafter. In this group only diuron has nitrogen in the molecu-
ar structure, so the increase in the concentration of ammonium
ations could compensate for the formation of short-chain car-
oxylic acids [19,23]. However, as also observed in Fig. 4, there
s a less pronounced decrease in pH during the first stages of
reatment of isoproturon and alachlor, as diuron has two Cl
toms. On the other hand, behaviour of atrazine is different from
he rest of the compounds. An initial decrease in pH (chloride
elease), soon became constant (formation of ammonia and car-
oxylic acids) and afterwards decreased slightly, probably as
consequence of inorganic nitrogen oxidation to nitrate [24].
uch different behaviour of pH with each pesticide could be
sed to predict the treatment stage in industrial treatment plants
y measuring pH on-line, as pH is an easy, reliable and cheap
nalytical method. By this procedure, more sophisticated and
lower analytical methods (HPLC, TOC, COD) would only have
o be used to confirm the wastewater treatment stage. It should
lso be remarked that this is valid only for TiO2 treatment, not
or photo-Fenton.

Figs. 5 and 6 show the degradation and mineralisation of pes-

icides treated by Fenton plus photo-Fenton. It can be observed
hat only Fenton degradation is able to degrade the pesticide in
lmost all cases into intermediates.



M.I. Maldonado et al. / Journal of Photochemistry and

F
t
b
N
c
t

a
l
a
b
a

c
o
t
g

F
(

t
t
c
t
d
p
f
m

m
a
s
c
s

a
1
F
t
n
T
d
p

i
t
a
w
t
w
t
t
b

Fig. 5. Degradation of pesticides by photo-Fenton.

Alachlor was successfully degraded by Fenton plus photo-
enton at 20 mg/L (see Fig. 5). The Fenton reaction (from “3”

o t = 0) produced slight mineralisation of the pesticide (Fig. 6)
efore illumination and complete disappearance of the pesticide.
evertheless, total mineralisation (i.e., disappearance of TOC)

an be attained only after a very short period of irradiation (less
han 15 min).

The Fenton (from “3” to t = 0) reaction did not produced
ny mineralisation of atrazine before illumination. Neverthe-
ess, mineralisation (i.e., disappearance of TOC) can be attained
fter irradiation. Residual atrazine TOC was also confirmed to
e 3/8 of the initial, because of the stability of the triazine ring,
s mentioned above.

The Fenton reaction (from “3” to t = 0) mineralised some

hlorfenvinphos before illumination, although, it is substantial
nly after irradiation. Chloride evolves very quickly (even in
he Fenton process) and total dechlorination is confirmed, sug-
esting a very fast degradation/dechlorination stage compared

ig. 6. Mineralisation of pesticides by photo-Fenton. Legend and comments
1–3) as in Fig. 5.
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o disappearance of TOC. This means that the residual TOC at
he end of the experiment did not correspond to any chlorinated
ompound. Phosphate release was also complete during Fen-
on, and afterwards, dissolved phosphate (and Fe) concentration
ecreased due to the formation of FePO4. During Fenton plus
hoto-Fenton treatment of organophosphorus contaminants, the
ormation of FePO4 lowered process efficacy and, therefore,
ore Fe could be necessary to reach the desired treatment level.
The Fenton reaction (from “3” to t = 0) produced considerable

ineralisation of diuron. Nevertheless, 90% mineralisation is
ttained only after irradiation. Less than 10% of initial TOC
eems to be difficult to degrade. This must be from aliphatic
ompounds, as the HPLC diode array detector scans did not
how any signal above 210 nm.

The Fenton reaction (from “3” to t = 0) did not mineralise
ny isoproturon, which is attained only after irradiation. Around
5% of the initial TOC seems to be difficult to degrade (see
ig. 6, t30 W > 30 min). As discussed for diuron, TOC after

30 W > 30 min must be from aliphatic compounds, as there was
o signal above 210 nm on the HPLC diode array detector scans.
he same reasoning concerning the presence of urea in interme-
iate degradation of TiO2 treatment could be valid for Fenton
lus photo-Fenton treatment of diuron and isoproturon.

In the case of PCP degradation experiment, since PCP solubil-
ty is very low at acid pH (pKa = 4.7), it was decided not to reduce
he pH at the beginning of experiment adding sulphuric acid,
s hydrochloric acid (Cl− ions release from PCP molecules)
ould be produced during degradation anyway. This achieved

wo things: (i) pH did not have to be reduced at the beginning,
hile PCP in solution was maintained and (ii) pH was reduced

o the desired value, avoiding excessive iron hydroxide precipi-
ation during degradation. Part of dissolved iron was lost at the
eginning due to the high pH (around pH 5, t30 W < −30 min), but
ropped very quickly (pH 3) right after addition of hydrogen per-
xide (t30 W > −30 min), and the remaining iron was enough to
ineralise PCP. The Fenton reaction (from “3” to t = 0) produced

omplete disappearance of PCP and significant mineralisation
efore illumination. Total dechlorination was confirmed, sug-
esting very fast dechlorination in the dark.

In view of the results obtained, less than 20 mg/L of Fe
ould be enough for wastewater containing tens of mg/L of
ontaminants, except for treatment of chlorfenvinphos. In this
ase, the reason could be related to phosphate. As mentioned
bove, release of phosphate was complete during Fenton reac-
ion, and afterwards, dissolved phosphate concentration (and
lso Fe) decreased due to the formation of FePO4. Fe concentra-
ion dropped to 7–8 mg/L. Therefore, it has been demonstrated
hat, as general rule, using low Fe concentrations (2 mg/L of Fe)
n photoreactors with a long enough light path length, excellent
fficiency can be obtained in a short time (tens of minutes) [25].
nder these conditions Fe need not be removed at the end of

he treatment if water is disposed of into a conventional biologi-
al wastewater treatment plant. However, special care should be

aken with the Fe dose when wastewater contains organophos-
horus compounds.

On the other hand, the proper way to compare solar photo-
atalytic collector efficiency is using “accumulated energy” (Eq.
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Table 2
Accumulated energy Q (kJ/L) for disappearance of the original compound, mineralisation of 90% (TOC90%) and first-order rate constants during titanium dioxide
and photo-Fenton (ph-F) treatment

Target compounds TOC90% Compound = 0 k (min−1)

TiO2 QUV (kJ/L) ph-F QUV (kJ/L) TiO2 QUV (kJ/L) ph-F QUV (kJ/L) TiO2 ph-F

Alachlor 26.3 2.2 11.9 0 0.080 0.17
Atrazinea 29.0 24.4 10.8 4.4 0.130 0.10
Chlorfenvinphos 54.7 7.3 30.2 2.3 0.054 0.26
Diuron 50.6 3.0 41.1 0 0.047 0.20
Isoproturon 68.1 10.0 12.1 1.9 0.080 0.13
P

(
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t
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t
a
p
v
a
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l
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c

F
i
p
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c
h

t
d
a
c
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c
f
w

3

l
c
p

(
(
p
F

entachlorophenol 20.1 1.1

a 3/8 of TOC0 remained in the solution.

2)), which takes total volume and solar collector surface into
ccount, enabling the efficiency of a solar photocatalytic reactor
o be estimated for a specific purpose (Table 2). First-order rate
onstants for the six compounds are also shown.

As seen in Table 2, compound photoreactivity with TiO2 can
hen be ranked in the following order: Atrazine > isoproturon ≈
lachlor > chlorfenvinphos ≈ PCP ≈ diuron. The differences in
hotoreactivity suggest that k is directly related to whether the
arious substituents in the aromatic ring are electron-donors or
cceptors, which would activate or deactivate the ring under
lectrophilic attack of the •OH radical. Atrazine, isoproturon
nd alachlor were the most reactive compounds. In the case
f atrazine, this was probably due to fast loss of lateral chains
ocated in Positions 3 and 5 (see Fig. 7) [26]. Isoproturon
nd alachlor, are the next most active due to the presence of
H(CH3)2 and CH2CH3, which are benzene-ring activating,
nd the absence of halogen substituents [21]. The other three
ompounds contain deactivating halogen groups.

The photoreactivity of compounds by Fenton plus photo-
enton (with most of the degradation in the dark) was

n the following order: Chlorfenvinphos > diuron > alachlor >

entachlorophenol > isoproturon > atrazine. The degradation
athway of aromatic rings begins with attack by •OH radi-
al leading to formation of phenol moiety and subsequently to
ydroquinone moiety. The hydroquinone moiety reduces Fe3+

b
s
t
1

Fig. 7. Chemical structure of th
20.1 0 0.046 0.14

o Fe2+ which serves as an electron-transfer catalyst between the
ihydroxycyclohexadienyl radical (the •OH adduct of phenol)
nd Fe3+ by way of a semiquinone radical [27]. This process
onsiderably improves the Fenton and photo-Fenton reaction
ate [28] and can explain the last position of atrazine in the pho-
oreactivity ranking shown above, because atrazine is the only
ompound that cannot form the hydroquinone moiety. There-
ore, photo-Fenton could be an especially suitable treatment for
astewater containing phenolic compounds.

.1. Pesticide mixture experiments

After testing single compounds, mixtures of them simu-
ating a more realistic effluent were tested to determine any
onstraints related to the simultaneous presence of different
esticides.

The mixture tested in TiO2 degradation experiments
Figs. 8 and 9) contained 30 mg/L each of six pesticides
alachlor, atrazine, chlorfenvinphos, diuron, isoproturon and
entachlorophenol) (TiO2 = 200 mg/L). Fenton plus photo-
enton degradation experiments (Fig. 10) did not include PCP

ecause it precipitates at acidic pH. Indeed, as it is mineralised
o quickly, its presence is not considered relevant to consis-
ent results. At the same time, Fe concentration was reduced to
0 mg/L to find out whether this concentration is low enough

e six compounds studied.
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Fig. 8. Evolution of main parameters during titanium dioxide photocatalytic d

Fig. 9. Evolution of compound concentration during titanium dioxide photocat-
alytic degradation of a mixture of six pesticides (30 mg/L) (TiO2 = 200 mg/L).
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f
f
w
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t
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p

egradation of a mixture of six pesticides (30 mg/L) (TiO2 = 200 mg/L).

o dispose of the water into a bio-treatment plant, as mentioned
bove.

The mixture degradation profile presented in Figs. 8 and 9,
hows the destruction of the original compounds in about
h, while only 85% of TOC mineralisation was possible. As
xpected, the increase in concentration to 180 mg/L also sub-
tantially increased length of treatment. According to the stoi-
hiometric ratios, dechlorination and phosphorus release were
omplete. However, at least some of the remaining recalcitrant
ntermediates are nitrogenated, as only 40% of the nitrogen
riginally present in the pesticide molecules was detected in
he solution in inorganic form. This observation agrees with
esults previously reported for the photocatalytic treatment of
ingle-compound solutions of diuron, isoproturon and atrazine,
robably related to the formation of cyanuric acid and urea
roducts. A sharply drop in pH at the beginning was due
o the rapid release of Cl and P atoms, but after a certain
ime NH4

+ formation compensated anion (Cl−, NO3
−, car-

oxylates) formation and it became almost constant around
H 3.

Isoproturon was the first compound to completely disappear,
ropping to undetectable levels in the HPLC analysis. However,
hese results do not reflect the destruction rate, which was the
astest for diuron and the slowest for atrazine as can be seen
rom Table 3. The photoreactivity of compounds in this case
as diuron > isoproturon > alachlor > PCP > chlorfenvinphos >

trazine. Atrazine degradation in the mixture was exactly the

pposite of single-compound experiments (Table 2). However,
he presence of different compounds may interfere in the oxida-
ion process, either hindering or improving, as titanium dioxide
hotocatalysis depends strongly on adsorption phenomena [29].
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Fig. 10. Pesticide mixture (30 mg/L each) degrada

ndeed, their kinetic constants are more similar than in single
ompound experiments.

Results presented in Fig. 10 show that Fenton plus photo-
enton at low Fe concentrations is also effective for treating

hese compounds. Complete disappearance and total dechlori-
ation of all pesticides was very easily attained at the initial test
oncentration.

Release of phosphate was incomplete during treatment, and
e concentration decreased to 5 mg/L after 100 min due to the
ormation of FePO4. The TOC mineralisation rate decreased at
he end of the treatment (after t > 60 min) due to the decrease in
issolved Fe.

The order of photoreactivity observed in this treatment was
iuron > alachlor > isoproturon > chlorfenvinphos > atrazine

see Table 3). The behaviour of the compounds in the mixture
as basically the same as in the individual treatments, with

he exception of chlorfenvinphos, and also similar to the TiO2
esticide mixture experiments.

able 3
irst-order rate constants during titanium dioxide and photo-Fenton (ph-F) treat-
ent of pesticide mixture and accumulated energy Q (kJ/L) for disappearance

f the original compound

arget compounds k (min−1) Compound = 0

TiO2 ph-F TiO2 QUV

(kJ/L)
ph-F QUV

(kJ/L)

lachlor 0.016 0.039 46.4 1.8
trazine 0.010 0.015 61.7 3.9
hlorfenvinphos 0.014 0.030 61.7 3.9
iuron 0.018 0.049 50.0 3.9

soproturon 0.017 0.035 44.9 3.9
entachlorophenol 0.015 – 61.7 –

w
a

c
s
n
g

A

fi
C
f

R

y photo-Fenton (Fe = 10 mg/L). Main parameters.

. Conclusions

It has been demonstrated that Fenton plus photo-Fenton is
ore efficient than TiO2, not only for pesticide degradation but

lso for TOC mineralisation, Fenton very often being sufficient
or pesticide abatement. Behaviour was similar with single com-
ounds and mixtures of all of them up to more than 100 mg/L.

Compounds that form hydroquinone moieties are favoured
uring Fenton plus photo-Fenton treatment while the presence
f alkyl chains favours TiO2 degradation.

Iron at very low concentrations could be enough for treating
astewater containing pesticides. This would be very helpful
ecause removal of iron at this concentration would not be
ecessary before disposal, but special care should be taken
ith wastewater containing organophosphorus compounds, as

n important part of Fe could be precipitated as FePO4.
From an industrial operation point of view, pH measurement

ould very often be used to determine degradation (with TiO2)
tage, as this measurement is easy, fast, cheap and reliable; but
ot when contaminants contain N, as there is then simultaneous
eneration of NH4

+ and anions.
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