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Abstract Titanium dioxide photocatalysis, using 200
mgl−1 of TiO2, and photo-Fenton, using 20 mg l−1 of iron,
were applied to the treatment of dimethoate dissolved in
water at 50 mg l−1. A heterogeneous photocatalysis test
was performed in a 35-l solar pilot plant with Compound
Parabolic Collectors (CPCs) under natural illumination. A
homogeneous photocatalysis test was performed in a differ-
ent solar pilot plant with four CPC units and a total volume
of 75 l. In this work total disappearance of dimethoate
and 90% of mineralization were attained in both solar
treatments. Treatment time, hydrogen peroxide consump-
tion and ferric phosphate precipitation during photo-Fenton
treatment were discussed.
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Introduction

Protection of natural resources against the environmental
impact of chemicals such as pesticides, herbicides, insecti-
cides, etc., widely applied in agrochemical industry, today
constitute a major social concern (Lichtfouse et al. 2005).
EU legislation is continually adapted to protect and improve
the quality of Europe’s fresh water resources (Directive
2000/60/EC).

Because of the environmental longevity and toxicity of
organochlorines, organophosphorous pesticides have been
used as an alternative for pest control. Nevertheless, given
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suitable environmental conditions organophosphates can
persist in many environmental compartments for long pe-
riods of time (Ragnarsdottir 2000). Moreover, because of
their widespread application, they are the chemicals most
frecuently associated with toxicity in domestic animals and
wildlife as well as humans (Gallo et al. 1988).

Dimethoate (O,O-dimethyl S-methylcarbamoylmethyl
phosphorodithioate), one of the most commonly used con-
tact insecticides, is an organophosphorous compound used
for systemic extermination of mites and insects. This highly
water-soluble (25 g/l at 21◦C) chemical interferes with the
activities of cholinesterase, an enzyme that is essential for
proper functioning of the nervous systems of both humans
and insects, it is highly toxic by all routes of exposure
(Occupational Health Services, Inc. 1991). In this context,
effective purification methods for removing these contam-
inants from water are required.

Advanced Oxidation Processes (AOPs) are oxidative
chemical processes, which can be applied as alternative wa-
ter treatment technologies for organic pollutants not treat-
able by conventional techniques due to their high chemical
stability and/or low biodegradability (Gogate and Pandit
2004; Konstantinou and Albanis 2003). AOPs involve gen-
eration and subsequent reaction of hydroxyl radicals (•OH),
which are the most powerful oxidizing species after fluo-
rine (2.8 V vs. standard hydrogen electrode). Many AOPs,
such as TiO2/UV, H2O2/UV, photo-Fenton and ozone (O3,
O3/UV, O3/H2O2) are currently employed for this purpose.
Their non-selective attack, which is a useful attribute for
use in pollution treatment. The versatility of AOPs is also
enhanced by the fact that there are several different ways
in which •OH radical can be produced, so they can be
adapted to specific treatment requirements. Their main dis-
advantage is their high cost. Therefore, research is focusing
more and more on those AOPs which can be driven by solar
radiation, i.e., light with a wavelength longer than 300 nm:
photo-Fenton and heterogeneous catalysis with UV/TiO2
(Bockelmann et al. 2004).

Previous photocatalytic degradation studies of
Dimethoate have been performed using several cata-
lysts as TiO2 (Evgenidou et al. 2005), but no research have
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been focused specifically in photo-Fenton degradation
of this pesticide. This work evaluates and compare
the degradation of Dimethoate with photo-Fenton and
UV/TiO2 in two different CPC solar pilot plants.

Experimental

Chemicals

Dimethoate (98.2% technical grade C5H12NO3PS2,
Aragonesas Agro S.A.) was used as received. Analyti-
cal standards for chromatography analyses were purchased
from Sigma-Aldrich. Distilled water used in the pilot plant
was obtained from the Plataforma Solar de Almerı́a (PSA)
distillation plant (conductivity <10 µS/cm, Cl−= 0.7–0.8
mg/l, NO3

−= 0.5 mg/l, organic carbon < 0.5 mg/l). The
heterogeneous photocatalytic degradation test was carried
out using a slurry suspension (200 mg/l of TiO2) of Degussa
(Frankfurt, Germany) P-25 titanium dioxide (surface area
51–55 m2/g). For the photo-Fenton experiment, the fol-
lowing chemicals were used: iron sulphate (FeSO4.7H2O),
reagent-grade hydrogen peroxide (30% w/v) and sulphuric
acid for pH adjustment (around 2.7–2.9).

Analytical determinations

Mineralization was followed by measuring the Total Or-
ganic Carbon (TOC) by direct injection of filtered samples
into a Shimadzu-5050A TOC analyser. Pesticide concen-
tration was analysed using reverse-phase liquid chromatog-
raphy (flow 0.5 ml/min) with UV detector in an HPLC (Agi-
lent Technololgies, series 1100) with C-18 column (LUNA
5 µm, 3 mm × 150 mm from Phenomenex), the com-
position of mobile phase is H2O/Acetonitrile (80/20) at a
wavelength of 210 nm. Ultra pure distilled-deionized wa-
ter obtained from a Milli-Q (Millipore Co.) system and
HPLC-graded organic solvents were used to prepare all
the solutions. Cation concentrations were determined with
a Dionex DX-120 ion chromatograph equipped with a
Dionex Ionpac CS12A 4 mm 250 mm column. Isocratic
elution was done with H2SO4 (10 mM) at a flow rate of
1.2 ml min−1. Anion concentrations were measured with a
Dionex DX-600 ion chromatograph using a Dionex Ionpac
AS11-HC 4 mm × 250 mm column. The gradient pro-
gramme was pre-run 5min with 20 mM of NaOH, an 8-min
injection of 20 mM of NaOH, and 7-min with 35 mM of
NaOH, at a flow rate of 1.5 ml min−1. H2O2 concentration
was determined by iodometric tritation. Determination of
total iron concentration follows ISO 6332.

Experiment setup

The heterogeneous photocatalytic experiment was carried
out under sunlight in a pilot plant at the Plataforma Solar
of Almerı́a (PSA) (latitude 37◦N, longitude 2.4◦W). The
pilot plant, which has three compound parabolic collectors
(CPCs), one tank and one recirculation pump, operates in

batch mode. Each collector (1.03 m2 each) is mounted on a
fixed platform tilted 37◦ (local latitude). The total volume
(VT) of 35 l is made up of 22 l (transparent glass tubes in the
CPC) of total irradiated volume (Vi) and the dead reactor
volume (tank + high density polyethylene tubes), which is
not illuminated, as recently described in detail elsewhere
(Kositzi et al. 2004).

The photo-Fenton experiment was also carried out un-
der sunlight, but in a different pilot plant at the PSA
specially developed for photo-Fenton applications (Malato
et al. 2004). This solar reactor is composed of four 1.04 m2

compound parabolic collector units, supported by an alu-
minium profile frame and mounted on a fixed, south-facing
platform tilted 37◦ (local latitude). Each unit has five glass
tubes with an optical diameter of 50 mm. The total volume
of the reactor (75 l) consists of 44.6 l (glass tubes) total
irradiated volume (Vi) and the dead reactor volume (tank
+ tubes) Fig. 1.

Solar ultraviolet radiation (UV) was measured by a global
UV radiometer (KIPP&ZONEN, model CUV 3), mounted
on a platform tilted 37◦ (the same as the CPCs), which pro-
vides data in terms of incident WUV m−2. In this way, the
energy reaching any surface in the same position with re-
gard to the sun can be measured. With Eq. (1), combination
of the data from several days experiments and their com-
parison with other photocatalytic experiments is possible.

t30 W,n = t30 W,n−1 + �tn
UV

30

Vi

VT
; �tn = tn − tn−1 (1)

where tn is the experimental time for each sample, UV is
the average solar ultraviolet radiation measured during �tn,
and t30 W is a “normalized illumination time”. In this case,
time refers to a constant solar UV power of 30 W m−2 (typ-
ical solar UV power on a perfectly sunny day around noon).
The system used for heterogeneous photocatalytic experi-
ment is not thermally insulated, so the temperature achieved
inside the reactor is continuously recorded by a PT-100
inserted in the tubing. However, the pilot plant used for
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Fig. 1 Flow diagram of the photo-Fenton pilot plant
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photo-Fenton experiment is equipped with a temperature
control system which maintains this parameter at a set point
of 30◦C. pH was adjusted to 2.7–2.9, with sulphuric acid in
order to avoid iron hydroxide precipitation. The initial dose
of hydrogen peroxide was always added after pH adjust-
ment and iron addition, according to 200% of the calculated
chemical oxygen demand for complete mineralization to
CO2. The concentration of peroxide in the reactor was de-
termined by frequent analysis and controlled to avoid com-
plete disappearance by adding small amounts as consumed.

Dimethoate was previously dissolved in a 5-l flask and
added directly into the pilot plant. After 15 min of ho-
mogenisation, with the collectors covered to avoid illu-
mination, a sample was taken (initial concentration) and
sulphuric acid was added (Point 1, Fig. 2). After 15 min, a
sample was taken to confirm that pH was around 2.7–2.9.
Then iron salt (20 mg/l of Fe) was added, homogenised
and another sample taken (Point 2, Fig. 2). Finally initial
dose of hydrogen peroxide was added (Point 3, Fig. 2) and
a sample was taken 15 min later (“dark Fenton” reaction
occurred). At that moment collectors were uncovered and
so photo-Fenton began.

The titanium dioxide procedure was shorter. The com-
pound was added to the pilot plant, and homogenised dur-
ing 15 min and a sample was taken (initial concentration),
then TiO2 (200 mg/l) was added. After 15 min, a sample
was taken and the collectors were uncovered.

Results and discussion

The main parameters used to follow the degradation and
mineralization of Dimethoate were the TOC, the iron
concentration, H2O2 consumption throughout all the pro-
cess, the concentration of inorganic species present in the
wastewater and concentration of the parent compound.

Figure 2 shows the disappearance of dimethoate at
50 mg/l, and the mineralization (i.e., disappearance of
TOC), attained during both photocatalytic experiments.
Photo-Fenton is observed to be quicker than TiO2, as
disappearance of dimethoate was almost complete during
“dark Fenton”, whereas no degradation was detected with
TiO2 in the dark. Total mineralization was attained in
both experiments (90% of the initial TOC), however the
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Fig. 3 a Total nitrogen from ammonia and nitrate detected during
the TiO2 experiment. b Total nitrogen from ammonia and nitrate
detected during the photo-Fenton experiment. c Phosphorous and
sulphur coming from inorganic species (PO4

3− and SO4
2−)

photo-Fenton treatment was 1.5 times faster than with
TiO2. Slight mineralization was also detected before
illumination in the homogeneous photocatalytic test.

Concerning inorganic species appearance, it is worth
mentioning that while organic phosphorous and organic
sulphur were recovered completely as dissolved phosphate
and sulphate anions during TiO2 experiment. In the photo-
Fenton experiment, due to the precipitation of phosphate
with ferric ions (from ferrous ions oxidation in photo-
Fenton reactions), disappearance of released phosphorous
was detected as observed in Fig. 3b. This required an extra
addition of iron sulphate (Fig. 2b), in order to ensure that
there was enough iron to continue photo-Fenton treatment.
Figure 2b and c shows the decrease in the iron concen-
tration as well as the increase in the hydrogen peroxide
consumption during the photo-Fenton test.

Ammonium and nitrate were detected in different relative
concentrations during both photocatalytic experiments, but
the nitrogen mass balance was always incomplete (Fig. 3a

and b). An unquantified methylamine peak was detected
next to the ammonium peak on the ionic chromatogram.
Consequently, this methylamine could close the incomplete
N mass balance.

Conclusions

It has been demonstrated that wastewater containing
Dimethoate can be treated successfully by both photo-
Fenton and TiO2 photocatalytic processes. Photo-Fenton
treatment is more efficient than TiO2 one. Treatment time
for 90% of mineralization using 20 mg/l of Fe was 1.5
times lower than with 200 mg/l of TiO2. Iron precipita-
tion as ferric phosphate is a key point. Iron must be mea-
sured and added as necessary in order to avoid stopping
the photo-Fenton reactions. This should be taken into ac-
count when organophosphate contaminants are treated by
photo-Fenton.
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