
Fu

D
p

D

Se
a L

ced
b L

1.

en
or
Th
kn
im
eli

ch
th

C. R. Chimie 17 (2014) 824–831

A 

Art

Re

Ac

Av

Ke

Iso

Ad

An

Kin

Ph

Co

§

*

orf

htt

16
ll paper/Mémoire
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 Introduction

The pollution of ground or surface water has been a major
vironmental problem for many years. Most of these
ganic pollutants come from pesticides used in agriculture.
e diversity of these compounds, as well as the lack of
owledge about their toxicity to human health, are
portant factors favoring the study of means for their
mination.
Various remediation processes already exist, such as

lorination or treatment on activated carbon. However,
ose processes do not allow satisfactory elimination of all

chemical species: chlorination induces the production of
toxic by-products [1,2], and adsorption on activated carbon
results in pollutant transfer and not in pollutant elimination
[3]. An ideal treatment method for pesticide wastes would
be a non-selective one that could achieve rapid and complete
degradation into inorganic products and could be suitable
for small-scale treatment units [4]. Among the so-called
advanced oxidation processes (AOPs), photocatalytic meth-
ods in the presence of artificial or solar light, like
heterogeneous photocatalysis (TiO2/UV-A), have been pro-
ven to be effective for the degradation of various con-
taminants found in industrial or domestic wastewaters [5].

In the present study, the photocatalytic decomposition
and mineralization of pollutants was studied with a TiO2/
UV system. The pollutant used is an herbicide (isopro-
turon) that is widely used in the treatment of cereal crops
in particular. Its elimination was then compared with that
of atrazine, another pesticide that is commonly studied in
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A B S T R A C T

In this study, the adsorption and photocatalytic degradation of isoproturon (one of the most

widely used herbicides in agriculture) was investigated in an annular photoreactor packed

with a TiO2 photocatalyst. The results highlighted that the monolayer Langmuir adsorption

isotherm model was well obeyed. The isoproturon adsorption equilibrium constant was

determined experimentally. The codegradation of isoproturon and of other copollutants

such as salicylic acid and phenol occurred, demonstrating that within the catalyst, the same

type of sites can be involved in the adsorption of the two pollutants. The heat of adsorption

fell in the range of 20 to 50 8C and was found to be �43 kJ/mol. As expected, the adsorption

constant Ka decreased with increasing the fluid flow due to the temperature rise. The kinetics

of the photocatalytic degradation of isoproturon revealed a first-order reaction for initial

concentrations between 3 and 43 ppm. In our experimental conditions, no by-products were

detected and total disappearance of isoproturon was observed.
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e laboratory. The influence of experimental conditions
uch as flow rate, temperature and the presence of other
ollutants in the treated solution was also investigated.

. Photocatalysis principle

A photochemical reaction is characterized by an
ctivation related to the absorption of at least one photon
y a molecule. The range of wavelengths generally used in
hotochemistry is in the UV/visible region (wavelength
00 to 700 nm). However, this is not always sufficient for
uitable pollutant remediation. Thus, oxidants such as O3,

2O2 and/or a catalyst are often used.
Semiconductors are characterized by a certain non-

toichiometry, unlike oxides such as MgO or Al2O3, which
re insulators. Indeed, their electronic structure is char-
cterized by a filled valence band and an empty conduction
and. If a photon provides an energy hn equal to or higher
an the gap band energy, an electron of the valence band
oves to the conduction band as shown in Fig. 1. As a

onsequence, this leads to the appearance of a positive hole
 the valence band and of a negative charge in the

onduction band. Thus, the catalyst becomes very reactive
hile also gaining redox capacity [6,7].

The most commonly used semiconductor is TiO2, due to
s performance, stability, low cost and resistance to
orrosive conditions. Its gap energy is 3.2 eV, which
orresponds to 308 kJ/mol. The exposure of this material

 an UV irradiation emitted at 365 nm is sufficient to supply
is amount of energy. TiO2 can be used for the degradation

f most organic pollutants, such as alkenes, olefin hydro-
arbons, aliphatic compounds, phenols, chlorinated organic
ompounds [8], pesticides, and herbicides [9].

Two types of photocatalytic decomposition can take
lace:

 by direct reaction on the created electron-hole after the
absorption of photons: hþRad! Rþ�ad ;

 by reaction with OH� radicals generated on the surface of
the catalyst: OH� þ RHad! R�ad þ H2O:

These radicals can be generated via several pathways:

 interfacial charge transfer with H2O and/or OH–:
� hþ þ H2Oad! OH� þ Hþ;
� hþ þ OHad! OH�;

 hydrogen peroxide action:
� hydrogen peroxide is formed using oxygen present in

the medium according to the following pathway (O2 is
indeed the principal acceptor of e- in the medium):

– e� þ O2! O2
�;

– O2
�� þ Hþ! HO2

�;

– HO2
� þ HO2

� ! H2O2 þ O2;

– O2
�� þ HO2

� ! HO2
� þ O2;

– HO2
� þ Hþ! H2O2;

� then, hydrogen peroxide is broken up to yield OH�

radicals:
– e� þ H2O2! OH� þ OH�;
– H2O2 þ O2

�� ! OH� þ OH� þ O2:

3. Elimination of isoproturon

Isoproturon, or 3-(4-isopropylphenyl)-1,1-dimethy-
lurea, is one of the most-used herbicides in the world, in
particular on cereal crops. It can be absorbed by plants,
mainly by their roots. It acts primarily on annual
graminaceous weeds. Its developed formula is:

(CH3)2CH N
H

C

O

N(CH3)2

Isoproturon’s LD50 toxicity for rats is 1,826 mg/kg (oral)
or >2,000 mg/kg (skin); these values are rather low. In spite
of its substantial use, it is only found in relatively small
quantities in ground or surface water. This is because it can
be hydrolyzed or biodegraded in the natural environment.
Indeed, enzymatic and microbial action can lead to the
formation of aniline 4 (2-hydroxyisopropyl):

C
H

CH2

CH3

OH

NH2

Isoproturon can also be photodegraded to yield:

(4-isopropylphenyl)-1-methylurea

N(CH3)2CH
C

O

N
H

CH3

(4-isopropylphenyl)-urea

N
H

(C H3)2C H C

O

N H2

nd 4-4’-diisopropyl-azobenzene
(CH3)2CH N N CH(CH3)2

Fig. 1. The principle of the photocatalytic process.
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Its half-life is approximately 40 days in moderate
mates and 15 days in tropical climates. The concentra-
ns in surface water or groundwater can reach values up

 0.15 mg/L. The French standard is the same for all
sticides (namely 0.1 mg/L), and this concentration is
ten detected in surface waters [10].

An earlier study examining the adsorption of pesticides
 activated carbon showed that compounds belonging to
e family of substituted urea, to which isoproturon
longs, were very well retained. This process should thus
 developed for the elimination of this type of pesticide
1].
The photodegradation of isoproturon in water has been

vestigated in the presence and absence of oxygen. The
adiation of isoproturon at 290 nm in water containing
ssolved organic matter showed that photolysis in the
sence of oxygen was faster during the first minutes of
e irradiation period. Later on, the transformation seemed

 slow down more gradually than in normal conditions,
owing an increase in the half-life of isoproturon in water
2].

 Materials and methods

. Experimental set-up and procedures

Experiments were performed in a 2-liter annular
actor (92 cm height, and inner and outer diameters of

 and 4.2 cm, respectively). A MAZDA 36 W (1.20 m long
d 26 mm in diameter, reference TWFN) black light was
aced along the reactor’s central axis; according to the
anufacturer, the lamp’s radiation has a l-distribution
tween 340 and 400 nm, centered at 366 nm. The
proturon solution was circulated in the system using
centrifugal pump and entered the reactor from the
ttom after passing through a well-stirred tank. Thus, the
stem works in a closed loop and the reactor can be
proximated as a batch reactor. The flow rate of the
culating effluent was controlled by a flow meter as
scribed elsewhere [9].
During the photocatalytic experiments, 15 L of the
proturon solution were mechanically stirred while the

lution was continuously circulated through the reactor
d flowed past the catalyst in the dark until adsorption

equilibrium was reached. One hour later, the light was
turned on, and at specific time intervals, samples were
withdrawn and analyzed by HPLC.

The flow was adjusted to 10 L/min, which corresponds
to a fluid velocity of 4.6 m/min. Thus, the Reynolds number

can be calculated as, Re ¼ rud
m with d ¼ 4�section

actual perimeter where u

is the fluid velocity (m/s), r is the fluid density, m is the

fluid viscosity and d is the mean diameter of the reactor.
The obtained Reynolds number was approximately 1500,
indicating that the system was in turbulent flow.

4.2. Catalyst

The photocatalyst consisted of TiO2 deposited on a
fiberglass sheet (Ahlstrom, Pont-l’Évêque, France). The
total loading rate was 20 g/m2. According to the manu-
facturer, the specific surface area was 250 m2/g. However,
as TiO2 was deposited on the fiberglass, the actual contact
area was obviously different from the specific surface area
and difficult to predict. The apparent surface of the catalyst
in contact with the liquid in the described set-up was 0.24
m2, which corresponds to a mass of 4.8 g TiO2 or 2.4 g/L of
TiO2 per unit volume of the reactor. The glass fibers were
assembled between them by a binder, as shown by SEM in
Fig. 2.

The sheet of catalyst-deposited fiberglass was rolled up
and placed in the reactor so that it was plated on the inside
of the external cylinder. However, both faces of the sheet
were in contact with the liquid and were sensitive to light,
as the paper was permeable to both liquid and light. The
paper was first rinsed in order to remove all of the weakly
attached TiO2 particles.

4.3. Chemicals

The following chemicals were used: isoproturon ISO-
YUARD (isoproturon 500 g/L from Garder Chemicals Ltd)
and atrazine ATRAPHYTEL (atrazine 500 g/L from Sipcam-
Phyteurop). Demineralized water was used without any
further purification. Salicylic acid and phenol were
purchased from Fluka and were used without any further
purification. Methanol was purchased from Prolabo and
was used without any further purification.

Fig. 2. SEM images of Ahlstrom paper a) without TiO2, b) with TiO2.
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.4. Analytical methods

Isoproturon concentrations were measured throughout
e experiment using a High-Performance Liquid Chro-
atograph (HPLC) equipped with a UV SPD-10A Shimadzu

etector and Lichosorb C18 column. The details of the
pparatuses have been given in an earlier study [13]. The
avelengths at which the absorption of the chosen

ompounds was monitored were 240 nm for isoproturon,
95 nm for salicylic acid, 220 nm for atrazine and 270 nm
r phenol.

. Results and discussion

.1. Rate expression

The experimental set-up was comparable to a closed
atch reactor system; a similar system has been described
lsewhere [14].

The following notations will be used:

 Cr and Cs are the concentrations in the tank and on the
outlet side of the reactor, respectively (in mol/L);

 Vr and Vs are the volume for each flow rate s in the tank
and the reactor, respectively (in L);

 Q is the volumetric flow rate of the fluid circulating
throughout the reactor (in L/min);

 r is the rate of degradation (in mol/L/min).

The mass balance of each pollutant at steady state in the
eactor, assuming perfect mixing and batch operation, is as
llows:

In the tank:

r ¼
dCr

dt
¼ �Q Cr � Csð Þ (1)

In the reactor:

Q dC V ;tð Þ ¼ r dV (2)

ith the boundary conditions C = Cr for V = 0 and C = Cs for
 = Vs. The photocatalytic reactions generally follow the
angmuir–Hinshelwood kinetic model, in which the rate
an be written as follows:

 ¼ � k Ka C

1 þ Ka C
(3)

here Ka is the adsorption constant (in L/mol), and k is the
ate constant of degradation (in mol/L/min) (with respect

 the reactor’s volume). Combining (2) and (3), we obtain
e following relation:

Cr

Cs

� �
þ Ka Cr � Csð Þ ¼ Ka k ts (4)

here ts (min) is the residence time in the reactor.
Since, in our case, the conversion and therefore the

ontact time is low, it can be assumed that the
oncentration is uniform throughout the system. Then,
e can write:

Vr þ Vs Þ dC ¼ �r Vs dt (5)

Using Eq. (1) and Eq. (5), we could solve the problem
numerically and determine Cr. However, in order to get an
expression of Cr as a function of time, it will be necessary to
make an assumption. By combining Eq. (5) and Eq. (3), a
differential equation describing the concentration can be
obtained:

Vr þ Vsð ÞdC

dt
¼ k Ka C

1 þ KaC
Vs (6)

Before solving this equation, it is essential to consider
the possible boundary conditions:

� KaC >> 1 (high concentration), which would yield a zero-
order reaction:

Cr ¼ C0 �
Vs

Vr þ Vsð Þ ; (7)

� KaC << 1 (low concentration) which would yield a first-
order reaction:

Cr ¼ C0 e�
Vs

VrþVsð Þk Kat
: (8)

It is worthwhile to mention that the present study was
performed at low concentrations, therefore leading to an
exponential decay of the isoproturon concentration.

5.2. Kinetics of isoproturon degradation

In this study, each experiment was repeated three
times, and the experimental values in all figures represent
the mean values of three replicates, with standard
deviations < 10%.

The analysis of the isoproturon solution by HPLC at
different irradiation times under our experimental condi-
tions yielded no detectable by-products. Indeed, only the
isoproturon absorption peak was present. This might be
due to the mineralization of isoproturon or to its
decomposition into non-aromatic fragments undetectable
by UV [15]. The evolution of isoproturon disappearance is
given in Fig. 3.

A rapid decrease in the pollutant concentration was
observed during the adsorption period, and then equili-
brium was reached in one hour. At the moment when the
lamp was turned on, a small increase in concentration
appeared due to isoproturon desorption induced by the
rise in temperature. Thus, the initial concentration
considered for photocatalytic degradation was that mea-
sured at equilibrium.

The kinetic behavior of the photocatalytic degradation
of isoproturon was monitored, indicating that degradation
proceeded as a first-order reaction: when the term ln(C/C0)
is plotted against the time of irradiation, a straight line
results, as can be observed in Fig. 4.

A first-order reaction behavior was also observed for
different initial concentrations ranging from 3 to 43 ppm.
Moreover, the value of the apparent rate constant is simply
the slope of the straight line. Pseudo-first-order kinetics
have also been observed for the solar photocatalytic
degradation of isoproturon [16]; the authors used TiO2

supported on H-mordenite, in an attempt to identify
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gradation intermediates and to achieve complete
ineralization of isoproturon in aqueous solution.
rthermore, several intermediates in the reaction sus-
nsion at pH 3.8 have been identified by LC–ESI–TOF–MS
alyses, and a degradation mechanism has been proposed
7].
The values of the kinetic constants obtained at different

itial concentrations are given in Table 1. It can be seen
m this table that the values of the experimentally
tained rate constants are on the same order, with an
erage value equal to 1.1�10�3 min�1.
It should be mentioned that the obtained value of k at

.2 ppm in the above table is slightly higher than the
hers, because the sample was withdrawn at the reactor
tlet.
The temperature of the solution was stabilized at 32 8C

ter the UV lamp was turned on. Thus, the kinetic

parameters were determined based on this condition. In
order to obtain k Ka, expression Eq. (8) can be written (for
32 8C) as:

� Vs

Vr þ Vsð Þ k Ka ¼ �1:1 � 10�3min�1 (9)

with

Vr ¼ 13 L and Vs ¼ 2 L; then k Ka

¼ 8:3 10�3min�1 (10)

5.3. Adsorption isotherm of isoproturon

The adsorption of this herbicide can be explained by the
formation of hydrogen bonds between the O, N and H
atoms of the isoproturon molecule and the TiO2 surface.
From the values of the initial concentration C0 and those
obtained at the adsorption equilibrium concentration C,
the specific adsorbed amount of isoproturon was calcu-
lated according to the following equation:

q ¼ V C0 � Cð Þ=m (11)

where V is the volume of the equilibrium solution and m is
the mass of TiO2. An adsorption isotherm was then
established as shown in Fig. 5, which corresponds to the
specific quantity of adsorbed pollutant (in mol/g) as a
function of the concentration at equilibrium.

Assuming monolayer adsorption (Langmuir isotherm),
the adsorption equilibrium constant can be determined as
follows:

Ka ¼ ka=kd (12)

where ka (L/min�g) and kd (mol/min�g) correspond to the
rate constants of adsorption and desorption. By introdu-
cing qmax (mol/g), the maximum number of sites per gram
of catalyst; m (g), the mass of catalyst; and C0 and C (mol/L),
the initial concentration of the pollutant and its concen-
tration at equilibrium, we obtain the Langmuir isotherm
equation [18]:

q ¼ qmax Ka C

1 þ Ka C
(13)
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Table 1

Values of rate constants at different initial concentra-

tions.

C0 (ppm) k (min�1)

42.6 1.27 10�3

32.4 1.01 10�3

18.2 1.49 10�3
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Fig. 5. Adsorption isotherm of isoproturon on TiO2.
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In this expression, q (mol/g) corresponds to the quantity
f adsorbed isoproturon per gram of catalyst. Rewriting
q. (13), we obtain:

¼ 1

qmax 1 þ 1
Ka C

� � (14)

Indeed, when plotting 1/q versus 1/C as in Fig. 6, a
traight line is obtained and the Langmuir isotherm
rovides a good fit of the data (at 20 8C). However, the
pe of isotherm may be different, since it is strongly
fluenced by the properties of the solute itself, by the

omposition of the adsorbent, and by the chemistry of the
olution. Similarly, the investigations of Ertli and co-
orkers on the adsorption of isoproturon on several

atural adsorbents have revealed the presence of multi-
tep adsorption isotherms [11].

Therefore, the following constants were determined:

a = 2,7�103 L/mol and qmax = 2.2�10�4 mol/g. However, by
onsidering the dependence of Ka on temperature, the
llowing equation is obtained:

a 32�Cð Þ ¼ Ka 20�Cð Þe
Q
R

1
305:15�

1
293:15ð Þ (15)

here Q is the heat of adsorption, which has been
etermined experimentally and is equal to 42.6 kJ, and R

 the ideal gas constant (8.31 J/mol/K). The adsorption
onstant can then be calculated as: Ka (32 8C) = 1.4�103 L/
ol. Then, from relation Eq. (10), the rate constant can also

e deduced: k (32 8C) = 6.2�10�6 mol/L/min. This rate
onstant is comparable to the value obtained by Parra
t al. (8�10�6 mol/L/min) for the photocatalytic degrada-
on of isoproturon carried out using TiO2 supported on
lass rings, in a coaxial rector [19]. At a 1.5 L/min flow rate,
ey achieved almost complete mineralization in 120 min-

tes. In this work, in the same period, only 25% of the
oproturon was eliminated since the flow rate was 10
mes faster in our conditions.

.4. Codegradation

Ground and surface water can be contaminated
imultaneously by a variety of organic pollutants including
esticides; as a result, the degradation of isoproturon could
e affected in the presence of other substances. In their

examined, in addition to isoproturon, the degradation of 14
emerging contaminants in a mixture [20], observing that
some contaminants can degrade faster than the others.
Since the photocatalytic process depends on the accessi-
bility of the surface sites of the catalyst, additional or
competitive degradation may occur among the pollutants.
In order to examine this phenomenon, the degradation of a
binary mixture of isoproturon with salicylic acid or phenol
as a copollutant was carried out using similar concentra-
tions of isoproturon and the copollutant (approximately
50 mmol/L). The experimental evolution of the relative
isoproturon concentration (C/C0) under these conditions is
plotted in Figs. 7 and 8, where salicylic acid and phenol are
the copollutants, respectively.

Fig. 8 shows that in isoproturon–phenol codegradation,
both isoproturon and phenol degradation occurs simulta-
neously, without mutual inhibition; in this case, it seems

1/q = 1,71 /C + 458 1

0

5

10

15

0 2 4 6 8

1/C (1 04 l/ mol)

1
/q

 (
1
0
4
 g

/m
o

l)

Fig. 6. Determination of Langmuir isotherm constants Ka and qmax.

Fig. 7. Competitive photocatalytic degradation of isoproturon and

salicylic acid. Initial concentrations: isoproturon 48 mmol/L; salicylic

acid 46 mmol/L.

Fig. 8. Competitive photocatalytic degradation of isoproturon and phenol.
nitial concentrations: isoproturon 48 mmol/L; phenol 50 mmol/L.
ork using solar illumination, Miranda-Garcia et al. have I
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at isoproturon and phenol do not compete for the same
pe of active site. However, an important effect can be
served in isoproturon–salicylic acid codegradation

ig. 7), where isoproturon degradation was inhibited by
e strong adsorption of salicylic acid. The degradation of
proturon occurred once the copollutant had mostly
en degraded. Obviously, both pollutants participate in
mpetitive adsorption at the same type of site on the
rface of TiO2, with (in this particular case) a higher
finity of salicylic acid molecules toward the surface. A

ilar behavior has been reported in systems containing
hydroxybenzoic acid (4-HBz) and benzamide (Bz) [21],

 well as in the degradation of a mixture of volatile
ganic carbons (VOCs) [22]. These observations suggest
at competitive adsorption might be the most critical
ocess in the competition for degradation. Thus, taking
to account the effects of competitive adsorption, the rate
 isoproturon degradation can be written as follows [18]:

kdeg KLH C

1 þ KLH C þ K 0LHC0
(16)

here K’LH is the adsorption constant, and C’ is the
ncentration of the copollutant. This situation can be

ulated by an approximate model in which the
pollutant inhibits isoproturon degradation; however,
e pesticide does not significantly alter the degradation of
licylic acid, as shown in an earlier work [9].

. Influence of flow rate and temperature

The effect of temperature elevation (due to the
creased flow rate) on the adsorption constant was

died and will be discussed in this section. The
otocatalytic degradation of isoproturon mainly depends

 its adsorption on TiO2. In addition, it is well known that
e adsorption constant is dependent on temperature [18].
us, the effect of flow rate on TiO2 particles was

vestigated, and the adsorption constant of isoproturon
as measured. Two series of experiments were carried out,
st by lowering the flow from 17 to 7 L/min, and then by
creasing it from 5 to 22 L/min. At each flow rate, the
sorption constants were calculated from the Langmuir
sorption isotherm, the results of which are plotted in
. 9 as a function of the corresponding flow rate.

The observed variation of Ka in this figure is surprising
because the thermodynamic constant of adsorption cannot
depend only on the flow. One possible assumption can be
made, i.e. to consider that the increase in the flow is
accompanied by an increase in temperature, which would
explain the decrease of isoproturon adsorption on the
surface of TiO2. This assumption can be verified by the
drastic increase in the temperature of the solution with an
increase in flow rate observed in a separate experiment, as
shown in Fig. 10. In the literature, numerous studies have
been conducted on the dependence of photocatalytic
reactions on the reaction temperature [23,24].

In the present study, the effect of temperature on the
adsorption constant was investigated by varying the
temperature of the isoproturon solution from 20 to
50 8C. The adsorbed quantity and adsorption constant of
the pollutant were then determined at four different
temperatures, allowing the evolution of the adsorption
constant with temperature to be determined, as seen in
Fig. 11. Therefore, heat energy is inadequate to activate the
TiO2 surface. Most previous investigations have stated that
an increase in the photocatalytic reaction temperature (>
80 8C) promotes the recombination of charge carriers and
deters the adsorption of organic compounds onto the TiO2

surface [25]. A further change in temperature down to 0 8C
would cause an increase in the apparent activation energy.
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s a consequence, the optimum reaction temperature for
hoto-mineralization is reported to be in the range of 20 to
0 8C [26].

The heat of adsorption Q can then be deduced, knowing
at the adsorption constant can be expressed in the form:

a ¼ K0 e
Q
RTð Þ (17)

here Q is the heat of adsorption (in J/mol), K0 is a constant
n L/mol), and R is the ideal gas constant (J/mol/K).

The logarithm of Ka is:

 Kað Þ ¼ ln K0ð Þ þ Q

RT
(18)

Thus, by plotting ln (Ka) vs. (1/T) in Fig. 12, the heat of
dsorption Q can be deduced within this temperature
ange as Q = 42.6 kJ/mol.

Two observations can be made at this stage: the
btained heat of adsorption seems to be high enough for a
henomenon such as physisorption (maximum of 50 kJ in
eneral), and, in the case of a solar reactor, it would be

portant to use a cooling system in order to avoid low
dsorption.

. Conclusions

The results in this study highlighted the adsorption of
oproturon on a catalyst surface, The Langmuir isotherm
as verified, and the adsorption parameters Ka and qmax

ere found to be 2.7�103 L/mol and 2.2�10�4 mol/g,
espectively. Competitive adsorption might be the critical
rocess in the codegradation of isoproturon and other
opollutants. Moreover, the effect of temperature on
dsorption was determined, and the heat of adsorption

 was found to be on the order of 43 kJ/mol. The
hotocatalytic degradation of isoproturon occurred fol-
wing the Langmuir–Hinshelwood kinetic model. Thus,
e apparent rate constant and the reaction order with

espect to the pollutant were also determined.

In order to improve the effectiveness of the reaction,
additional treatments should be considered for either the
catalyst or the solution. Moreover, the kinetic results
obtained in this work, along with other data characteristic
of irradiation, could be used to scale up an appropriate
photocatalytic reactor, leading to herbicide mineralization.

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at http://dx.doi.org/10.1016/

j.crci.2014.04.002.
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[13] O. Zahraa, S. Maire, F. Évenou, C. Hachem, M.N. Pons, A. Alinsafi, M.

Bouchy, Int. J. Photoenergy (2006) 1–9 [Article ID 46961].
[14] G. Chester, M. Anderson, H. Read, S. Esplugas, J. Photochem. Photobiol.

A: Chem. 71 (1993) 291–297.
[15] (a) G. Mascolo, A. Lopez, H. James, M. Fielding, Water Res. 35 (2001)

1695–1704;
(b) G. Mascolo, A. Lopez, H. James, M. Fielding, Water Res. 35 (2001)
1705–1713.

[16] M.V.P. Sharma, V. Durgakumari, M. Subrahmanyam, Solar photocata-
lytic degradation of isoproturon over TiO2/H-MOR composite systems,
J. Hazard Mater. 160 (2008) 568–575.
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