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a b s t r a c t

Aqueous solutions of the herbicide azimsulfuron have been treated by a photocatalytic process employing
titania nanocrystalline films as photocatalyst. Results showed that solutions of this herbicide at maximum
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vailable online 12 July 2008
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possible concentration can be photodegraded in a time of a few hours by using low intensity UVA radiation
comparable with that of the UVA of solar noon. Similar results have also been obtained with simulated
solar radiation. Thus heterogeneous photocatalysis can be employed for the treatment of waters polluted
by this herbicide.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Herbicides constitute a major pollution source for both under-
round and surface waters. The population increase and the
ncrease of demand for agricultural products, not only for food
ut also for other uses, like the recently rapidly developing energy
pplications, is expected to make herbicide pollution increase in
he near and far future. The awareness on the related environ-

ental issues has attracted large attention in the Scientific World
nd has induced large-scale scientific research efforts. Among the
arious methods developed for the treatment of herbicide (and
esticide) polluted water, advanced oxidation processes (AOPs)
re recognized as the most viable approach for the degradation
f such persistent hazardous substances [1–3]. AOPs include sev-
ral different processes. All are characterized by a common feature,
hat is, they all aim at the production of the highly reactive OH•
adicals. The oxidative potential of OH• is 2.8 eV [1] and can non-
electively attack any organic substance. Among the various AOPs,
eterogeneous photocatalysis using TiO2 photocatalyst is the most
opular and the most extensively studied process. Heterogeneous

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +30 2610 997513; fax: +30 2610 997803.

E-mail addresses: estathatos@teipat.gr (E. Stathatos), lianos@upatras.gr
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hotocatalysis is associated with the possibility of employing solar
adiation to carry out the process. However, TiO2 does not absorb
isible light while only a small portion of solar radiation on the sur-

ace of the Earth belongs to the UVA part of spectrum (320–400 nm),
here TiO2 absorbs. The popularity of TiO2 aroused from the fol-

owing simple facts. TiO2 is a stable and non-toxic material, at least,
o toxic effects have been so far detected. It is easy to produce in
anocrystalline form, i.e. with large active surface area, both on
n industrial or a laboratory scale. It is well known and used for
long time, since it is a whitening additive for paints. It is among

he most abundant materials in the Earth’s crust. Titanium itself is
mong the ten most abundant elements, it is strong, light and corro-
ion resistant and imparts its properties to its compounds. Finally,
iO2 is a very efficient photocatalyst and for this reason, even by
nly absorbing in the UVA part of the solar spectrum it is still very
nteresting for cost-effective photocatalytic applications.

Heterogeneous photocatalysis using a light-absorbing semicon-
uctor photocatalyst is an AOP in the sense that OH• radicals are also

n this case the main pollutant-degrading chemical species. Indeed,
hen a semiconductor is excited, an electron–hole pair is created.

ositive holes interact with OH− groups attracted on the photo-
•
atalyst surface producing OH radicals. In addition, electrons are

cavenged by O2, when present, and produce superoxide O2
• and

ydroperoxide HO2
• radicals, which are also very reactive chemi-

al species [4]. In the case of nanocrystalline TiO2 semiconductor,
hich has a very large absorption cross-section in the UVA, if it is

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ig. 1. Absorption spectrum of AZS (concentration 60 mg l−1). The chemical struc-
ure of AZS is given in the insert.

roperly dispersed it can be very efficient for pollutant photodegra-
ation, even by exploiting only the UV part of the solar radiation.
he UVA intensity of the solar radiation varies in a range of a few
W/cm2 [5,6]. This radiation flow can be easily obtained with com-
ercial low-cost Black Light tubes. In addition then to solar light,

ow-cost installations may be used for artificial UVA radiation to
arry out photodegradation. Indeed, in the present work we present
uch a low-cost home-made reactor employing low intensity Black
ight tubes to carry out photodegradation of a herbicide, namely,
zimsulfuron (AZS). The chemical structure of AZS is shown in Fig. 1.

AZS belongs to the class of sulfonylurea herbicides, which have a
road spectrum of weed control, have low application rate and low
nimal toxicity [7,8]. Some of this class of herbicides have been pre-
iously studied by photocatalysis [5]. Very few reports have been
ublished on AZS itself [8]. Thus in this work, AZS photodegra-
ation is studied by TiO2 heterogeneous photocatalysis. Many of
hese herbicides are directly photodegradable (photolyzed), how-
ver, the ensuing products are of unknown toxicity and may be even
ore toxic than the original substance itself [8]. TiO2 photocatal-

sis leads to complete mineralization. For this reason, studies of
he efficiency of these processes are helpful to structure a proto-
ol for the control and the management of these environmentally
azardous materials.

. Experimental

.1. Materials

Azimsulfuron (99.3% purity) was donated by DuPont de
emours, France. All the rest of reagents were obtained from
ldrich. Millipore water was used in all experiments.

.2. Description of the reactor

The cylindrical reactor schematically shown in Fig. 2 was used in
ll experiments. Air was pumped through the gas inlet using a small
ump to ensure continuous oxygen supply to the reaction solution
hile simultaneously agitating it. In some cases, experiments were

arried out by relying on the oxygen dissolved in the reaction solu-
ion after saturating it with air. In cases where experiments were

arried out in the absence of oxygen, the solution was deoxygenated
y nitrogen flow. In these last two particular cases the gas inlet and
utlet did not communicate with the environment. Four Black Light
uorescent tubes, each of 4 W nominal power, were placed around
he reactor. The whole construction was covered with a cylindri-

d
A
e

Fig. 2. Schematic representation of the reactor used in this work.

al aluminum reflector. Air flown from below using a ventilator
ssured cooling of the reactor. The catalyst was in the form of four
lass rings, covered on both sides with nanocrystalline TiO2 film.
ilm deposition is described below. The glass rings were of 38 mm
f diameter and 15 mm height, stacked and coaxially placed inside
he reactor. Thus the total geometrical surface of the photocatalyst
lm was approximately 2 × 71.6 = 143 cm2. The intensity of radia-
ion reaching the surface of the film on the side facing lamps was

easured with an Oriel Radiant Power Meter and found equal to
.79 mW/cm2. This value is comparable with the above-mentioned
olar UVA intensity.

.3. Deposition of nanocrystalline titania films

Titania films were deposited by following the previously
eported procedure [9–11]. Briefly, for a 25-ml sol, 3.6 g of the non-
onic surfactant Triton X-100 [polyoxyethylene-10-isooctylphenyl
ther] was mixed with 20 ml of ethanol, followed by addition of
.6 ml of glacial acetic acid and 1.8 ml of titanium isopropoxide
nder vigorous stirring. Self-organization of the surfactant in this
riginal sol creates organized assemblies that act as templates
efining nanoparticle size. The surfactant is burned out during cal-
ination. After a few minutes stirring, the glass rings described
bove, which were previously thoroughly washed, sonicated in
thanol and dried in a N2 stream, were dipped in the above sol and
ithdrawn slowly by hand. After leaving the film to dry in air for a

ew minutes, it was calcined in an oven. The temperature was raised
t a heating rate of 20 ◦C/min to 550 ◦C and left at that temperature
or about 10 min. When the titania-covered rings were taken out of
he oven, they were transparent and optically uniform. The above
rocedure was repeated several times in order to reach the quan-
ity of catalyst necessary for the purposes of the present work. The
nal mass of titania on the four glass rings was 80 mg (20 mg on
ach glass ring).

.4. Photodegradation procedure
The reactor was filled with 100 ml water in which 6 mg AZS were
issolved. Standard solutions were employed in all experiments.
ZS is not adsorbed on titania films, however, about an hour of
quilibrium was allowed before illumination. The concentration
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f AZS in solution was monitored by absorption spectrophotom-
try at 240 nm using quartz cuvettes (an absorption spectrum
f AZS is shown in Fig. 1). In order to assure linear relationship
etween absorbance and concentration, preliminary measure-
ents have been made. The linear relationship was established in

he range 0–60 mg l−1. Thus the presently chosen concentration,
.e. 60 mg l−1, was the maximum concentration of the established
inear concentration vs. absorbance range. It was found that this
oncentration is also close to the solubility limit of AZS in water. A
-ml aliquot was collected for performing absorption spectropho-
ometry and it was poured back into the reactor after measurement.
he first concentration measurement was done in the dark. It was
hen verified that the herbicide was not adsorbed on the titania
lm. Finally, the products of photodegradation have been moni-
ored by LC–MS-MS analysis (see below) while the evolution of CO2
as monitored by using an apparatus working in a closed air circuit

nd based on an IR detector.

.5. Apparatus and methods

Absorption measurements were made with a Cary 1E spec-
rophotometer and CO2 evolution was monitored using an Anagas
D95 instrument based on an IR detector. LC–MS-MS analysis was
arried out on a Varian 1200L mass spectrometer equipped with
lectrospray ionization interface (ESI). The ion trap was connected
o a Varian 1200 LC system consisting of two individual pumps,
membrane degasser, an autosampler with temperature control

nd a thermostatic column control. The chromatographic separa-
ion was performed on a reversed phase Varian Polaris C-18 column
150 mm × 2.1 mm, 5 �m particle size) at 30 ◦C. The concentra-
ion of AZS at each degradation stage was calculated by using an
xternal calibration curve from LC–MS-MS measurements of AZS
t five different concentrations. Stock solution was prepared by
iluting the appropriate amount of the analytical standard with
ater/methanol (70/30) at concentration 60 ppm. In order to deter-
ine the degradation products formed during AZS photocatalysis,

SI ionization in both negative- and positive- ion modes were inves-
igated. The results indicated that the ESI source at positive-ion

ode with collision energy at 30 V was most appropriate for the
nalysis of the degradation products.

. Results and discussion
.1. Characteristics of the photocatalyst

The films made by the sol–gel procedure described in the
xperimental section were similar to those reported in previ-

n
S
l
t
h

ig. 4. Photodegradation curves (A) and analysis by Eq. (1) (B): Phodegradation by using
A2); photodegradation by using simulated solar light (A3); photodegradation in the abse
ig. 3. Absorption spectrum of a typical nanocrystalline titania film (1) and emission
rofile of a Black Light tube (2). The periodic ripples in the absorption of Titania at
375 nm are due to interference fringes.

us publications [9–11]. They consist of anatase nanocrystals of
bout 15 nm average size. Size polydispersity is limited and the
ctive surface area is around 110 m2/g, as measured by nitrogen
dsorption–desorption using the BET model. These films have been
roven to be very efficient in photodegradation experiments [9,10],
ye-sensitized solar cells [10] and photocatalytic H2 production
11]. The absorption spectrum of a similar film deposited on a glass
lide is shown in Fig. 3. Fig. 3 also shows the emission profile of the
lack Light tube employed in the present work as excitation source.

t is obvious that the proposed combination provides band-gap
xcitation of titania and thus secures optimized excitation condi-
ions without internal energy losses.

.2. Photodegradation studies of AZS

Fig. 4A presents photodegradation data of AZS under the con-
itions described in Section 2. In the absence of catalyst, the rest
f the conditions kept the same, no photolysis of the herbicide
as detected. Even though, it is known that this type of herbi-

ides are vulnerable to photolysis [8], apparently, the mismatch of
he spectral distribution of the excitation source with the absorp-
ion spectrum of AZS plus the low intensity of incident radiation
id not produce any detectable photolysis. In the presence of tita-

ia, all herbicide was photodegraded in a time of several hours.
ince the intensity of UVA presently employed is comparable or
ower than the solar UVA, as explained above, it is obviously viable
o employ solar radiation for photodegrading AZS through titania
eterogeneous photocatalysis. Indeed, photodegradation was also

Black Light radiation (A1); Black Light illumination in the absence of photocatalyst
nce of oxygen (A4); analysis of curve A2 (B1); analysis of curve A3 (B2).



zardous Materials 163 (2009) 756–760 759

c
e
b
t
o
d
s
e

l

0
a
#
a
B
d
t
t
o
s
p
s
p
d
o
t
g
t
c
c
c
n
d
s
a
s
d

F

F
e
b
I
p
a
s
t

3

T
o
f
m

K. Pelentridou et al. / Journal of Ha

arried out by using radiation from a Xenon lamp. The radiation
ntered into a metallic cavity where the intensity was controlled to
e approximately 1 sun (100 mW cm−2). The same as above reac-
or was introduced into the cavity. The photodegradation curve
btained in that case is given by curve #3 of Fig. 4A. Photodegra-
ation in both cases followed pseudo-first-order kinetics [12,13] as
een by the straight line plots of Fig. 4B, which obey the following
quation:

n
(

A0

A

)
= Kappt (1)

The corresponding pseudo-first-order rate constant was
.0021 min−1 in the case of Black Light excitation (line #1 of Fig. 4B)
nd 0.0008 min−1 in the case of simulated solar excitation (line
2 of Fig. 4B). Photodegradation was practically impossible in the
bsence of oxygen, as can be seen by the data of curve #4 of Fig. 4A.
y taking into account the fact mentioned above that no AZS was
etectably adsorbed on the titania films, it is possible that pho-
odegradation is carried out in the liquid phase and it is also possible
hat superoxide O2

• and hydroperoxide HO2
• species, which are

nly formed in the presence of oxygen, play a major role. The pos-
ibility that photodegradation may be carried out in the liquid
hase may explain why it is relatively slow. Indeed, organic sub-
tances, which are strongly adsorbed on titania are more rapidly
hotodegraded (cf. Refs. [9,10]) and this is true for photodegra-
ation being carried out both in air and in solution. As a matter
f fact, positively charged dyes, which are strongly adsorbed on
itania at neutral or basic pH, are much more rapidly photode-
raded by using the same reactor and catalyst configuration as in
he present case [14]. During photodegradation, the produced CO2
ontinuously increased reaching a plateau after several hours, as
an be seen in Fig. 5. Increasing of CO2 is expected since it was
ontinuously and additively measured in a closed air circuit con-
ecting gas inlet and outlet of the reactor with the monitoring

evice. Before making this connection, the reaction solution was
aturated with oxygen by blowing air. The plateau was reached at
bout the same time when photodegradation was completed, as
een by curve #2 of Fig. 4A. These results indicate that photodegra-
ation of AZS was accompanied by continuous production of CO2.

2
f
d
a
c

Fig. 6. Photodegradation
ig. 5. CO2 evolution during photodegradation of AZS by Black-Light irradiation.

inally, it must be underlined that the above photocatalyst can be
asily recuperated, since it is deposited on the above glass rings and
e employed in several experiments with small loss of efficiency.

ndeed, we have used the same photocatalyst for three subsequent
hotodegradation procedures with identical fresh AZS solutions
nd we got only small variation of the photodegradation rate con-
tants, i.e. Kapp = 0.0021 min−1 (first time); 0.0019 min−1 (second
ime); 0.0018 min−1 (third time).

.3. Photodegradation byproducts

Byproducts of photodegradation were studied by LC–MS-MS.
wo major ions were detected in all photodegradation stages
ne with m/z: 199 and the other with m/z: 244. These two
ragments exactly correspond to the amino-dimethoxypyrimidine

oiety (right-side fragment in Fig. 6) and 1-methyl-4-(2-methyl-

H-tetrazole-5-yl)-1H-pyrazole-5-sulfonamide moiety (left-side
ragment in Fig. 6), respectively, which AZS consists of. The amino-
imethoxypyrimidine-containing ion yielded a major fragment ion
t m/z: 74.5, which could correspond to the break down of the
arbon link between the two nitrogen atoms leading to the forma-

pathways for AZS.
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[

[

[13] M. Muruganandham, M. Swaminathan, Solar driven decolourisation of Reactive
ig. 7. Photodegradation of AZS at various pH values: 4.7 (natural pH) (1); 2.8 (2);
.9 (3).

ion of methylaminocarboxylic acid CH3NHCOOH. Ion 244 yielded
major further fragment ion at m/z: 83.3, which could correspond

o the sulfonamide SO2NH2-group. We thus believe that the above
esults define the first steps of the first steps of the photodegrada-
ion route presented in Fig. 6. Such a scheme is in accordance with
he results of Ref. [8].

.4. Effect of pH

Finally, photodegradation of AZS was studied by black-light irra-
iation at various pH values. The results are presented in Fig. 7.
H values were modified by adding either H2SO4 or NaOH, both
t a concentration of 0.1 mol l−1. The fastest photodegradation was
btained at natural pH (4.7), while photodegradation was much
lower at basic pH and even slower at acidic pH. This behavior was
imilar to that of the photodegradation of another herbicide, Imaza-
yr, reported in Ref. [4], which also possesses chargeable chemical
roups like AZS. In analogy then to Imazapyr [4], it is highly prob-
ble that at low pH, AZS is positively charged, and at high pH, it
s negatively charged. However, as it is well known, the surface of
itania is also charged with the same charge at the same pH [4].
herefore, at low or high pH, there is a repulsion that separates
he catalyst surface from the target molecule and makes it more
ifficult for the reactive radical species, which are generated on
he surface of the catalyst, to reach the target. Hence the lower
hotodegradation rates in those cases.
. Conclusions

The herbicide AZS can be effectively photodegraded by employ-
ng titania nanocrystalline films as photocatalyst and low intensity

[

us Materials 163 (2009) 756–760

lack Light tubes as illumination source or (simulated) solar radi-
tion. The installation was very simple. The catalyst was deposited
y the sol–gel method on glass rings. It could be thus easily
ecuperated and repeatedly used in subsequent photodegradation
rocedures. The pH of the aqueous solution of AZS affected pho-
odegradation rate. The fastest rate was obtained in the case of
atural pH of the solution.

cknowledgements

We acknowledge financial aid from the Greek General Secre-
ariat of Research and Technology through the E&T bilateral GR-USA
ooperation program, 05NON-EU-521.

eferences

[1] S. Malato, J. Blanco, J. Cáceres, A.R. Fernández-Alba, A. Agüera, A. Rodríguez,
Photocatalytic treatment of water-soluble pesticides by photo-Fenton and TiO2

using solar energy, Catal. Today 76 (2002) 209–220.
[2] U. Cernigoj, U. Lavrencic Stangar, P. Trebse, Degradation of neonicotinoid insec-

ticides by different advanced oxidation processes and studying the effect
of ozone on TiO2 photocatalysis, Appl. Catal. B: Environ. 75 (2007) 229–
238.

[3] C. Berberidou, I. Poulios, N.P. Xekoukoulotakis, D. Mantzavinos, Sonolytic, pho-
tocatalytic and sonophotocatalytic degradation of malachite green in aqueous
solutions, Appl. Catal. B: Environ. 74 (2007) 63–72.

[4] M. Carrier, N. Perol, J.M. Herrmann, C. Bordes, S. Horikoshi, J.O. Paisse, R. Bau-
dot, C. Guillard, Kinetics and reactional pathway of Imazapyr photocatalytic
degradation Influence of pH and metallic ions, Appl. Catal. B 65 (2006) 11–
20.

[5] M.G. Barron, E.E. Little, R. Calfee, S. Diamond, Quantifying solar spectral irradi-
ance in aquatic habitats for the assessment of photoenhanced toxicity, Environ.
Toxicol. Chem. 19 (2000) 920–925.

[6] P. Balasaraswathy, U. Kumar, C.R. Srinivas, S. Nair, UVA and UVB in sunlight,
optimal utilization of UV rays in sunlight for phototherapy, Indian J. Dermatol.
Venereol. Leprol. 68 (2002) 198–201.

[7] E. Vulliet, C. Emmelin, J.M. Chovelon, C. Guillard, J.M. Herrmann, Photocatalytic
degradation of sulfonylurea herbicides in aqueous TiO2, Appl. Catal. B 38 (2002)
127–137.

[8] M.V. Pinna, M. Zema, C. Gessa, A. Pusino, Structural elucidation of phototrans-
formation products of azimsulfuron in water, Agric. Food Chem. 55 (2007)
6659–6663.

[9] P. Bouras, P. Lianos, Photodegradation of dyes in aqueous solutions catalyzed
by highly efficient nanocrystalline titania films, J. Appl. Electrochem. 35 (2005)
831–836.

10] E. Stathatos, P. Lianos, C. Tsakiroglou, Highly efficient nanocrystalline titania
films made from organic/inorganic nanocomposite gels, Micropor. Mesopor.
Mater. 75 (2004) 255–260.

11] N. Strataki, V. Bekiari, D.I. Kondarides, P. Lianos, Hydrogen production by pho-
tocatalytic alcohol reforming employing highly efficient nanocrystalline titania
films, Appl. Catal. B: Environ. 77 (2007) 184–189.

12] I.K. Konstantinou, T.A. Albanis, TiO2-assisted photocatalytic degradation of azo
dyes in aqueous solution: kinetic and mechanistic investigations A review, Appl.
Catal. B: Environ. 49 (2004) 1–14.
Yellow 14 by advanced oxidation processes in heterogeneous and homogeneous
media, Dyes Pigments 72 (2007) 137–143.

14] P. Bouras, P. Lianos, Synergy effect in the combined photodegradation of an azo
dye by titanium dioxide photocatalysis and photo-Fenton oxidation, Catal. Lett.
123 (2008) 220–225.


	Photodegradation of the herbicide azimsulfuron using nanocrystalline titania films as photocatalyst and low intensity Black Light radiation or simulated solar radiation as excitation source
	Introduction
	Experimental
	Materials
	Description of the reactor
	Deposition of nanocrystalline titania films
	Photodegradation procedure
	Apparatus and methods

	Results and discussion
	Characteristics of the photocatalyst
	Photodegradation studies of AZS
	Photodegradation byproducts
	Effect of pH

	Conclusions
	Acknowledgements
	References


