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Abstract

This study investigates the degradation of imazapyr herbicide from wastewater by photocatalytic ozonation using TiO, as
a semiconductor. Effects of operational parameters on imazapyr removal efficiency including TiO, dosing, initial herbicide
concentration and pH were also studied. Obtained results showed that more than 90% of removal efficiency representing
the disappearance of imazapyr was maintained until 7 uM in the presence of 200 mgL'of UV100-TiO,. Otherwise, the
degradation of imazapyr followed the first-order kinetics with a photocatalytic rate constant of 0.247 min~!, and complete
degradation was achieved within 20 min using photocatalytic ozonation for 5 M of Imazapyr at pH 7.

Keywords: Degradation; Imazapyr herbicide; Ozonation; Photocatalytic Ozonation; Wastewater treatment

1. Introduction

Persistent organic pollutants such as pesticides have
attracted global environmental concerns in recent decades
due to its adverse impacts on the environment and public
health. Among the various pesticides, imazapyr is one of the
most widespread types of contaminants of waters and soils,
often found in the municipal sewage effluents and soil with
varying trace concentrations in different parts of the world.! 2

Imazapyr,  2-(4-methyl-5-0x0-4-propan-2-yl-1H-
imidazol-2-yl) pyridine-3-carboxylic acid, being a hetero
aromatic molecule,® is a non-selective herbicide which be-
longs to the imadazolinone family. Imazapyr is a persistent
herbicide, with a half-life varying from 21 days to 49
months, and a high mobility in soils.** Therefore, it is like-
ly suspected to contaminate groundwater.® Elimination of
imazapyr present in drinking water by treatment with
ozone has been demonstrated to be unsuccessful since half
of the initial compound remains in water after the process.
The photocatalytic oxidation of imazapyr has been studied
previously using commercial TiO, as well as newly synthe-
sized mesoporous TiO, materials.® However, more studies
are still needed to better understand the effect of the oxida-
tive approaches on the control of this herbicide.

In recent years, various technologies have been de-
veloped and tested in laboratory scales or pilot plants to
remove various recalcitrant organic pollutants from
wastewater in order to minimize the potential health risks
associated with exposure to these chemical pollutants.*
One of the alternatives to gain greater mineralization effi-
ciency is the use of ozone in the presence of catalyst in
order to enhance the free hydroxyl radicals production.*-
The photocatalytic ozonation have been studied by many
studies worldwide and the high efficiency of this treat-
ment has been explained by a synergistic effect between
ozonation and photocatalysis. The photogenerated elec-
trons can react with ozone molecules generating ozonide
radicals while decreasing the possible recombination of
electronehole pairs. Pizarro et al.,> and Ibrahimi et al..° re-
ported that among six different advanced oxidation pro-
cesses, photocatalytic ozonation was the most efficient for
completing mineralisation of 4- chloronitrobenzene.
These promising techniques are used for the treatment of
contaminated water and wastewater to evaluate their ca-
pability in the decomposition of pollutants such as pesti-
cides and to assess the treatment efficiencies of these com-
binations.”
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The advanced oxidation processes (AOPs) have been
developed as one of the most promising options in the re-
moval of various persistent organic pollutants by the gen-
eration of hydroxyl radicals (OH).3~® Due to its low-cost
and chemical stability, semi-conductor material like TiO,
has been successfully used in recent years.!*-12 However,
The degradation of Imazapyr has also been investigated by
other authors using photocatalysis and ozone and results
showed lower concentration compared to photocatalytic
ozonation.!>=3% The photocatalytic ozonation degradation
of pesticides is largely dependent on operating parameters
such as TiO, dosage, initial herbicide concentration and
solution pH.3!-32 Understanding the effects of these factors
on the photocatalytic degradation efficiency have an im-
portance when designing a sustainable and efficient tech-
nique for wastewater treatment.

Based on this background informations, the present
study aimed at performing a comprehensive evaluation of
the capacity of photocatalytic ozonation to remove im-
azapyr from wastewater.

The laboratory studies reported in this paper investi-
gates the capacity and the applicability of TiO,-photocata-
Iytic ozonation in removing imazapyr herbicide from
wastewater. Operational parameters such as TiO, initial
concentration, initial herbicide concentration and pH
were also investigated.

2. Material and Methods

Imazapyr herbicide, (95%) was purchased from
American Cyanamid Company. TiO, Hombikat UV100
(99%) was purchased from Sachtleben Chemie in pow-
dered form. The chemical structure of imazapyr herbicide
is shown in figure 1. Potassium indigo trisulfonate was
purchased from Riedel-de Hahn AG. The other chemicals
used in the experiments were purchased from Riedel-de
Hahn AG. They were all of analytical grade and used with-
out further purification. All solutions were prepared using
Milli-Q water at room temperature collected from Milli-Q
apparatus (Millipore, Bedford).

Sample analysis from the study of the photocatalytic
degradation of imazapyr was carried out using a mass spec-

Figure 1: Chemical structure of imazapyr herbicide.

trometry coupled to electrospray ionization system (ESI)
for a qualitative and quantitative analysis. MS analysis was
performed on Bruker Esquire 3000 plus mass spectrometer
equipped with an ESI interface and an ion trap (Bruk-
er-Daltonics Analytik GmbH Bremen, Germany). The ESI
probe tip and capillary potentials were set at 2.5 kV and 25
V, respectively. The concentration of aqueous ozone was
determined by Spectrometric method indigo trisulfonate
according to Sanchez et al.,'* and mouradi et al.'” The ab-
sorption analysis of the indigo was monitored by Shimadzu
UV-160A UV-Vis Spectrophotometer at 600 nm.

Titanium dioxide (100 % anatase, average particle
size of 10 nm and BET Method-Brunauer, Emmett and
Teller [BET] surface of > 250 m? g~!) was used without any
pre-treatment.

In a typical reaction, 200 mg/L of TiO, were added to
500 mL of 5 uM of imazapyr solution in a double walled
cylindrical photoreactor (figure 2). Then, the solution was
exposed to ultrasonic treatment for 2 minute in order to
suspend the catalyst. Immediately afterwards, the stirring
was started and maintained over 1h in the dark to ensure
the adsorption equilibrium between the solution and the
catalyst particles. The imazapyr degradation experiments
were carried out in a simple photocatalyzed ozonation re-
actor, as presented in figure 2, with combining photocatal-
ysis and ozonation.

The irradiation experiments were carried out under
light generated by a medium pressure mercury lamp at
150W in a Duran cell (A > 300 nm), placed inside the reac-
tor. A cooling water system was set up to prevent overheat-
ing of the lamp and of the solution. Samples were taken
every 10 min and filtered two times in order to remove all
the catalyst. The photocatalytic ozonation degradation of
Imazapyr herbicide was investigated in an aqueous sus-
pension 1: 3 acetone/water mixture in the presence of pure
titanium used as a catalyst. Imazapyr showed important
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Figure 2: Scheme of photocatalytic ozonation reactor used for im-
azapyr degradation.
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fragments molecular ion peak at m/z = 262 and m/z = 284,
The MS-ESI detects the Imazapyr under two forms (com-
binated to H* wich gives m/z= 262 and combinated to Na*
with m/z 284) and their degradation was followed as a
function of time.

3. Results and Discussion

3. 1. Effect of TiO, Dose on Imazapyr
Degradation

Variations of Imazapyr removal rate under different
TiO, dose are presented in figure3. Imazapyr degradation
increased slowly and reached the maximum removal rate
0f 93.0% in the concentration of 200 mg/L. Thus, this TiO,
dose (200 mg/L) could be considered as the optimal con-
centration of hombikat UV 100. The optimal amount of
Hombikat UV 100 agrees well with reported results by
other authors.!4-26 This improvement can be attributed to
the increasing of active sites by providing more TiO, par-
ticles, which plays the semiconductor role in the photoca-
talysis process. Consequently, the formation of elec-
tron-hole pairs and reactive hydroxyl radicals on the
surface of semiconductor increased, which improved the
oxidation of imazapyr into other intermediates.!>~2”
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Figure 3: Removal rate of imazapyr under variation of TiO, concen-
tration. C(Imazapyr) = 5 uM; stirring speed = 1000 min~!, aqueous
suspension 1 : 3 acetone/ Milli-Q water.

3. 2. Effect of Initial Herbicide Concentration

The pollutant concentration in water is an important
factor to determine the oxidation efficiency and the syner-
gistic effects of photocatalytic ozonation processes.!>"!>
The effect of the initial herbicide concentration was stud-
ied for six concentrations of imazapyr by photocatalytic
ozonation. The initial herbicide concentrations were 1 uM,
3uM, 5uM, 7 uM, 9 pM and 15 pM (0.26 mg/L, 0.79 mg/L,
1.31 mg/L, 1.83 mg/L, 2.36 mg/L, 3.9 mg/L respectively).

For this series of experiments the catalyst and the
ozone doses were kept constant at 200 mg/L and 10 mg/L
respectively. The irradiation time was fixed at 10 min for all
samples after the adsorption step under dark conditions.

Obtained results showed that more than 90% of re-
moval efficiency representing the disappearance of im-
azapyr was maintained until 7 uM, further increase of im-
azapyr concentration leads to decrease in removal
efficiency (figure 4). A possible explanation resides in the
fact that as imazapyr concentration rises, it is possible that
more organic substances are deposed on the surface of
TiO,, whereas less number of photons are available to
reach the catalyst surface and the probability of reaction
between imazapyr molecules and oxidizing species also
decreases, thus resulting in less degradation percent-
age.18-3
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Figure 4: Removal efficiency of imazapyr as a function of imazapyr
concentration, mcatalyst = 100 mg; stirring speed = 1000 min},
aqueous suspension 1 : 3 acetone/ Milli-Q water.

3. 3. Effect of pH Influence on Imazapyr
Degradation

Knowledge of the kinetics required to assess the effi-
ciency of systems engineered for the oxidation of a variety
of pollutants. Reliable kinetic studies require obvious sub-
strate decay measurements. Thus, for comparison of the
efficiency of these treatment processes, kinetic studies of
imazapyr decomposition were carried out.

In all experimental runs, imazapyr concentration
was found to decrease with irradiation time. A first order
kinetics fitting of the thus obtained concentration vs. time
plots allows to calculate the respective first order rate con-
stants. Based on the exponential decay of concentration of
imazapyr, the photoactivity profile was fitted assuming a
first order reaction.

C= Cyexp(—k-t) (1)
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In which C is the concentration of imazapyr at time
t, Co is the initial concentration, and k is the observed rate
constant.

Many authors have reported that the kinetic behav-
ior of photocatalytic reaction can be described by a modi-
fied Langmuir-Hinshelwood model, Atitar et al.,'® and
Djerdj et al.¥®

The influence of pH on the effectiveness of imazapyr
degradation by photocatalytic ozonation is shown in figure
5. The degradation experiments were carried out at pH
values of 3, 7, and 10. Imazapyr removal rate reached a
maximum at pH 7 with a first order rate constant of 0.247
min~!. However, for pH 3 and 10, the photocatalytic activ-
ity decreased appreciably. The rates constant at pH 3 and
pH 10 are 0.107 min~!, 0.134 min™! respectively (Tablel).
The study of pH influence on the photocatalytic ozonation
process would be helpful to understand its underlying
mechanism and would help obtaining a higher degree of
removal. Based on the exponential decay of imazapyr con-
centration, the degradation by photocatalytic ozonation
profile was fitted assuming a first order reaction model.
Similar finding have been reported by Usharani et al.,'*
and by Gar Alalma et al.'> These authors have reported first
order reaction kinetics for the degradation and minerali-
zation of chlorinated pesticides and insecticides and other
various water pollutants by photocatalytic ozonation.!4-3?

The results, shown in figure 5, demonstrates that the
optimal conditions for imazapyr degradation with photo-
catalytic ozonation is neutral pH. On the other hand, the
combination of two oxidation systems, ozonation and
photocatalysis, for water treatment under optimal condi-
tions are reported to have increased oxidation efficiencies
(synergy) compared to the sum oxidation efficiencies of
these two oxidation systems separately.>2-3¢ Several studies
have discussed the synergistic effects of photocatalytic
ozonation on degradation and removal of different sub-
stances from aqueous solutions and the effects are report-
ed in terms of the degradation and/or mineralization effi-
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Figure 5: Concentration of imazapyr as a function of time for differ-
ent pH, C(Imazapyr) = 5 uM ); stirring speed = 1000 min~!, m TiO,
=100 mg). aqueous suspension 1 : 3 acetone/ Milli-Q water.

ciencies or oxidation rate constants of model water
pollutants.!”~?” The efficiency of photocatalytic ozonation
is mainly attributed to the formation of more reactive and
non-selective hydroxyl radicals in the oxidation medium,
which react with almost all organic molecules at a rate of
10° - 10° M~1s71.18-25-37 The photogenerated electrons can
react with ozone molecules generating ozonize radicals
while decreasing the possible recombination of electron
hole pair, so better electron- whole separation. In addition
to the synergistic effects which occur during photocatalyt-
ic ozonation compared to simple photocatalysis in pres-
ence of oxygen. Bougarrani et al.,’¢ and Wang et al.,** also
reported similar results for the mineralization of aniline,
dibutyl phthalate, respectively.

Table 1: Rate constant of imazapyr degradation with photocatalytic
ozonation for different pH.

pH Photocatalytic ozonation
Rate constant K R? Standard Deviation
3 0.107 (min™!) 0.997 0.0012
7 0.247 (min™!) 0.997 0.0009
10 0.134 (min™!) 0.995 0.0015

4. Conclusions

This study demonstrated the ability of photocatalytic
ozonation using TiO, as semiconductors for the degrada-
tion of imazapyr herbicide as organic pollutants. Imazapyr
degradation is strongly influenced by the operating param-
eters such as TiO, concentration, initial imazapyr concen-
tration and pH. Under optimized conditions (TiO, dose of
200 mg/L, 5uM of initial imazapyr concentration and pH
7), up to 95% of imazapyr removal was achieved within 20
min with removal rate constant of 0.247 min~!. Results of
the present investigation suggest that photocatalytic ozona-
tion using TiO, is efficient for the removal of imazapyr
form wastewater. The high efficiency of photocatalytic ozo-
nation could be explained by a synergistic effect between
ozonation and photocatalysis. The photogenerated elec-
trons can react with ozone molecules generating ozonize
radicals while decreasing the possible recombination of
electron hole pair, so better electron- whole separation.

Therefore, the application of photocatalytic ozona-
tion under the optimal conditions is recommended for
organic pollutants treatment such as imazapyr herbicides
in order to promote environmental and human health pro-
tection.
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