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Abstract: The degradation of imazapyr (C13H15N3O3), an active element in the aqueous solution of
commercial herbicide, was investigated. This study was the first to evaluate in a comprehensive
manner the efficiency of advanced oxidation processes for imazapyr degradation. Results showed that
Imazapyr degradation is significantly affected by operational conditions such as TiO2 concentration,
ozone concentration, initial concentration of imazapyr and pH. The kinetics of Imazapyr consumption
was the first order with respect to Imazapyr concentration and zero order with respect to ozone
concentration with a constant rate of 0.247 min−1 and 0.128 min−1 for photocatalytic ozonation
and heterogeneous photocatalysis, while it was the first order with respect to Imazapyr and the
first order with respect to ozone concentrations when only ozone was used with a constant rate of
0.053 mol L−1 min−1 at pH 7. The results revealed that more than 90 percent of the removal efficiency
representing the elimination of imazapyr was held up to 7 µM. Further increase in the concentration
of imazapyr leads to a drop in the removal efficiency, however the total imazapyr degradation
was reached in 20 min utilizing photocatalytic ozonation for 5 µM of Imazapyr in the presence
of 100 mg L−1 of TiO2, 10 mg L−1 of ozone at pH 7. Photocatalytic ozonation and heterogeneous
photocatalysis utilizing TiO2 as a semiconductor process appeared possible and well suited for the
treatment of organic contaminants such as imazapyr herbicides, although at certain dosages of pH
and common time for wastewater treatment, imazapyr was not degraded with ozonation on its own.
The association of two oxidation processes, ozonation and photocatalysis, has improved oxidation
efficiencies for water treatment under optimal conditions, leading to the development of non-selective
hydroxyl and more reactive radicals in the oxidation medium, as well as the resulting synergistic
effects between photocatalysis and ozonation that react more rapidly with imazapyr herbicide.
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1. Introduction

Increasing industrial activity has become a significant issue leading to increased contamination of
air, soil and water. To face this problem, the scientific community works to discover new techniques
for the purification of contaminated environment. Various treatment methods have been studied to
remove recalcitrant organic contaminants in water and minimize the plausible health dangers related
to these chemicals by means of its consumption in contaminated water [1,2], among which are the
advanced oxidation processes (AOPs) that are assumed to have a considerable potential to remove
different persistent organic pollutants [2].

Contrary to the application of traditional physical techniques such as adsorption, flocculation,
coagulation, bio-filtration, sedimentation and gas stripping [3], which very frequently transfer the
pollutant from water to another medium [4], typically non-destructive and post-treatments of the
absorbent materials or stable wastes are required and high priced. The AOPs are focused on
developing very reactive and non-selective substances such as hydroxyl radical (OH.), ozonide (O3¯),
superoxide (O2¯), photo-produced electron-hole pairs with a higher oxidizing potential than standard
oxidants (O2, O3, Cl2, H2O2, ClO2, etc.) leading to the mineralization and decomposition of water
contaminants [5,6]. These oxidative species have been widely investigated to eliminate pollutants or
oxidize them gradually to less harmful substances from different wastewater types, however most
researches are centered on single compounds, generally at concentrations higher than these observed
in wastewater [7,8].

Photocatalysis has proven to be an excellent process compared to others. Organic compounds
oxidate at low concentrations, low temperatures and total mineralization due to oxygen usage as
an oxidant [2,9]. The utilization of titanium dioxide (TiO2) for photo-oxidation of pollutants in an
aqueous solution as a catalyst is significant because of the stability of its chemical structure, physical,
electrical, biocompatibility and optical properties [10,11], the TiO2 photocatalytic activity depends on
electron–hole recombination, surface morphology, dispersed nature, synthetic approach, and surface
charge [6,9]. Furthermore, the usage of ozone as a strong oxidizing reagent has been applicated to
wastewater treatment samples [7,11]. Besides its expensiveness of production, ozone has a significantly
lower solubility and water stability and selectively reacts at acidic pH with organic compounds, and in
certain cases does not fully mineralize such organic substances [12]. Additionally, the application
of ozone alone under irradiation does not show high degradation efficiency because of slow ozone
reaction with certain organic substances [13]. Such inconveniences enable the use of ozone alone to
treat wastewater economically and technically inappropriate.

One alternative to improve the efficiency of mineralization is the ozone usage in the presence of
a catalyst to increase the free radical hydroxyl production [12,13]. The photocatalytic ozonation has
been investigated by several research groups globally and a synergistic effect between photocatalysis
and ozonation has explained the high efficiency of this process. The photogenerated electrons may
interact with molecules of ozone-producing radicals of ozonide, thus declining the ability for electron
hole pairs to recombine. Lee et al. and Ebrahimi et al. reported that photocatalytic ozonation
was the most effective of six different advanced oxidation processes for complete mineralization
of 4-chloro-nitrobenzene [14]. These promising techniques are used to treat polluted water and
wastewater to assess their capacity to eliminate contaminants, such as antibiotics and pesticides, and to
evaluate the treatment effectiveness of these combinations [15,16].

One of the most spread types of contaminants of waters and soils are pesticides. Imazapyr,
2-(4-methyl-5-oxo-4-propan-2-yl-1H-imidazol-2-yl) pyridine-3-carboxylic acid is a non-selective
herbicide of the imadazolinone family, it is characterized by a high soil mobility and a lifetime
between 3 weeks and 49 months [16]. Therefore, groundwater pollution is possibly suspected [16,17].
Essays to remove imazapyr in potable water by ozone treatment have proven ineffective as 50% of
the primary substances reside in water after the process. Previously, photocatalytic oxidation of
imazapyr was investigated employing commercial TiO2 and newly synthesized mesoporous TiO2

materials [18,19]. Nevertheless, for better comprehension of the impact of oxidative alternatives on
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evaluating this herbicide, further studies are still needed. Moreover, photocatalytic ozonation has
been reported to be more effective than single ozonation in the degradation of standard by-products
(such as oxalic acid), and highly efficient compared to photocatalysis in removing the source of micro
pollutants defined in wastewater [12,16]. Photocatalytic ozonation is the most appropriate method for
the treatment of streams polluted by this form of contaminants, though its capability to fully degrade
most stable complexes has been confirmed [17,19].

However, the development of this method for imazapyr herbicide degradation needs more studies
to understand all the variables which affect the process performance. For instance, a couple of reviews
were published within the last years about the application of photocatalytic ozonation for the removal
of pharmaceuticals and some pesticides effluents; many of the researches already carried out have
been based on the direct photolytic and photocatalytic decomposition of the imazapyr but not much is
learned about the ability for removing imazapyr by photocatalytic ozonation a non-biodegradable
pesticide from wastewater [14,20]. Currently, the literature is sparse; in January 2019, publications
on “photocatalytic ozonation” in Scopus were below 300 scientific papers, compared with more than
35,500 for “photocatalysis” and 12,000 for “ozonolysis or ozonation” [21].

Based on this data, the purpose of this study was to conduct a comprehensive assessment of
the potential of photocatalytic ozonation to treat imazapyr from polluted water and compare this
technology with many different AOPs: ozonation, heterogeneous photocatalysis process (applying TiO2

Degussa P25 as a semiconductor), and photolysis to evaluate the impact of different experimental
parameters on the effect of the mass of TiO2, the effect of initial herbicide concentration and the pH
influence on the decomposition of imazapyr in aqueous media.

2. Materials and Methods

2.1. Material

Imazapyr herbicide (95 percent), obtained from the American Cyanamid Company and utilized
without further purification, is shown in Figure 1. TiO2 (Degussa P-25), which is available commercially,
was obtained from Degussa Chemical. The rest of chemicals used in the experiments were obtained
from Riedel-de Hahn AG and were used without any other cleansing. Entire solutions were prepared
utilizing Milli-Q water obtained from Milli-Q apparatus at room temperature, (Millipore, Bedford).
Analytical value organic solvents have been used for high-performance liquid chromatography (HPLC).
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Figure 1. Chemical structure of imazapyr herbicide.

2.2. Methods

The imazapyr degradation proceeded with usage of a Hitachi HPLC system equipped with a UV
detector. The input volume was 50 µL, the debit was 0.5 mL min−1 and the eluent was composed
from acetonitrile (ACN) and a water pH 3.4 (formic acid) mixture. The used column was Phenomenex
C18 (25 cm × 4.6 mm, 5 µm). With no further preparation, samples from reaction solutions were
inserted into the chromatograph. According to Ikehata et al. [20], the concentration of the aqueous
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ozone was determined by the Spectrometric method indigo trisulfonate. Shimadzu UV-160A UV-Vis
Spectrophotometer was monitored at 600 nm for the absorption analysis of the indigo. The pH was
adjusted using hydrochloric acid solution to reach the desired acidic pH and sodium hydroxide
solution to reach the alkaline pH, and three solutions were prepared: solution pH 3, solution pH 7,
solution pH 10.

2.3. Photocatalytic Experiments

Titanium dioxide (Degussa P-25) was utilized without pre-treatment. In a standard reaction,
100 mg L−1 of TiO2 were added for each 500 mL of 5 µM of imazapyr solution in a double walled
cylindrical photoreactor (shown in Figure 2). For catalyst suspension, the solution was then subjected
to ultrasonic treatment for 2 min. Immediately afterwards the spinning began, and it was kept in
the dark for over 1h to guarantee the balance of adsorption between the solution and the particles of
the catalyst.Processes 2020, 8, x FOR PEER REVIEW 5 of 14 
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Figure 2. Scheme of the reactor used for imazapyr degradation.

The irradiation experiments were performed under light produced by a 150 W medium-pressure
mercury lamp in a Duran cell (I > 300 nm) inside the reactor. Furthermore, a cooling water system
was developed to avoid overheating of the solution and the lamp. Samples were taken every 5 min
using a 2 mL syringe. Samples were collected every 10 min and were filtered twice to eliminate all the
catalyst traces.

2.4. Photolysis Experiment

The same experimental procedure was employed as explained in the earlier section, apart from
TiO2 suspension being applied.
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2.4.1. Ozonation Experiment

The ozone treatment was carried out using a generator with a capacity of production of about
200 mg h−1 of ozone gas produced from air and injected into the sample. The input power was
AC220 V/50 Hz and the pump output was 2–3 L min−1. The quantity of ozone was estimated using
the volumetric procedure that trapped it in the KI solution, and used regular thiosulfate solution with
starch as an identifier of the liberated iodine. Ozone concentrations and flow rates were calibrated and
highly reproducible. All of the experiments were realized in a semi-batch reactor with continuous
ozone spray. Consequently, steady-state concentration of ozone was maintained. Parameters were
checked before and after each experiment in duplicate runs. The same procedure was adopted for
experimental control in the dark.

2.4.2. Photocatalytic Ozonation Experiment

The experiments on imazapyr degradation were performed in a simple photocatalytic ozonation
reactor, as shown in Figure 2, with the same procedures reported below but with combining
photocatalysis and ozonation.

3. Results and Discussion

3.1. Photocatalytic Degradation of Imazapyr

In order to compare the efficiency of photolysis (UV), heterogeneous photocatalysis (TiO2/UV),
ozonation (O3/UV) and photocatalytic ozonation (O3/TiO2/UV), experiments were performed by the
usage of the initial concentration of pesticide and the same amount of TiO2 at pH 7 (Figure 3). Imazapyr
was initially the unique organic compound existing in the solutions employed in this investigation.
The HPLC imazapyr degradation chromatograms after 10 min of irradiation with various oxidative
chemical processes are inserted into Figure 3.
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Figure 3. Imazapyr degradation as a function of time by several oxidative chemical processes:
photolysis, ozonation, photocatalysis and photocatalytic ozonation. C(Imazapyr) = 5 µM; stirring speed
= 1000 min−1, TiO2 = 50 mg, pH 7.

The suggested mechanism of photocatalytic efficiency of Ga2O3-TiO2 nanocomposites and
TiO2-CaxMnOy hetero-nanostructures on Imazapyr photo-degradation under ultraviolet radiation
were reported by Ismail et al. [22] and Bougarrani et al. [16], as illustrated in Figure 4. As expected,
photocatalytic ozonation showed the highest degradation efficiency for imazapyr herbicide since
by forming OH radicals, positive holes will oxidize the adsorbed organic molecules on the
surface principally associated to non-selective hydroxyl radicals formation and more reactive in
the oxidation environment, and also, the resulting synergistic effects between photocatalysts and ozone,
which react more rapidly with imazapyr herbicide. The photogenerated electrons can produce
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radicals, particularly hydroperoxide HO2
− and superoxide O2

−, and react with the molecules
of ozone allowing the generation of ozonide radicals and reducing the eventual electron hole
pairs recombination [23,24]. Similar results for dibutyl phthalate, chlortetracycline and carbaryl
mineralization were reported, comparing photocatalytic ozonation with other advanced technologies
of oxidation [25,26]. Furthermore, heterogeneous photocatalysis shows higher degradation of imazapyr
compared to the ozonation process; complete degradation was accomplished after 40 min of illumination.
On the other hand, less than 5% of imazapyr degradation was found when the direct photolysis was
used. Studies show that generally direct photolysis is not an alternative because of its low effectiveness
for the most of pesticides [27].
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modification the photodegradation of Imazapyr [16].

3.2. Effects of Parameters on the Degradation of Imazapyr

3.2.1. Effect of TiO2 Dosage on Imazapyr Degradation

The influence of catalyst quantity on imazapyr degradation was studied in the range 50 to
400 mg L−1 under pH 7 and the results are shown in Figure 5. As shown, imazapyr degradation
increased to 96.00% by increasing catalyst concentration to 100 mg L−1, beyond which the effect is less
pronounced. Thus, 100 mg L−1 of TiO2-P25 could be considered as the optimal concentration, and this
amount fits well with proclaimed results by other studies [7,28]. This increase can be related to growing
active locations by supplying more TiO2 particles, which serves as a semiconductor in the process of
photocatalysis. Thus, the development of reactive hydroxyl radicals and electron-hole pairs on the
semiconductor surface was raised, which improved the imazapyr oxidation into other intermediates.
The results are in accordance with our last publications [7,29] which proved that increased molecular
weight and pollutant complexity may induce intermediates generation, which can be adsorbed on the
catalyst surface.
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Figure 5. Removal efficiency of imazapyr under variation of TiO2 concentration. C(Imazapyr) = 5 µM,
stirring speed = 1000 min−1, aqueous suspension Milli-Q water.

3.2.2. Effect of Initial Concentration of Ozone

The influence of ozone concentration on imazapyr degradation was studied in the range of 5
to 50 mg L−1 under pH 7. The dosage of the TiO2 catalyst was held constant at 100 mg L−1 with
keeping the same conditions of the above experiments. The results presented in Figure 6 shows
that an increase in the ozone concentration increases imazapyr degradation efficiency due to the
high oxidant/contaminant ratio [5,29]. Thus, a removal efficiency of 97.3% was obtained for ozone
concentration of 10 mg/L. This result indicates that an increase in the ozone concentration led to a
further ozone mass transfer improving the removal efficiency of imazapyr [29]. This is because the
ozone is more electrophilic than the oxygen towards electrons generated on the titanium dioxide
surface [29,30].
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3.2.3. Effect of Initial Concentration of Herbicide on Imazapyr Degradation

The concentration of pollutants in water is a crucial parameter to determinate the oxidation
effectiveness. The initial concentration effect of herbicide was studied for six imazapyr concentrations
by photocatalysis, ozonation and photocatalytic ozonation (Figure 7). The initial concentrations of
herbicide were 1 µM, 3 µM, 5 µM, 7 µM, 9 µM and 15 µM (0.26 mg L−1, 0.79 mg L−1, 1.31 mg L−1,
1.83 mg L−1, 2.36 mg L−1, 3.90 mg L−1, respectively). The dosages of the catalyst and the ozone were
held constant at 100 mg L−1 and 10 mg L−1, respectively, for this series of experiments. Under dark
conditions the illumination time was set at 10 min for each sample after the adsorption stage.
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Obtained results showed that removal efficiency represented the disappearance of the imazapyr
drop after a certain limit, with an increase in the initial concentration of imazapyr. As shown
in Figure 5, high removal efficiency was maintained until 7 µM of imazapyr concentration for
photocatalytic ozonation and photocatalysis, respectively, but gradually decreases with increasing
imazapyr concentration. However, for ozone treatment, the removal efficiency declined considerably
when imazapyr concentration was up to 3 µM. One probable reason lies in the fact that as the
concentration of imazapyr raises, extra organic compounds may be deposited on the TiO2 surface,
while less photons are able to attain the surface of the catalyst and the possibility of interaction
between the molecules of imazapyr and oxidizing species also diminishes, leading to lower percentage
degradation. Moreover, other researchers have reported that increasing the initial concentration of
contaminants in water induces a higher percentage of degradation [31] as a result of greater availability
of contaminants for oxidative reactions with active oxidizing species [29,30]. This behavior was
observed as the imazapyr concentration increasing from 1 to 3 µM, thus, removal efficiency increased
with approximatively 5% for all treatment processes.

3.2.4. Influence of pH on Imazapyr Degradation

In the aim of evaluating the effect of pH on imazapyr degradation by various oxidative chemical
processes (photolysis, photocatalysis, ozonation and photocatalytic ozonation), experiments were
carried out at acidic pH 3.00, neutral pH 7.00 and basic pH 10.00. Concentrations of imazapyr have
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been shown to decrease with irradiation time in all experimental tests. The photoactivity profile was
designed based on the exponential decay of imazapyr concentration, supposing a first-order reaction.

C = C0 exp(−k·t) (1)

In which C is the imazapyr concentration at time t, C0 is the initial concentration, and k is the
observed rate constant.

Several researchers have stated that a modified Langmuir–Hinshelwood model can explain the
kinetic behavior of the photocatalytic reaction [21,32]. Comparison of imazapyr herbicide degradation
at different initial pH solution values using photocatalysis is shown in Figure 8A. At pH 3.00, kinetics of
Imazapyr consumption was the first order with respect to Imazapyr concentration and zero order with
respect to ozone concentration with a rate constant of 0.188 min−1. Therefore, the photocatalytic activity
dropped significantly for pH 7.00 and 10.00, the constant rates achieved 0.128 min−1, 0.095 min−1,
respectively. The pH effect on imazapyr degradation supported by the TiO2 P-25 is affected by the
equilibrium of acid-base dominating the metal oxides surface in water. It is widely acknowledged that
the TiO2 surface is charged positively at pH levels under the zero-charge point (pHpzc) of the TiO2

sample, neutral at the pHpzc, and charged negatively at pH levels beyond the pHpzc. Furthermore,
the pHpzc of the photocatalyst TiO2 P-25 is described as between 6.30 and 6.60. Imazapyr has 5 pKa’s,
according to the development of five varied ionic species, based on the pH of the solution various sorts
of interactions between the charged TiO2 surface and the probe molecule are expected (Figure 9).
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ozonation (B), photocatalytic ozonation (C) C(Imazapyr) = 5 µM); stirring speed = 1000 min−1,
m TiO2 = 50 mg). aqueous suspension Milli-Q water.



Processes 2020, 8, 1446 10 of 14

Processes 2020, 8, x FOR PEER REVIEW 10 of 14 

 

At pH between 1.90 and 3.60 for the imazapyr neutral form (III in Figure 9), and at 3.60 < pH < 

pHpzc (TiO2), the imazapyr charged negatively (IV) will be the principle species interacting with the 

positively charged TiO2 surface TiOH2+. The high rate constant for imazapyr degradation for pH 

below 6.40 may be described by the high electrostatic attraction between positive charge of TiO2 and 

negative charge of imazapyr. On the contrary, at pHpzc (TiO2) < pH < 10.80 the imazapyr molecule 

negatively charged (IV) is interacting with a negatively charged TiO2 surface, which could slow down 

the interactions between TiO2 catalyst and imazapyr and therefore decrease the reaction rate of 

imazapyr degradation. 

 

Figure 9. Imazapyr different forms as a function of the pH. 

The kinetics of Imazapyr consumption by ozone only are found to be second order, while the 

first order with respect to Imazapyr and the first order with respect to ozone concentrations for pH 

3.00 and pH 7.00, and first order with respect to Imazapyr concentration and zero order with respect 

to ozone concentration for pH 10.00 (Figure 8B). In acidic and neutral solutions with pH 3.00 and 7.00, 

the total ozone reaction with organic components is second order, first order with regard to every 

reactant (R2 = 0.972 & R2 = 0.974), respectively. Hence, the declining rate equation of imazapyr can 

be expressed as follows: 

𝑑[𝑖𝑚𝑎𝑧𝑎𝑝𝑦𝑟]

𝑑𝑡
 = 𝑘[𝑂3][𝑖𝑚𝑎𝑧𝑎𝑝𝑦𝑟] (2) 

The overall rate constant increased significantly from 0.036 mol L−1 min−1 to 0.053 mol L−1 min−1 

for pH 3.00 and pH 7.00, respectively. The results suggest that the reactions are predominated by 

direct oxidation of imazapyr with ozone molecules. At an acid pH, the molecule of ozone is the 

principal reactant species with a very low reactivity to hydroxyl radical, so the imazapyr degradation 

is very low. When the solution is getting basic, the percentage of ozone photocatalyzed degradation 

against secondary oxidants, in particular hydroxyl radicals, increases. Although the augmentation in 

pH promotes the concentration of hydroxyl radical, the pH impact on the reactivity of the substrate 

is very essential for an effective transformation. For alkaline solutions with pH value 10, the hydroxyl 

radical reactions seem predominated over ozonation of imazapyr. However, the imazapyr declining 

rate equation can be expressed as follows: 

𝑑[𝑖𝑚𝑎𝑧𝑎𝑝𝑦𝑟]

𝑑𝑡
 = 𝑘[𝑖𝑚𝑎𝑧𝑎𝑝𝑦𝑟] (3) 

The results obtained indicate a substantial improvement in process efficiency and the highest 

conversion was registered at pH 10.00 with a constant first-order rate 0.140 min−1 (R2 = 0.993). In a 

literature review on the kinetics of the reaction of ozone with organic compounds, the most common 

observation is the recorded disagreement between different studies regarding the decomposition 

order [7,14,20]. Furthermore, it is generally agreed that pesticide degradation may be described by a 

first-order reaction for an alkaline solution and second order for acidic ones [17]. 

Studying the pH impact on the process of photocatalytic ozonation would clarify the mechanism 

of degradation and would help to achieve an important degree of removal. On the basis of the 

exponential decay of imazapyr concentration, photocatalytic ozonation profile degradation was also 

fitted on the assumption of a first-order reaction model (Figure 8C). Results similar to those have 

Figure 9. Imazapyr different forms as a function of the pH.

At pH between 1.90 and 3.60 for the imazapyr neutral form (III in Figure 9), and at
3.60 < pH < pHpzc (TiO2), the imazapyr charged negatively (IV) will be the principle species interacting
with the positively charged TiO2 surface TiOH2+. The high rate constant for imazapyr degradation
for pH below 6.40 may be described by the high electrostatic attraction between positive charge of
TiO2 and negative charge of imazapyr. On the contrary, at pHpzc (TiO2) < pH < 10.80 the imazapyr
molecule negatively charged (IV) is interacting with a negatively charged TiO2 surface, which could
slow down the interactions between TiO2 catalyst and imazapyr and therefore decrease the reaction
rate of imazapyr degradation.

The kinetics of Imazapyr consumption by ozone only are found to be second order, while the first
order with respect to Imazapyr and the first order with respect to ozone concentrations for pH 3.00
and pH 7.00, and first order with respect to Imazapyr concentration and zero order with respect to
ozone concentration for pH 10.00 (Figure 8B). In acidic and neutral solutions with pH 3.00 and 7.00,
the total ozone reaction with organic components is second order, first order with regard to every
reactant (R2 = 0.972 & R2 = 0.974), respectively. Hence, the declining rate equation of imazapyr can be
expressed as follows:

d[imazapyr]
dt

= k[O3][imazapyr] (2)

The overall rate constant increased significantly from 0.036 mol L−1 min−1 to 0.053 mol L−1 min−1

for pH 3.00 and pH 7.00, respectively. The results suggest that the reactions are predominated by direct
oxidation of imazapyr with ozone molecules. At an acid pH, the molecule of ozone is the principal
reactant species with a very low reactivity to hydroxyl radical, so the imazapyr degradation is very
low. When the solution is getting basic, the percentage of ozone photocatalyzed degradation against
secondary oxidants, in particular hydroxyl radicals, increases. Although the augmentation in pH
promotes the concentration of hydroxyl radical, the pH impact on the reactivity of the substrate is
very essential for an effective transformation. For alkaline solutions with pH value 10, the hydroxyl
radical reactions seem predominated over ozonation of imazapyr. However, the imazapyr declining
rate equation can be expressed as follows:

d[imazapyr]
dt

= k[imazapyr] (3)

The results obtained indicate a substantial improvement in process efficiency and the highest
conversion was registered at pH 10.00 with a constant first-order rate 0.140 min−1 (R2 = 0.993). In a
literature review on the kinetics of the reaction of ozone with organic compounds, the most common
observation is the recorded disagreement between different studies regarding the decomposition
order [7,14,20]. Furthermore, it is generally agreed that pesticide degradation may be described by a
first-order reaction for an alkaline solution and second order for acidic ones [17].

Studying the pH impact on the process of photocatalytic ozonation would clarify the mechanism of
degradation and would help to achieve an important degree of removal. On the basis of the exponential
decay of imazapyr concentration, photocatalytic ozonation profile degradation was also fitted on the
assumption of a first-order reaction model (Figure 8C). Results similar to those have been published
by Ebrahimi et al. [17], by Bamba et al. [12] and Sanchez et al. [26]. These researchers have reported
first-order reaction kinetics by photocatalytic ozonation for the mineralization and degradation of
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chlorinated pesticides and insecticides and other different water contaminants. The removal rate of
Imazapyr reached a maximum at pH 7.00 with 0.247 min−1 as a first-order rate constant. Therefore,
for pH 3.00 and 10.00, the photocatalytic activity dropped noticeably. The constant rates at pH 3.00
and pH 10.00 achieved 0.107 min−1, 0.134 min−1 respectively.

Results of the studies are shown in Table 1; optimum conditions for imazapyr degradation
are obtained with photocatalytic ozonation at neutral pH 7.00. The combination of two different
oxidation methods, photocatalysis and ozonation, for water treatment under optimal conditions have
improved oxidation efficiencies (synergy) relative to the total of oxidation efficiencies for these two
oxidation methods separately. Several researches have studied the synergistic impacts of photocatalytic
ozonation on the removal and the degradation of various matters from aqueous solutions, and the
effects are in regard to the mineralization and/or degradation efficiencies or oxidation constant rates
of model water pollutants. Besides the synergistic impacts which took place during photocatalytic
ozonation in comparison with simple photocatalysis in presence of oxygen, the photocatalytic ozonation
efficiency is mainly due to the formation in the oxidation medium of further reactive and non-selective
hydroxyl radicals that interact with practically the entire organic molecules at a rate of 106–109 M−1 s−1.
Sanchez et al. [26] and Lee et al. [14] correspondingly described comparable results for the degradation
of dibutylphthalate and aniline, respectively. The results were in accordance with Atitar et al. [33],
who demonstrated that the imazapyr adsorption to the TiO2 molecule is pH dependent and takes place
over electrostatic interactions and chemical bonding among the charged TiO2 surface and the probe
molecule. The same study found that the imazapyr adsorption onto the TiO2 surface is favorized at
pH rates under the zero-charge point of TiO2.

Table 1. Imazapyr degradation rate constant for photocatalytic ozonation, photocatalysis (TiO2)
and ozone.

pH
Photocatalytic Ozonation Photocatalysis (TiO2) Ozone

Rate Constant K R2 Rate Constant K R2 Rate Constant K R2

3 0.107 (min−1) 0.997 0.188 (min−1) 0.998 0.036 (mol L−1 min−1) 0.973
7 0.247 (min−1) 0.997 0.128 (min−1) 0.989 0.053 (mol L−1 min−1) 0.975

10 0.134 (min−1) 0.995 0.095 (min−1) 0.994 0.140 (min-−1) 0.994

3.2.5. Recyclability of Catalyst TiO2

The stability and reusability of the TiO2 photocatalyst was checked by using a TiO2 catalyst for
three consecutive cycles, as shown in Figure 10 and in the third cycle, the percentage of degradation
was found to be 95.2% for photocatalytic ozonation and only 80.2% for photocatalytic experiments
due to the loss of some catalyst during washing and filtration. These initial results are encouraging to
indicate the reusability of the TiO2 photocatalyst to some extent.
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4. Conclusions

A comparison of results of three processes under review indicate that photocatalytic ozonation
and heterogeneous photocatalysis are well fitted for organic contaminants treatment like imazapyr
herbicides. Photocatalytic ozonation proved to be effective in total degradation of imazapyr under pH
7.00. The kinetics of imazapyr consumption was the first order with respect to imazapyr concentration
and zero order with respect to ozone concentration with a constant rate of 0.247 min−1 and 0.128 min−1

for photocatalytic ozonation and heterogeneous photocatalysis, while the first order with respect to
imazapyr and the first order with respect to ozone concentrations when only ozone was used with
a constant rate of 0.053 mol L−1 min−1 at pH 7. The degradation of imazapyr is strongly affected by
operational parameters such as concentration of TiO2, concentration of ozone, primary concentration
of imazapyr and pH. The impact of pH on imazapyr degradation is affected mainly by the acid-base
balance regulating the surface area of titanium oxides in water.

Under optimal conditions (TiO2 dose of 100 mg L−1, ozone dose of 10 mg L−1, 5µM of primary
concentration of imazapyr and pH 7.00), up to 90% of imazapyr removal was accomplished in 20 min
with a removal constant rate of 0.247 min−1. Such high degradation efficiency for imazapyr herbicide
is principally due to the development of further reactive and non-selective hydroxyl radicals in
the oxidation medium and also the resulting synergistic effects between photocatalysis and ozone,
which react more rapidly with imazapyr herbicide. The photogenerated electrons may interact with the
ozone molecules producing ozonide radicals while reducing the potential occurrence of recombining
electron hole pairs. On the basis of this study, the photocatalytic ozonation process can be recommended
for practical application in wastewater treatment over other oxidative chemical processes.
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