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Abstract: This work demonstrates new evidence of the efficient destruction and mineralization of
an emergent organic pollutant using UV-A and titanium nanosized catalysts. The target compound
considered in this work is the primary metabolite of a lipid regulator drug, clofibrate, identified in many
studies as refractory during conventional wastewater treatment. The photocatalytic performance
study was carried out in batch mode at laboratory scale, in aqueous suspension. Kinetic data
showed that titanium dioxide P25 Aeroxide® exhibits the highest photocatalytic efficiency compared
to the other investigated catalysts. Pollutant degradation and mineralization efficiencies strongly
increased when decreasing the initial substrate concentration. Target molecules oxidized faster
when the catalyst load increased, and the mineralization was enhanced under acidic conditions:
92% of mineralization was achieved at pH 4 after 190 min of reaction. Radical quenching assays
confirmed that HO® and (hjb) were the reactive oxygen species involved in the photocatalytic
oxidation of the considered pollutant. In addition, further results revealed that the removal efficiency
decreased in real water matrices. Finally, data collected through a series of phytotoxicity tests
demonstrated that the photocatalytic process considerably reduces the toxicity of the treated solutions,
confirming the process’s effectiveness in the removal of persistent and biorefractory emergent organic
water pollutants.

Keywords: emerging water pollutants; pharmaceutic compounds; titania catalysts; photocatalysis;
kinetics; degradation; mineralization; toxicity
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1. Introduction

In a global environmental context, the formulation of novel synthetic pharmaceuticals is
sadly associated with their misuse. These molecules are detected in water bodies, effluents of
wastewater treatment plants (WWTPs), and even in drinking water in very low concentrations
(low ppb levels); as a consequence, they are considered an important class of emergent water
pollutants [1-4]. For example, numerous scientific reports indicate the presence of acidic drugs in
wastewater treatment plants, as well as in surface water and groundwater [1]. For instance, clofibric acid
(CA) represents this class of molecules, as well as ibuprofen, diclofenac, ketoprofen, or acetylsalicylic
acid. It is the first active metabolite of clofibrate and the active principle of blood lipid regulators,
sharing a common functional group (i.e., carboxyl group) and similar pKa with acidic drugs [1].
Its biological effects are not yet thoroughly understood, but it was associated with endocrine disruption
through interference with cholesterol synthesis [1,5]. Nevertheless, according to the present European
legislation on the classification and labeling of chemicals (92/32/EEC), CA has been reported to be a
nonhazardous substance.

This metabolite’s widespread presence in WWTPs is due to its continuous consumption in
developing countries (from 1-2 g/day up to thousands of tons/year) and its high resistance to
degradation due to its complex structure [1,4]. Moreover, it is recognized as recalcitrant to conventional
technologies used for wastewater treatment and as one of the most persistent (estimated at more than
21 years) drugs found in the aquatic system [6-8]. Hence, several works report that this emergent
pollutant is commonly found during environmental monitoring studies at concentration levels up
to 1.1 ug/L in surface waters [5,8], within the range of ng/L to ug/L in the effluents of wastewater
treatment plants, and up to 270 ng/L in drinking and tap water [1,9,10]. Furthermore, many studies
have recognized the effluents of WWTDPs as one of the major sources of surface water contamination
with since this molecule’s elimination by the conventional technologies remains very limited [6,7,11].
Hence, it is compulsory to develop and manage new advanced processes to completely remove
persistent organic pollutants from water and wastewater in order to prevent their release into the
aquatic environment.

For the removal of pharmaceuticals and acidic drugs such as CA metabolites, several
physicochemical water treatment procedures were investigated, e.g., coagulation, adsorption through
granular activated carbon [12,13], sedimentation, or filtration [14]. However, the main disadvantage of
these techniques is that they transfer the pollutant from one phase to another but do not completely
remove it through a mineralization mechanism. In this framework, the use of a complementary
treatment such as advanced oxidation processes (AOP) could be an efficient way to eliminate
pharmaceutical products from polluted waters due to the strong oxidant abilities of hydroxyl radicals.
Some of these techniques were investigated for their ability to eliminate this refractory organic molecule.
For example, it was reported that ozonation or catalytic ozonation could be interesting options for
the degradation of clofibric acid because of their powerful oxidation abilities. However, it was found
that the ozone alone could only partially mineralize this molecule, while homogeneous catalytic
ozonation generates secondary pollution such as metal-containing sludge [15,16]. Moreover, other
researchers found that CA is also poorly eliminated through ozonolysis [17] and UV photolysis [18].
Up to now, Fenton-like reactions [19], photoelectro-Fenton and electro-Fenton [20,21], UV/H,0; [22,23],
and anodic oxidation [21] have also been applied for CA elimination. Among the AOP techniques,
heterogeneous photocatalysis has emerged over the last decade as an attractive technique for water
and wastewater purification, and numerous works have proved its effectiveness in the elimination of
several pharmaceutic compounds such as carbamazepine, iomeprol, sulfamethoxazole, iopromide
from natural water, and wastewater [24-27].

To the best of our knowledge, only a few studies are available in the literature on the photocatalytic
elimination of this molecule. The main advantage of photocatalysis is that it leads to the transformation
of the parent compounds by oxidation in biodegradable intermediates or their complete mineralization
(transformation in carbon dioxide and water). This technique involves the generation of an e—/h+ pair,
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which leads to the formation of reactive species such as hydroxyl radicals and superoxide anions in the
presence of photons having energy equal to or higher than that of their band-gap energy [28].

Keeping in mind all this information, the main goal of this work was to investigate the efficiency
of the photocatalytic treatment in the elimination of the persistent and biorefractory metabolite of
clofibrate, a drug frequently used in the treatment of coronary disease, blood pressure, and arrhythmia.
Our study provides an insight into the systematic evaluation of the photocatalytic kinetics under
different operating conditions such as catalyst type, catalyst load, initial pollutant concentration, initial
solution pH, and water matrix to enhance the degradation and mineralization degree of the target
molecule, clofibric acid. In addition, the influence of some radical scavengers was studied to achieve a
deeper understanding of the mechanism that governs the photodegradation of this molecule. Finally,
the feasibility of the photocatalytic process was assessed in terms of toxicity elimination through
ecotoxicity tests using two higher plants. This study provides complete knowledge and new evidence
on the performance of UV-A photocatalysis in the elimination of emergent water pollutants, opening
new ways for the development of environmentally safe technologies for water purification.

2. Results and Discussion

2.1. Catalyst Screening

In this work, we have investigated the photocatalytic activity of three commercial titanium dioxide
catalysts (P25 Aeroxide®, Acros Organics, Geel, Belgium; Kronos uvlp 7500, Kronos Europe S.A./N.V.,
Ghent, Belgium; Cristal PC 500, Cristal, France SAS) to select the most efficient one for the removal of
the target molecule. For these studies, the photocatalytic experiments were conducted at an initial
pollutant concentration of 30 mg/L, a catalyst dose of 1 g/L, and a maximal light flux of 9.52 mW/cm?.
Many studies showed that the degradation kinetics of different organic pollutants can be described by
the pseudo-first-order kinetics (Equation (1)):

dcy
- 7 = kapp'cp/ (1)
where (kgpp) is the apparent first-order constant. (Cp) is the pollutant concentration after a reaction
time (t).
The integration of Equation (1) leads to Equation (2):

~In=- = f(t), 2)

assuming that C, = Cp att = 0.

The results for the degradation kinetics (plots of —InC, /C versus irradiation time) of the target
molecule in the presence of the investigated catalysts are presented in Figure 1. According to the
kinetic data, pollutant degradation follows the pseudo-first-order kinetics and the obtained regression
coefficient for the linear fitting for each case was greater than 0.99.

Data analysis clearly shows that P25 Aeroxide® exhibits the highest photocatalytic activity for the
degradation of clofibric acid compared to the other investigated catalysts. Indeed, for this catalyst,
the degradation rate constant calculated for the first 130 min of reaction was higher (0.0152 min™!)
than the one obtained for the other commercial titanium dioxides (0.0052 min~! for Kronos uvpl 7500
and 0.0026 min~! for PC 500, respectively). It must be noticed that control experiments under identical
conditions were also carried out in the dark to evaluate the adsorption of the target molecule on the
considered catalysts, and the collected data from the dark period clearly showed a very low (less than
5% for each) adsorption extent for clofibric acid (data not shown). Moreover, under the investigated
photocatalytic conditions, a high removal yield of about 86% was observed after an irradiation time of
130 min using P25 Aeroxide® as a catalyst. For the other catalysts evaluated, the obtained values were
significantly lower than the ones determined for P25 Aeroxide®. An elimination yield of 49% was



Catalysts 2019, 9, 761 4 of 21

found for Kronos uvlp 7500 and of 29% for PC 500, respectively. In addition, the same evolution trend
was observed for the mineralization efficiency (data not shown).
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Figure 1. Degradation kinetics for clofibric acid (initial concentration 30 mg/L) with different TiO,
commercial catalysts (1 g/L), UV-A irradiation (9.52 mW/cm?), natural solution pH, room temperature.

Similar results were obtained by Xekoukoulotakis et al. [29] for the degradation of the antibiotic
sulfamethoxazole in aqueous solution under UV-A irradiation. Moreover, our results are in agreement
with the ones previously reported by Bahnemannn et al. [30], Hapeshi et al. [31], and Fotiou et al. [32]
for the photodegradation of other organic molecules.

According to the literature, the greater photocatalytic activity of P25 Aeroxide® can be due to
the slower rate of recombination between electrons and holes on the catalyst surface [33,34]. Other
researchers correlate this finding to the crystalline structure of this catalyst, which consists of 75%
anatase and 25% rutile, and the mixture of phases is considered more effective than the individual ones
(pure crystalline phases) [35]. It was also reported that the enhanced activity of TiOp P25 can be due to
the small size of rutile particles and their proximity to anatase particles [36].

Based on the obtained results, we used P25 Aeroxide® in this work for further photocatalytic studies.

2.2. Adsorption, Photolysis, and Photocatalytic Tests

A series of experiments was initially designed to investigate the pollutant removal rate in the
dark, in the presence of the selected catalyst (adsorption), in the absence of catalyst and under UV-A
irradiation (photolysis), and in the presence of photocatalyst under UV-A (photocatalysis). The assays
were performed at an initial pollutant concentration of 30 mg/L, pH of 5.9, 1 g/L of catalyst, and a
maximal irradiation (9.52 mW/cm?). The obtained profiles of C/Cy for clofibric acid degradation (C
and Cy are the current and initial pollutant concentrations) versus the reaction time are depicted in
Figure 2. A remarkable decrease in the pollutant concentration was observed in the presence of the
catalyst and UV-A. Under these conditions, a removal yield of approximately 100% was found after
190 min of reaction. However, insignificant removal (only 5%) was observed with UV-A light alone in
the absence of a catalyst (i.e., a photolytic process). Similarly, a very little loss in pollutant was found
for the adsorption experiments performed in the dark. These data are in accordance with the ones
reported previously by Ziegmann and Frimmel [37] for powder-activated carbon. Similar results were
found for other refractory water pollutants such as carbamazepine and chlorophenols [26,38,39].

The obtained results demonstrated that the considered catalyst and irradiation (UV-A) play a
remarkable role in the elimination of the target molecule, confirming that the removal efficiency could
only be attributed to the photocatalytic reaction.
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Figure 2. Pollutant removal during adsorption, photolysis, and photocatalysis. Initial clofibric acid
concentration of 30 mg/L, 1 g/L catalyst load, UV-A irradiation (9.52 mW/cm?), natural solution pH,
room temperature.

2.3. Effect of Initial Pollutant Concentration

In a photocatalytic process, from a practical point of view, it is important to investigate the
degradation efficiency as a function of the initial pollutant concentration.

The influence of the initial pollutant content on the photodegradation of clofibric acid was
evaluated by varying its concentration in the range of 1.5-30 mg/L, at 1 g/L of catalyst and for a maximal
irradiation flux (9.52 mW/cm?). According to the data presented in Figure 3a, it was found that the
pollutant removal increases when the amount of target molecule decreases, achieving a maximum of
93% of elimination after 30 min of reaction for an initial pollutant concentration of 1.5 mg/L. For the
highest target molecule concentration investigated in this experiment (30 mg/L), only 50% degradation
efficiency was found after the same reaction time.

One of the main interests of the photocatalytic oxidation is its efficiency in destroying harmful
organic pollutants and their mineralization, which generally was evaluated in terms of dissolved
organic carbon elimination (DOC) [40,41]. For this reason, in this study we focused our attention
on the determination of the extent of mineralization of the target molecule under the considered
photocatalytic process conditions. For DOC elimination, a significant decrease was observed when the
initial pollutant concentration was increased from 1.5 to 30 mg/L (Figure 3b). The maximum extent of
mineralization of clofibric acid (71%) was obtained at 1.5 mg/L of pollutant after 190 min of irradiation,
while at 5 mg/L, 15 mg/L, and 30 mg/L, the respective values determined for this parameter were 65%,
55%, and 32%. Moreover, it could be observed that the DOC elimination was much slower than the
degradation yield. This can be due to the formation of reaction intermediates, which are more difficult
to eliminate and mineralize, especially when their concentration in the reaction media is higher and
the other process parameters are fixed.

For a constant catalyst load and irradiation flux, the performance of the photocatalytic process
depends on the ratio between the active sites on the catalyst surface and the substrate molecules.
At a low initial pollutant concentration, the active sites on the catalyst surface are in excess and can
accommodate the pollutant molecules. On the contrary, as the initial concentration of the target
molecule increased, the generation of reactive species such as hydroxyl radicals was reduced. This can
be explained by the fact that more reactants and reaction byproducts were adsorbed on the titanium
dioxide surface and, as a consequence, fewer sites remain available for their generation [42,43].
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Figure 3. Effect of initial pollutant concentration on the target compound degradation (a) and
mineralization (b) efficiency with 1 g/L of catalyst, maximal irradiation (9.52 mW/cm?2), natural solution
pH, room temperature.

2.4. Effect of Catalyst Loading

Many photocatalytic studies reported a strong influence of the catalyst loading on the degradation
efficiency for the different organic water pollutants [29,44]. Other works showed that, in a photocatalytic
process, the degradation rate increases linearly with the catalyst content in the solution, because of the
increases in the available surface area [45]. Silva and Faria [43] highlighted that the determination of
the optimal value of this parameter is of key importance to guarantee the total absorption of photons
at the catalyst surface and to avoid the scattering phenomena of UV irradiation, causing a reduction of
the light path into the reaction media. This value is dependent on the reactor geometry, the operating
conditions (e.g., initial pollutant concentration, light intensity, catalyst type), and also on the target
molecule. It corresponds to the case when the catalyst surface is fully illuminated [29]. Generally,
above the optimal catalyst concentration the degradation rate decreases because of the light-scattering
effect or catalyst agglomeration.

Keeping in mind all this information, the effect of this process parameter on the photodegradation
of clofibric acid (1.5 mg/L) was investigated. Several tests were carried out by varying the P25
Aeroxide® concentration in the range of 0.1-1 g/L, while keeping the other parameters constant (light
intensity, pH, and temperature). According to the results (Figure 4a), the clofibric acid removal yield
increases with the catalyst load, confirming the heterogeneous catalytic regime, because the light
absorbed at the catalyst surface increases with the semiconductor amount [29]. A maximum removal
yield (95%) was achieved at 1 g/L of catalyst after 30 min of irradiation, whereas at 0.1 g/L only 87%
was degraded. The obtained results demonstrated the importance of the increased number of active
sites and that of photogenerated oxidant species for the degradation of the target molecule.

As previously stated, for the photocatalytic oxidation, the final target is not only the effective
degradation of the target molecule, but also its mineralization. Thus, the DOC removal profiles
corresponding to the investigated conditions were also analyzed (Figure 4b). It appears that the
pollutant mineralization efficiency decreases with respect to the decrease in the concentration catalyst
in the reaction media. For the highest catalyst concentration investigated in this work, 71% of DOC
was removed after 190 min of irradiation.

In their work, Xekoukoulotakis et al. [29] observed that the initial degradation rate of sulfamethoxazole
was increased by increasing the Degusa P25 catalyst loading to an optimal concentration of 0.5 mg/L.
Further consistent results were found by Favier et al. [26,28,39] for the degradation of carbamazepine
and chlorophenols. Similarly, our data agree with those reported by Affam and Chaudhuri [46] for
the photodegradation of the pesticides chlorpyrifos, cypermethrin, and chlorothalonil in aqueous
TiO, suspensions.

Based on the results reported above for the degradation and mineralization efficiency, we selected
1 g/L as the catalyst concentration for our further experiments.
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Figure 4. Effect of catalyst loading on degradation (a) and mineralization (b) efficiency of the
target molecule.

2.5. Influence of pH

As the solution pH was recognized to affect the degradation process, some supplementary
photocatalytic tests were also performed in alkaline and acid conditions in order to study the influence
of this parameter. The experiments were conducted for different pH values in the range of 4 < pH < 10,
an initial pollutant concentration of 1.5 mg/L, a catalyst concentration of 1 g/L, and an incident light
flux of 9.52 mW/cm?. It should be noticed that the pH values considered in this work were close to
those found for wastewaters and natural waters. For these tests, the solution pH was adjusted to
alkaline or acidic conditions by using diluted solutions of NaOH or HCl (0.1 M).

The results gathered for the effect of pH on the removal of the target molecule are depicted in
Figure 5a. It was found that the photodegradation efficiency is significantly affected by the initial
solution pH. Low pH conditions stimulate the pollutant elimination, which is more pronounced during
the first 30 min of irradiation, leading to a removal of 100% and 91% at pH 4 and 5.6, respectively.
On the contrary, it was observed that alkaline conditions lead to an important decrease of the clofibric
acid photodegradation efficiency. Indeed, only 64% of elimination was achieved after 30 min of reaction
for the tests performed at an initial pH of 10. On the other hand, from the DOC profiles presented in
Figure 5b it can been observed that the mineralization is enhanced under acidic conditions, with a
mineralization degree of 92% after a reaction time of 190 min. On the other hand, a significant decrease
was achieved at pH 10, reaching only 24% of DOC elimination for the same time of irradiation.

In their work, Gong et al. [47] reported the same pH effect in a systematic study carried out on the
photocatalytic degradation of antipyrine. In their study, Sarkar et al. [45] highlighted that recently,
some research has generalized the pH effect on the elimination rate, suggesting that the medium pH is
affected by the pKa value of the considered pollutant [29,48]. According to these studies, the acidic
medium is positive for the degradation of molecules with a lower pKa, whereas alkaline conditions are
suitable for compounds having a higher pKa value. Boroski et al. [49] also mentioned an enhancement
of the degradation efficiency of a pharmaceutic molecule under acidic conditions.

It must be pointed out that the effect of this parameter in photocatalytic degradation is very
complex. The explanation of its influence can be associated with the modification of the charge of the
semiconductor surface, the concentration of hydroxyl radicals generated during the photocatalytic
reaction, and the ionization state of the target molecule [50,51].
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Figure 5. Effect of initial solution pH on the pollutant degradation (a) and mineralization (b) efficiency.
Initial clofibric acid concentration of 1.5 mg/L, 1 g/L catalyst load, 9.52 mW/cm?, and room temperature.

Also, under acidic or alkaline conditions, the ionization state of the catalyst surface may be
protonated or deprotonated according to the following equations:

TiO, + HY - TiOz+
TiOH + OH™ — TiO™.

For the catalyst considered in our work, the point of zero charge (PZC) was reported to be close
to 6 [38,52]. Thus, the catalyst surface is positively charged in acidic conditions, while under basic
conditions it is negatively charged. On the other hand, the pollutant considered in this study can be
protonated or deprotonated as a function of solution pH. Thus, it can be assumed that the results
presented above may be due to a modification of the structural orientation of the considered molecule
under acidic conditions, favoring its attack by reactive radicals.

Other researchers reported that, in the case of titanium dioxide Degussa P25, the phenomenon
of the agglomeration of the catalyst dispersed in aqueous media decreases under acidic conditions,
which leads to an increase of the effective surface area of the catalyst and may explain its enhanced
activity in these pH conditions. Furthermore, it was pointed out that the agglomeration of catalyst is
strongly influenced by the solution ionic strength. Its increase favors the agglomeration of catalyst,

leading to a decrease in the effective surface area of TiO, [29]. These findings provide another possible
explanation for the results obtained in our study.

2.6. Contribution of Some Reactive Species to the Degradation Mechanism

It is well known that in a photocatalytic process the oxidation of pollutants is mediated by the
different highly reactive oxidative species (ROS) that are generated during the reaction. The main
reported ones are hydroxyl radicals (HO®), the valence band holes (hjb), and the superoxide radical
(O3). Their main specificity is that they contain atoms of oxygen, are short-lived molecules, and
possess higher reactivity because of the presence of unpaired electrons undergoing reductive/oxidative
reactions with persistent organic molecules [53]. In addition, beside the free radicals, reactive oxidative
species also consist of nonradical species (10,, singlet oxygen and H,O,, hydrogen peroxide).

As shown in the literature, previous research has been carried out to understand the mechanisms
that govern the generation of these species, and to determine their role in the degradation of several
organic molecules by employing selected scavengers [54,55]. Other studies indicated that their
contribution to the degradation of a pollutant depends on the catalyst type used [54].

In this framework, aiming to obtain deeper information regarding the photocatalytic mechanism
involved in the degradation of the target molecule in the presence of P25 Aeroxide®, we focused our
attention on the evaluation of the influence of some reactive species on its elimination. For this reason,



Catalysts 2019, 9, 761 9 of 21

different photocatalytic tests were conducted in the presence of selected radical scavengers such as
isopropanol and methanol (0.1 M) at an initial pollutant concentration of 1.5 mg/L and 1 g/L of catalyst
under UV-A irradiation conditions.

According to the literature data, alcohols are commonly used in photocatalytic studies as diagnostic
molecules to better understand the mechanism involved in the photo-oxidation process. The major
question is whether the oxidation reaction proceeds through the direct transfer between the substrate
and the positive holes or via a reaction pathway mediated by the HO® radical. For example, isopropanol
is recognized as an efficient HO® scavenger [56], while methanol is recognized as an inhibitor of both
HO* and (hy},) [57].

The obtained results for the reaction kinetics and kinetic parameters (pseudo-first-order rate
constant and R?), with or without the addition of 0.1 M methanol and isopropanol, are depicted in
Figure 6.
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Figure 6. Photocatalytic degradation kinetics of the target molecule in the absence and presence of the
selected chemical scavengers (0.1 M). Initial clofibric acid concentration of 1.5 mg/L, 1 g/L catalyst load,
9.52 mW/cm?, room temperature.

It was found that the photodegradation of clofibric acid significantly decreased when isopropanol
or methanol was added to the reaction media. Indeed, in the presence of a concentration of 0.1 M of
isopropanol, a strong decrease in the pseudo-first-order rate constant from 0.0766 min~! to 0.0376 min~"
was observed, due to the inhibitory effect of this chemical. Such behavior confirms that the hydroxyl
radicals dominate the oxidation of clofibric acid. However, in this study, for the investigated
experimental conditions the complete inhibition of clofibric acid degradation was not achieved.

In their previous study, Antonopoulou et al. [57] consider isopropanol as an effective quencher of
this radical because of its higher rate constant (1.9 x 10~ M~! s7!). Antonopoulou et al. [51], in a recent
work, studied the influence of ROS on the photodegradation of three metabolites of the pharmaceutical
molecule tramadol in aqueous TiO, suspensions and noted the essential role of hydroxyl radicals in
the oxidation of these transformation products.

According to Figure 6, the addition of methanol to the reaction system leads to a decrease in the
calculated value for the pseudo-first-order constant rate from 0.0766 min~" to 0.0256 min~. A slight
increase in the inhibition of the clofibric acid degradation was achieved in the presence of methanol
compared to that obtained with isopropanol. The enhancement in the reaction suppression observed
in the presence of methanol compared to isopropanol suggests that (hjb) could be involved in the
photocatalytic degradation of the target molecule. Another possible explanation is that isopropanol
is more easily oxidized by hydroxyl radicals because its reaction rate constant with HO is higher
(19x10°M~1sh compared to that of MeOH (1 x 1072 M1 sh.
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In their work, Antonopoulou et al. [51] found similar results regarding the influence of reactive
species on degradation of tramadol, indicating that h;rb act as oxidants of TiO, surface groups and water
to produce HO®. Chen et al. [58] and Palominos et al. [59] found similar results for the photocatalytic
degradation of acid orange 7 and flumequine, respectively.

It should be noticed that supplementary adsorption experiments were carried out in the presence
of methanol and isopropanol and their addition to the reaction media had a negligible influence on the
adsorption of clofibric acid to the catalyst surface. Because of the low affinity of MeOH to the TiO,
surface, this alcohol was supposed to compete only with the hydroxyl radicals [60].

Our findings clearly confirmed that HO® radicals play an important role in the degradation of the
target molecule. However, supplementary experiments are necessary to optimize the concentrations of
the used alcohols to achieve total inhibition of the reaction. Additional tests in the presence of other
inhibitors (iodide) are also needed to prove the involvement of holes in the degradation of clofibric
acid. It is known that the valence band holes and hydroxyl radicals are efficiently blocked by I”.

2.7. Influence of Water Matrix

The photocatalytic tests reported up to now were carried out in ultrapure water (UW). However,
from a practical point of view it is crucial to evaluate the process efficiency under experimental
conditions closer to real ones. Thus, supplementary experiments were designed using two different
real water samples, tap water (TW) and another from a well, and the results are presented in Figure 7.
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Figure 7. Effect of the water matrix on the photocatalytic degradation of clofibric acid (30 mg/L of
clofibric acid, 1 g/L of catalyst, 9.52 mW/em?, room temperature).

In the current work, as clearly seen from Figure 7, in ultrapure water the pollutant elimination
efficiency after 190 min of irradiation was much higher (95%) compared to the values observed for tap
water (56%) and well water (50%). The observed effect was not surprising. Different works highlighted
that the influence of water matrix is more pronounced as the complexity of water matrix increases.
More specifically, the concentration of dissolved organic carbon contained in real water samples used
in this work is much higher than that contained (according to the water quality information presented
in Section 3.1) in ultrapure water and, as a consequence, can react with the hydroxyl radicals and
catalyst surface. On the other hand, the inorganic ions present in natural waters can act as scavengers
for the reactive species generated during the photocatalytic process, leading to the formation of radical
species, which are less reactive.

A strong influence of the water matrix on the photooxidation of methylparaben was previously
reported by Velegraki et al. [56]. Similarly, Tsiampalis et al. [2], who studied the degradation
of sulfamethoxazole with iron-doped titania, found a decrease in the degradation rate of this
molecule when the reaction is conducted in secondary treated wastewater and diluted wastewater.
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Hapeshi et al. [31] also observed that the mineralization efficiency of two antibiotics, ofloxacin and
atenolol, on titania suspensions and under UV-A irradiation conditions was slower in groundwater
and wastewater than in ultrapure water.

The low pollutant removal yields observed in our work could be due firstly to the high initial
pollutant concentration used in the photocatalytic tests, which was 30 mg/L. On the other hand, the
lower photocatalytic performance observed in real water samples could be ascribed to competition
between the dissolved organic matter, which is naturally present in real waters, the pollutant, and the
reactive species. Another explanation could be the adsorption of the organic matter on the active sites
at the catalyst surface, strongly affecting its activity and as a consequence its degradation efficiency.
Also, other different water components (anions or cations) can affect the pollutant degradation because
they act as scavengers for radical and other reactive moieties [31].

Overall, the results obtained in our work clearly demonstrated that the nontarget compounds that
are typically present in real water samples play a negative role in pollutant elimination efficiency.

2.8. Catalyst Stability

Catalyst stabilities studies were also performed in this work for the most efficient support (P25
Aeroxide®). Consecutive experiments were carried out using fresh aqueous solutions of 1.5 mg/L of
clofibric acid at 1 g/L of catalyst and under maximal irradiation conditions (9.52 mW/cm?). At the
end of the photocatalytic reaction, the suspension was filtered to recover the catalyst. The support
was then washed three times with ultrapure water, dried for 24 h at 110 °C, and reused in a new
photocatalytic experiment. The results obtained through four consecutive cycles are presented in
Figure 8. The obtained results clearly show that the elimination efficiency of clofibric acid remains high
(96.51%) after three consecutive cycles. At the end of the first two cycles of catalyst reuse, a removal
yield of about 98% was found. However, the catalyst activity decreases slightly during cycle 4, with only
90.63% of degradation at the end of the photocatalytic reaction.

100 A

80 4

40 -

Degradation (%)

20 A

Cycle number
Figure 8. Pollutant removal efficiency through four successive reuse cycles of the catalyst.

The deactivation of catalyst observed during the last cycle may be due to the adsorption on its
surface of some reaction intermediates that occupied the active sites, leading to a loss of photocatalytic
activity. Moreover, the results collected in this work demonstrated that the selected catalyst possesses
an interesting stability, showing only a small drop in its photocatalytic efficiency after four reuse cycles.

2.9. Toxicity Evaluation

Aiming to investigate the feasibility of the photocatalytic degradation process using the UV-A/TiO,
system, phytotoxicity tests were designed to assess the process efficiency in terms of toxicity elimination.
During the oxidation process of an organic pollutant, the parent molecule is degraded through different
chemical methods (oxidation, reduction, and addition), leading to transformation products that could be
more toxic compared to the parent compound. Thus, in this work we focused on the toxicity assessment
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of the clofibric acid samples collected from the photocatalytic treatment. It was evaluated through two
superior plant species, garden cress, Lepidium sativum (L. sativum), and lettuce, Lactuca sativa (L. sativa).
Such plant species are usually employed in phytotoxicity studies because of their rapid germination
ability and their quick root and shoot growth. Moreover, they were well known for their sensitivity
when exposed to low concentrations of toxic compounds [61].

In our study, preliminary phytotoxicity experiments were carried out using the untreated solution
with an initial pollutant concentration of 30 mg/L and on the samples taken at different reaction times
(in the range 0-190 min) from the photocatalytic treatment in the presence of 1 g/L of catalyst and at
maximal irradiation conditions. It should be pointed out that the determination of the development of
roots and shoots was found to be a representative indicator to evaluate the plant growth. An overview
of the obtained results related to the average lengths of roots and shoots for both investigated plant
species is presented in Figure 9. It was observed that the initial solution causes an important inhibition
of root and shoot growth for L. sativum as well as for L. sativa because of the high concentration
of pollutant and its phytotoxicity. According to Figure 9a, a strongly inhibitory response on root
growth (60%) was found when L. sativum seeds were exposed to an untreated solution (30 mg/L of
clofibric acid) compared to the control. Similarly, in their study, Miglione et al. [62] reported on the
negative influence of the antibiotic enrofloxacin on the postgermination of primary root growth, even
at a very low pollutant concentration (ug/L). They showed that the exposure to a low concentration
of this molecule leads to the alteration of the postgerminative development of different crop plants
(Raphanus sativus, Cumicus sativus, and Lactuca sativa).

However, as shown in Figure 9a, the presence of the pollutant causes only a minor growth
inhibition effect at the shoot level. The data obtained for L. sativa showed similar behavior for the root
length. In this case, the maximum recorded value for the inhibition of root growth was only about 45%
(Figure 9b), which was lower than that found for L. sativum. In the absence of pollutant, which is the
case with the control sample, a stimulating growth effect for the roots and shoots was observed for
both considered plant species.

In addition, for the photocatalytic process it was found that the observed inhibitory effects depend
on the reaction time. An increase in the adverse effect on root and shoot growth for L. sativum and
L. sativa was determined for the solutions collected after an irradiation time of 30 min, probably due
to the formation of toxic reaction intermediates, and seems to be more phytotoxic for the considered
seeds. Under these conditions, the root growth inhibition yielded a value of 72% and around 58% for
L. sativum and L. sativa, respectively. The obtained data clearly showed a decrease in root and shoot
growth inhibition with the increase in treatment time (from 30 min to 60 min), indicating that some of
the reaction intermediates are eliminated or new ones are formed, but their toxicity is much lower.

Furthermore, we could observe an insignificant adverse effect at the end of the irradiation period
(190 min) for both species. Such behavior is probably due to the oxidation of more toxic reaction
byproducts and their transformation into less toxic ones at the end of the photocatalytic process.

Moreover, the toxic effect on root and shoot growth was not completely eliminated, even if the
toxicity of the raw clofibric acid solution was strongly reduced. An increase in the reaction time
is probably necessary in this case due to the high initial pollutant concentration used in this test.
As previously stated, in a photocatalytic process, the degradation and mineralization efficiency strongly
decrease with an increase in the initial pollutant concentration.

Furthermore, our findings clearly indicated that the inhibition effect was more pronounced in
roots than for shoots for all collected samples. In their works, Fuentes et al. [63] and Rizzo [61] found
similar results and reported that for the phytotoxicity tests the determination of root growth length
seems to be more sensitive for the evaluation of adverse effects. On the other hand, Lofrano et al. [64]
checked the toxicity of photocatalytic treated samples of the antibiotic chloramphenicol and indicated
that L. sativum was the most sensitive testing species.
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Figure 9. Average root and shoot length for Lepidium sativum (a) and Lactuca sativa (b), determined
for blank, untreated, and photocatalytic treated solutions (30 mg/L of pollutant, 1 g/L of catalyst,
9.52 mW/cm?, room temperature).

Similar evolution profiles were obtained for the calculated root tolerance index, confirming our
previous data. The obtained results for both plants are depicted in Figure 10. A marked reduction
in the root tolerance index compared to the control was found for the initial solution and the sample
collected after 30 min of irradiation, probably due to their toxicity, as stated previously.

In contrast, an increase in this parameter was observed on L. sativa and L. sativum root growth
for the treated samples taken after a reaction time of 60 min and 190 min, respectively, confirming
a reduction in the toxicity of these samples. Moreover, the value of the index determined for the
sample collected at the end of the experiment (190 min) was not significantly different compared to that
calculated for the control. Hence, such behavior suggests that, at the end of the considered treatment
period, the reaction intermediates that are released are apparently less toxic than the parent compound.
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Figure 10. Evolution of the roots tolerance index during the photocatalytic treatment of clofibric acid
(30 mg/L of pollutant, 1 g/L of catalyst, 9.52 mW/cm?, 26 + 2 °C).

Our results are in good agreement with those of Lofrano et al. [64] and Rosal et al. [65] for the
toxicity assessment of the oxidation products generated during the photocatalytic degradation of
chloramphenicol and the ozonation of clofibric acid. Furthermore, a similar conclusion could be
observed for the analysis of the results obtained for the vigor index (Figure 11).
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Figure 11. Evolution of the vigor index during the photocatalytic treatment of clofibric acid (30 mg/L of
pollutant, 1 g/L of catalyst, 9.52 mW/cm?, 26 + 2 °C).

In summary, according to our data, the seeds of both plants were affected by the presence of the
target molecule and also by its photodegradation byproducts. The phytotoxicity tests used seem to be
appropriate and sensitive enough for the investigation of the toxicity of the irradiated solutions of
clofibric acid. The photocatalytic process’s effectiveness was also confirmed by the ecotoxicity assays
performed in this work with Lepidium sativum and Lactuca sativa.

3. Materials and Methods

3.1. Chemicals

Clofibric acid used in the photocatalytic studies was of analytical purity (>99%) and obtained from
Acros Organics (N], USA). The main physicochemical properties of the target molecule are summarized
in Table 1.

Table 1. Physicochemical properties of clofibric acid.

(@]
Structure CI‘QO%J\OH
H3C CHj;
Formula and CAS Number C19oH11ClIO3 (882-09-7)
Therapeutic class lipid regulator
Molecular weight (g/mol) 214.65
Water solubility mg/L (25 °C) 573
Log Kow 2.57 a
Amax (nm) 230

The other chemicals (formic acid, solvents) employed in this work were supplied by Sigma Aldrich
(St. Louis, MO, USA) and were of analytical grade (e.g., the highest grade commercially available)
being used as received.

Working solutions for analysis and photocatalytic tests were prepared in ultrapure water
(18.2 MQ).cm resistivity at 298 K, DOC < 5 pugC/L; pH = 6.5) produced by a water purifier system
(ELGA Option-Q DV 25, Veolia, High Wycombe, UK). In addition, groundwater obtained from a well
(WW) situated near to the Chemical Engineering School of Rennes (France) and tap water (TW) from
the city of Rennes (France) were spiked with the target molecule and used for the photocatalytic tests
to evaluate the influence of the water matrix on the photodegradation of clofibric acid. The quality
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parameters of these waters (expressed as the mean value of six individual measurements) were as
follows: (i) well water: pH = 8.2, DOC = 3 mg/L, 448 uS/cm conductivity, 65.4 mg/L chlorides, 35.2 mg/L
nitrates, 50.6 mg/L sulfates; (ii) tap water: pH = 7.4, DOC = 1 mg/L 570 uS/cm conductivity, 20 mg/L
chlorides; 16.3 mg/L nitrates; 29.3 mg/L sulfates.

For the photocatalytic studies, different commercial catalysts, namely, TiO, P25 Aeroxide® (Acros
Organics, Geel, Belgium); TiO, Kronos uvlp 7500 (Kronos Europe S.A./N.V., Ghent, Belgium) and TiO,
PC500 (Cristal, France SAS) were used. Their main characteristics are presented in Table 2.

Table 2. Main characteristics of the used TiO; catalysts according to the manufacturer’s data.

P25 Aeroxide® Kronos uvlp 7500 Millenium PC-500

TiO, content (wt %) >95 >85 85
Composition 80% A, 20% R 100% A 100% A
Particle size (nm) 21 15 5-10
Specific surface area (mz/g) 35-65 >225 350
Density, 20 °C (g/cmz) 4.23 3.9 -

(A—anatase; R—rutile).

3.2. Experimental Set-Up and Photocatalytic Procedure

Different photocatalytic tests were performed in order to evaluate the photocatalytic activity of the
catalysts used and the influence of some process parameters (e.g., catalyst load, initial concentration of
pollutant, light intensity, etc.) on the degradation of the target molecule. The experimental system
consisted of an open cylindrical glass reactor with a total capacity of 3 L and a working volume of 2 L.
The device used is fully described in our previous study [26].

The reactor was artificially irradiated using two UV-A lamps (Phillips, Poland nominal power of
9 W) with a spectral response in the range 320-400 nm and a maximum emission at 365 nm, suitable
for the activation of the catalyst. The light sources were located on the external side of the glass reactor.
All tests were conducted in batch mode, at room temperature (about 20 + 2 °C), with a stirring rate of
555 t/min and at a natural pH (corresponding to the dissolution of the target molecule in water, 5.9).
In a typical photocatalytic assay, a volume of 1 L of CFA solution with a known concentration was
loaded in a reactor containing the appropriate catalyst amount. The suspension was continuously
stirred to remain homogeneous. Before starting the irradiation experiments, the lamps were preheated
for 30 min to attain the maximum intensity and then used to initiate the photocatalytic reaction.
A radiometer (VLX-3W, Vilbert Lourmat, Marne La Vallée, France) was employed to measure the
photon flux per volume unit. It should be pointed out that, prior to the irradiation, the suspension was
mechanically stirred in the dark for 60 min in order to reach the adsorption/desorption equilibria of
the pollutant on the semiconductor surface. Samples were collected after the adsorption equilibrium
state and prior to the irradiation, and the last point was considered as time zero for the photocatalytic
degradation test.

For the study of the contribution of some reactive species (methanol and isopropanol) to the
degradation mechanism, a similar procedure was employed. The investigated alcohols were added
into the suspension at the beginning of the adsorption step.

The catalyst stability was also investigated by carrying out four consecutive photocatalytic tests
using fresh pollutant aqueous solutions. The tests were performed for an initial pollutant concentration
of 1.5mg/L, 1 g/L of catalyst (TiO, P25 Aeroxide®), and maximal light flux (9.52 mW/cm?). At the end
of each photocatalytic test, the catalyst was recovered by filtration, washed with ultrapure water, and
then dried overnight at 110 °C.

Samples were collected at appropriate reaction times, centrifuged for 15 min at 10,000 rpm,
and then filtered with 0.22 um syringe filters (Chromafil ® Xtra H-PTFE; Macherey-Nagel, Diiren,
Germany) to remove the catalyst. The residual pollutant concentration in the samples was determined
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by high-performance liquid chromatography (HPLC). Dissolved organic carbon (DOC) was evaluated
as described elsewhere (Section 3.3).

All experiments were carried out in duplicate and the experimental error was found to be less
than 5%.

3.3. Analytical Procedures

The residual clofibric acid concentration was monitored by high-performance liquid
chromatography (HPLC) using a WATERS® system (Milford, MA, USA). Analyte separation was
achieved with a reversed phase column BEH C18 (250 mm X 4.6 mm, 5 pum), and for detection a
photodiode array detector (PDA; Waters TM 996, Milford, MA, USA) was employed. Elution was
carried out under isocratic mode with a mixture of 60/40 acetonitrile/ultrapure water containing 0.1%
(v/v) of formic acid. For the analysis, an injection volume of 50 uL. was used and the flow rate was
1mL/min~!. The target compound detection was achieved at 227 nm. Under these analytical conditions,
the retention time of CFA was 6.2 min. For quantification purpose, standard solutions (5.6, 10, 20, 40, 60,
80 mg/L) were prepared in ultrapure water. For the calibration curve, the obtained correlation coefficient
(R2) between the peak area and pollutant concentration was 0.998. The instrumental detection limit
(LOD) and quantification limit (LOQ) were determined based on the studies of Kadmi et al. [66,67].

Mineralization of the target molecule during the photocatalytic reaction was evaluated through the
measurement of dissolved organic carbon (DOC) by direct injection using a TOC analyzer (Shimadzu
TOC-5000-A, Shimadzu Corporation, Kyoto, Japan), coupled with a nondispersive IR detector.
The calibration and determination of DOC were carried out as described earlier by Favier et al. [26].
pH measurement was performed with a pH meter (Cyberscan Eutech Instruments; Thermo Fisher
Scientific, Singapore) and a pH probe (VWR International Europe, Louvain, Belgium; 662-1775 series).

3.4. Phytotoxicity Tests

Phytotoxicity tests were carried out under laboratory conditions to obtain more information on the
toxicity of treated and untreated photocatalytic samples collected during the experiments. These tests
were reported as a versatile tool for the evaluation of the environmental impact of pollutants present in
a matrix.

In this study, for the phytotoxicity tests, two higher plant species, dicotyl garden cress
(Lepidium sativum) and lettuce (Lactuca sativa), were used. Fifteen seeds from each species were
placed on filter paper in a Petri dish and exposed to 3 mL of the sample. For comparison purposes,
a control test using distilled water was also prepared. Petri dishes were incubated at 26 + 2 °C in
the dark. Experiments were carried out in triplicate for each plant species. Root and shoot length
were measured with a ruler after three days of seeds” exposure to the control solution and to the
examined samples for Lepidium sativum and after seven days of exposure for Lactuca sativa, respectively.
The results obtained for control and samples were evaluated in terms of the average of root and shoot
lengths, root tolerance index, and vigor index, being determined according to Calvelo Pereira et al. [68].

4. Conclusions

The results obtained in this work indicated that the considered advanced oxidation treatment
could be successfully employed to eliminate and mineralize in aqueous solution the active metabolite
of the lipid regulator molecule, clofibrate.

Photodegradation experiments conducted in the presence of different semiconductors
demonstrated that the degradation of the target molecule follows a pseudo-first-order kinetic model.
The obtained results also proved that, among the catalysts tested, titanium P25 Aeroxide® has the
highest photocatalytic performance in terms of the elimination of clofibric acid. Preliminary photolysis
and adsorption experiments carried out at laboratory scale indicated that these mechanisms had a
negligible influence on the removal of this pollutant. Both UV-A and catalyst were necessary for the
degradation of this molecule.



Catalysts 2019, 9, 761 17 of 21

Higher pollutant abatement and total organic carbon conversion were achieved when the initial
pollutant concentration decreases. It was also observed that photocatalytic elimination was significantly
affected by the initial solution pH and catalyst load. Under acidic pH conditions, the degradation and
mineralization efficiencies were strongly enhanced. Indeed, at pH 4 almost all the dissolved organic
carbon was mineralized, achieving an elimination yield of 92% after 190 min of irradiation.

The investigation of the inhibiting effect of radical scavengers allowed us to determine their
role in the degradation of the target molecule. It was established that hydroxyl radicals as well as
photogenerated holes are involved in the photocatalytic oxidation of this molecule. Furthermore, it was
observed that the degradation rate decreases when the reaction is conducted in real water samples.
The selected support was found to be suitable for photocatalytic applications, showing very good
stability through four consecutive catalyst reuse cycles.

Finally, the ecotoxicity data obtained in this work demonstrated a higher toxicity for the initial
solution as well as for one of the samples collected at the first stages of irradiation, due to the formation
of more toxic reaction byproducts. Moreover, it was proven that the toxicity of the samples collected
after 190 min of irradiation was significantly reduced, confirming the detoxification efficiency of
this process.

Overall, our findings demonstrated that the photocatalytic process using UV-A and titanium
nanosized catalysts can be a potential technique for the destruction and toxicity elimination of
biorefractory emergent water contaminants.
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