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Abstract 
 
Emerging pollutants such as pharmaceutical active compounds were detected worldwide in different environmental compartments. 
Nowadays, multiple studies are focused on the investigation of their environmental fate, as well as to find new, efficient and 
sustainable removal technologies. Several studies demonstrated that heterogeneous photocatalysis is one of the most promising 
techniques used for water purification. Thus, the aim of our work was to evaluate the photodegradation efficiency of a refractory 
emergent compound, named clofibric acid, under UV light in aqueous solution. We report that photodegradation and mineralization 
efficiency are strongly dependent of the catalyst used. Results showed that the photodegradation was enhanced in the presence of 
TiO2 Aeroxide. The complete elimination was achieved for an initial pollutant concentration of 1.5 mg/L after 30 min of irradiation, 
the degradation rate following the pseudo-first order kinetics. It was also observed that the rate constant for the photodegradation 
process is affected by the concentration of catalyst. Process efficiency is enhanced by increasing the light intensity. The simultaneous 
reduction of pollutant concentration and dissolved organic carbon demonstrates the mineralization of the target molecule. 
Furthermore, it was demonstrated that the addition of nitrate to the system increases the pollutant degradation rate, while the 
carbonate reduces its removal, suggesting that this last ion can act as a hydroxyl scavenger. Preliminary phytotoxicity tests were 
also carried out and showed the capacity of the heterogeneous photocatalysis to reduce the toxicity of reaction intermediates 
generated during the photocatalytic reaction.  
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1. Introduction 
 
Nowadays, more and more, scientists and 

public organizations focus with an increased interest 
on the contamination of the aquatic environment by 
emergent organic pollutants, such as pharmaceutical 
molecules (e.g. anti-inflammatories, beta-blockers, 
antiepileptic drugs, painkillers, antibiotics, steroid 
hormones, blood lipid regulators, etc.) (Catrinescu et 
al., 2017; Gavrilescu et al., 2015; Hemidouche et al., 
2018; Taieb et al., 2018; Ternes et al., 2004). This 
behavior is caused due to their continuous increasing 
consumption around the world, while having negative 
effects on humans health and aquatic life (i.e. acute 
toxicity, endocrine disruption or development 
bacterial resistance). Recently, this class of 
compounds was included in the Watch List of the 
2013/39/EU Directive (Mestre et al., 2016). Various 
studies confirmed the occurrence of a great variety of 
pharmaceutical drugs and their metabolites in 
effluents and environmental waters due to the 
industrial activities, human consumption, or 
veterinary practices (Putschew et al., 2000; Ternes, 
1998). 

The present study focuses on the investigation 
of the photodegradation of clofibric acid, the main 
metabolite of clofibrate, a worldwide used lipid 
lowering drug. Clofibric acid (CFA) is one of the most 
often reported drug metabolite detected in the aquatic 
environment during the monitoring programs of 
pharmaceutical contaminants. Several studies 
reported the presence of this molecule in wastewater 
treatment plants (WWTP) (Andreozzi et al., 2003; 
Tauxe -Wuersch et al., 2005; Ternes et al., 1998), in 
the North Sea (Weigel et al., 2002) and even in 
drinking water (Boyd et al., 2003; Heberer, 2002) in 
concentration levels ranging from ng/L to µg/L.  

This molecule is recognized as highly resistant 
to biodegradation (WWTP biomass or bacteria) and 
has high persistence in the environment (Gagne et al., 
2006; Hemidouche et al., 2018). Hence, to date, the 
elimination of this molecule continues to be a subject 
of interest.  

Heterogeneous photocatalysis is well 
recognized as one of the most promising techniques 
for the removal of refractory organic compounds from 
water (Cheriyan et al., 2017; Favier et al., 2015). 
Hence, the main objectives of this research are to: 1) 
investigate the photocatalytic degradation and 
mineralization efficiency of the target molecule in the 
presence of different commercial nanosized catalysts, 
2) to examine the kinetics aspects related to the 
process (adsorption, photolysis and photocatalysis), 3) 
to analyze in detail the influence of some key 
operating parameters to enhance the reaction kinetics, 
4) to determine the influence of the additional 
inorganic ions in the reaction system on the CFA 
degradation, and 5) to evaluate the viability of the 
process by assessing the toxicity of treated solutions.  

 
 
 

2. Materials and methods 
 

2.1. Materials and chemicals 
 
Working solutions for the photocatalytic study 

and standards for the HPLC analysis of target 
compound were prepared with clofibric acid 
(C10H11ClO3, > 99% of analytical purity) purchased 
from Acros Organics (New Jersey, USA).  

Acetonitrile of HPLC grade and formic acid 
(LC/MS grade) were supplied by Fisher Chemical 
(U.K. Limited). Ultrapure water (18.2 MΩ.cm 
resistivity at 298 K, DOC < 5 μgC/L) used for the 
preparation of all aqueous solutions was produced by 
an ELGA Option-Q DV 25 water purifier system. For 
the photocatalytic degradation of CFA, different 
commercial titanium dioxides, namely, P25 Aeroxide 
(Acros Organics; New Jersey, USA; 80% anatase, 
20% rutile; BET surface area 35-65 m2/g), Kronos 
uvlp 7500 (Kronos Worldwide, Inc; 100% anatase; 
BET surface area > 225), and Cristal ACTIV PC500 
(Cristal, France SAS; 100% anatase; BET surface area 
350) were investigated and were used as received. 

 
2.2. Experimental setup and procedure 

 
To evaluate the photocatalytic activity of 

different catalysts and the influence of some process 
parameters (e.g. catalyst load, initial concentration of 
pollutant, light intensity, etc.), experiments were 
carried out in a cylindrical glass reactor with a 
capacity of 3 L and a working volume of 2 L (Fig. 1). 
A detailed description of the experimental device and 
of the strategy used to modulate the irradiation for the 
degradation tests is given in our previous work (Favier 
et al., 2015). Solution to be treated was artificially 
irradiated by using two UVA lamps (Sylvania, 
nominal power of 9 W) which are situated on the either 
side of the reactor.  

 

 
 

Fig. 1. Schematic representation of the  
experimental device used in this study 

 
According to manufacturer’s information, the 

spectral response of the used lamps is in the range 320-
400 nm with a maximum emission at 365 nm which is 
suitable for the catalyst activation.  
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Before and during the photodegradation tests, 
the CFA solution containing the appropriate catalyst 
amount was continuously stirred by a mechanic stirrer 
to remain homogeneous. The assays were conducted 
in batch mode at room temperature (about 21 °C), with 
a stirring rate of 555 t/min and at natural pH 
(corresponding to the dissolution of CFA in water, 
5.9). Prior to irradiation, the suspension was stirred in 
the dark for 60 min in order to achieve the 
adsorption/desorption equilibria of CFA on the 
semiconductor surface. It must be noticed that, before 
starting the irradiation experiments, the lamps were 
preheated for 30 min to attain the maximum intensity.  

The photon flow per volume unit (in the range 
of 0.8-9.52 mW/cm2) was determined with a 
radiometer, VLX-3W (Vilbert Lourmat, Marne La 
Vallée, France). Samples were collected at different 
reaction times, centrifuged for 15 min at 10,000 rpm 
and filtered by using 0.22 µm syringe filters 
(Chromafil ® Xtra H-PTFE; Macherey-Nagel, 
Germany) to separate the catalyst. Further, the 
prepared samples were used for HPLC analysis and 
dissolved organic carbon (DOC) determination as 
described in Section 2.3. All tests were carried out in 
duplicate and the experimental error was less than 5%.  

 
2.3. Analytical procedures 

 
Residual pollutant concentration was 

determined by high performance liquid 
chromatography (HPLC) using a WATERS ® system 
equipped with a photodiode array detector (PDA; 
WatersTM 996). For analyte separation, a reversed 
phase column BEH C18 (250 mm x 4.6 mm, 5 μm) 
was employed. A mobile phase consisting of a mixture 
of 60/40 acetonitrile/ultrapure water containing 0.1% 
(v/v) of formic acid was used. Analysis was carried 
out in isocratic mode. The flow rate was 1 mL/min-1 

and the sample volume was 50 μL. The target 
compound was detected at 227 nm. Under these 
analytical conditions the retention time of CFA was 
6.2 min.  

A series of CFA standard solutions (5.6, 10, 20, 
40, 60, 80 mg/L) were prepared in ultrapure water and 
used for quantification purpose. For the calibration 
curve, the obtained correlation coefficient (R2) 
between the peak area and pollutant concentration was 
0.998. Quantification and detection limits were 
calculated based on the study of Kadmi et al. (2015). 

To evaluate the mineralization of the target 
molecule during the photocatalytic experiments, 
dissolved organic carbon (DOC) was measured by a 
TOC analyzer (Shimadzu TOC-5000-A, Shimadzu 
Corporation, Japan) coupled to a non-dispersive IR 
detector. Calibration and determination of DOC was 
carried out as earlier described by Favier et al. (2015). 
pH measurement was performed with a pH meter 
(Cyberscan Eutech Instruments; Thermo Fisher 
Scientific, Singapore) and a pH probe (VWR, France; 
662-1775 series).  

 
 

2.4. Toxicity assays 
Lepidium sativum seeds were used to examine 

the toxicity of clofibric acid before and after the 
photocatalytic treatment. Root inhibition and 
germination tests were carried out according to ISO 
11269-1:2012 standard with minor modifications. 
Briefly, seeds in two groups of 25 for each case were 
incubated in Duran Petri dishes (100*20 mm) for 24 
hours at 23±2 °C. Seeds were evaluated, and 
germination counts were recorded. Afterwards, 
germinated seeds were transferred to new plates and 
incubated with the initial  solution  of   clofibric   acid,  
treated solution, or distilled water for comparison. The 
incubation at 23±2 °C lasted another 24 hours. 
Subsequently, remaining liquid was removed from 
each plate, and seeds were fixed for 60 min and stained 
with neutral red for other 10 min. Roots size was 
measured with a calliper. 

 
2.5. Statistical analysis  

 
Each dataset was analysed with ANOVA on 

Statistica 13 (Statsoft, USA) software. The results 
where p < 0.05 were considered statistically 
significant. The assumptions for the statistical analysis 
were checked for each inquiry.  
 

3. Results and discussion 
 

To investigate the photodegradation of the 
target molecule and for comparison purposes, 
experimental data obtained during the different kinetic 
studies were represented as pseudo first order kinetics 
(Eq. 1):  
 

0

ln t
ap

C
k t

C
     
 

 (1) 

 

where: (kap) is the first order rate constant; (t) is the 
irradiation time in min; (Ct) is the residual 
concentration in CFA at reaction time t and (C0) is the 
initial concentration of the pollutant in aqueous 
solution. Thus, the first order rate constant was 
calculated as the slope of the linear regression.  

 

3.1. Investigation of photocatalytic potential of 
different titanium dioxide materials 

 

To enhance the photodegradation efficiency of 
the target molecule, different commercial available 
titanium oxide catalysts, namely Kronos VLP 7000, 
P25 Degussa and PC500 (Cristal, France), were 
investigated. For this purpose, experiments were 
carried out under the same process conditions: an 
initial pollutant concentration of 30 mg/L and a 
catalyst dose of 1 g/L in agreement with the one 
reported in our previous studies (Favier et al., 2015, 
2016a). For these tests a maximum irradiation, an 
initial pH of approx. 5.9 and a reaction time of 130 
min were considered. Typical results related to the 
photocatalytic activity of the investigated catalysts are  
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presented in Fig. 2a and Fig. 2b. The data clearly show 
that TiO2 Aeroxide P25 exhibits the highest 
photocatalytic activity in the removal of CFA. As 
shown in Fig. 2a, a photodegradation efficiency of 
about 85% was obtained in the presence of TiO2 P25 
for a reaction time of 130 min. However, the ability of 
the Kronos VLP 7000 and PC500 in CFA degradation 
was not higher than 43.54% and 26.08% after 130 min, 
respectively.  

During the photodegradation process, the 
complete elimination of an organic molecule conduct 
to the formation of carbon dioxide and different 
inorganic anions and cations. Thus, in our work, in 
order to select the most efficient photocatalyst, the 
mineralization yield was also studied in terms of DOC 
reduction. From the Fig. 2b, it can be observed that in 
the presence of TiO2 P25, the DOC removal efficiency 
is 26.33% for an irradiation time of 130 min. Under 
the same process conditions, the mineralization of 
CFA over the catalysts TiO2 PC500 and Kronos VLP 
7000 is lower than that of TiO2 P25; DOC is reduced 
by 9.84% and 5.58% for TiO2 PC500 and Kronos VLP 
7000, respectively after the same reaction time.  

Similarly, in their studies, Faisal et al. (2007) 
and Tariq et al. (2008) demonstrated that the 
photodegradation rate of dyes, clorophenols and poly 
nitrophenols (Lacheb et al., 2008) was much higher in 
the presence of P25 as compared with other 
commercial catalysts.  

According to literature, the difference in the 
photocatalytic activity is related to the variation in the 
BET surface, the presence of structural defects of the 
crystalline framework, impurities or to the hydroxyl 
groups density on the surface of catalyst (Ahmed et 
al., 2011). These parameters could affect the 
adsorption of pollutant on the catalyst surface, the 
reaction intermediates and also the recombination rate 
of electron hole pairs (Qamar et al., 2004). 

Moreover, the high photocatalytic activity of 
P25 can be explained by its slow electron hole 
recombination rate and the morphology of its 
crystallites (Chatzitakis, 2008). Indeed, it was reported  
that   the   rutile/anatase   combination   promotes   the  
 

charge pair separation and inhibits recombination 
phenomena (Ahmed et al, 2011).   

Therefore, all the results obtained in our work 
highlight the highest photocatalytic activity for P25 
catalyst in the degradation of the target molecule. 
Thus, in this study, in all following photodegradation 
tests, titanium dioxide Degussa P25 was used.  

 
3.2. Effect of UV irradiation, adsorption and 
photocatalysis 

 
To highlight the effect of UV light/catalyst 

system on the elimination of clofibric acid, 
preliminary experiments were designed under 
different conditions: in the dark, in the presence of 
P25, we evaluated the contribution of the adsorption 
on the removal of the target molecule, with UV light 
in the absence of the catalyst to investigate direct 
photolysis of the pollutant. The tests were conducted 
at an initial pollutant concentration of 30 mg/L, a 
natural solution pH of 5.9, 1 g/L of catalyst and a 
maximal irradiation. The results obtained for the 
photodegradation efficiency are depicted in Fig. 3. In 
the dark, a very little loss in CFA (approx. 8%) was 
obtained after a reaction time of 190 min due to the 
adsorption of pollutant on the surface of catalyst. In 
addition, experimental data showed that the adsorption 
equilibrium is reached after a contact time of 1 hour 
(data not shown).  

For the case when the pollutant was irradiated 
in  the absence  of  catalyst,  it was observed  that  UV 
light alone has a negligible effect on the degradation 
of the target molecule. Indeed, only a decrease of 
about 4% in CFA concentration was obtained for the 
same reaction time. Thus, these factors will be 
neglected in further photodegradation tests. These 
results are consistent with the ones previously reported 
by Favier et al. (2015, 2016a, 2016b) for 
carbamazepine and phenolic compounds. A similar 
behavior was reported by Quinores et al. (2015) for 
four recalcitrant pesticides with TiO2 and B-doped 
TiO2 catalysts and by Kamagate et al. (2017) for three 
fluoroquinolones antibiotics.  
 

(a) (b) 
 

Fig. 2. Comparison of photocatalytic degradation (a) and mineralization (b) of CFA in the presence of different commercial 
photocatalysts. Experimental conditions: initial concentration in pollutant - 30 mg/L, concentration of commercial catalysts  

- 1 g/L, irradiation flux - 9.52 mW/cm2, pH - 5.9 
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Fig. 3. Effect of photolysis, adsorption (TiO2) and 
photocatalysis (TiO2/UV) on the degradation of clofibric 
acid. Experimental conditions: pollutant concentration  

- 30 mg/L, catalyst (P25) concentration - 1 g/L,  
irradiation flux - 9.52 mW/cm2, pH - 5.9 

 

Moreover, our results showed that the 
photocatalytic treatment produces a significant 
degradation of the pollutant. Under these conditions, a 
decrease in CFA of about 95% was observed for a time 
period of 190 min. Thus, only UV light/P25 system 
improves the depletion rate of the target molecule.   

 
3.3. Effect of initial pollutant concentration  

 
To evaluate the successful application of the 

photocatalytic oxidation for the removal of CFA, it is 
of key importance to investigate how the initial 
pollutant concentration affects the degradation rate of 
the target compound. For comparison purposes, 
several photocatalytic degradation tests were carried 
out at different initial pollutant concentrations, 
ranging from 1.5 to 30 mg/L, to study the effect of this 
parameter. It should be noticed that, in this study, the 
used initial pollutant concentration was considered for 
analytical considerations related to HPLC and 
dissolved organic carbon measurements. According to 
literature data, even if the considered values for initial 
pollutant concentration are higher than the ones 
reported in water, it is supposed not to affect the 
photocatalytic degradation kinetics, the reaction 
mechanism or the reaction by-products (Santaballa et 
al., 2006). For these experiments, a catalyst 
concentration of 1 g/L and a maximal irradiation were 
used. The treatment efficiency was evaluated in terms 
of pseudo-first order kinetic data after a reaction time 
of 30 min. The obtained results demonstrated that the 
CFA photodegradations followed the first order 
kinetic model for all the investigated initial pollutant 
concentrations (Fig. 4).  

The model is verified by the linear 
transformation (-ln(C/C0) = f (t)) and the calculated 
slopes give the apparent first-order rate constants 
(kapp). The calculated values for kapp indicated that the 
pollutant degradation rates decrease with the initial 
CFA concentrations (Fig. 5). It is important to point 
out that the equation indicated before cannot be 
employed for the experimental data above 30 min, due 
to of the formation of reaction intermediates and their 

competitive effect with the active site of catalyst. 
Thus, under these conditions the linear approach fails.  

Data analysis showed a decrease of apparent 
rate constant from 0.077 to 0.024 min-1 with the 
increase of initial concentration of pollutant from 1.5 
mg/L to 30 mg/L. On the other hand, it was observed 
that by increasing the initial pollutant concentration, 
the total CFA removal efficiency decreases from 
100% to 94.6% after 30 min of irradiation. Moreover, 
the extent of mineralization was also determined in 
terms of DOC reduction (data not shown). More than 
70% of mineralization of CFA was obtained at 1.5 
mg/L of CFA after a reaction time of 190 min.  

 

 
 

Fig. 4. Apparent first-order kinetics for clofibric acid for 
different initial pollutant concentrations. Experimental 
conditions: initial catalyst (P25) concentration - 1 g/L, 

irradiation flux - 9.52 mW/cm2, natural solution pH - 5.9 
 
 

 
 

Fig. 5. Effect of initial concentration of pollutant on the 
apparent rate constants. Experimental conditions:  

initial catalyst (P25) concentration - 1 g/L,  
irradiation flux - 9.52 mW/cm2, pH - 5.9 

 
The inverse relation between CFA degradation 

and pollutant concentration can be explained by the 
fact that more reactants and intermediates were 
adsorbed on the P25 surface when CFA concentration 
increased. Thus, since the P25 dose, light irradiation 
flux and reaction time remain constant, a fewer 
number of active sites remain available for the 
generation of active species (hydroxyl radicals) 
needed for the pollutant degradation. Consequently, 
the CFA elimination rate decreases as the pollutant 
content increases due to the produced hydroxyl 
radicals which were the limiting reagents in the 
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degradation of the target molecule. In contrast, at a 
low pollutant concentration, the number of active 
catalytic sites is not a limiting factor anymore and the 
photocatalytic degradation rate is proportional to 
pollutant concentration according to the apparent first 
order kinetics (Selvam et al., 2007).  

Sraw et al. (2014) showed a similar behavior 
for the degradation of the monochrotophos insecticide, 
using LR grade and P25 titanium dioxide catalysts 
under UV/sunlight irradiation conditions. Similar 
results were reported by Silva and Faria (2010) for the 
phototocatalytic oxidation of four para-substituted 
phenols (4-chlorophenol, 4-aminophenol, 4-
hydroxybenzoic acid and 4-nitrophenol) by using 
TiO2 composite catalyst and P25 and by Ye et al. 
(2018) for the photodegradation metoprolol by TiO2 
arrays and UV-LED.  
 

3.4. Effect of catalyst dosage 
 

In a photocatalytic reaction, the degradation 
rate is strongly affected by the catalyst load. Several 
studies showed that for a heterogeneous photocatalytic 
process the reaction rate is proportionally to the 
catalyst dose and the optimal concentration is 
important to be determined to avoid the excess of 
catalyst and to ensure an efficient penetration of 
incident light into the reaction media (Abellan 2009; 
Daneshvar, 2003; Mendez-Arriaga et al., 2008). 
However, for high catalyst concentrations, an 
absorption photons loss could occur because of a light 
scattering phenomenon conducting to a decrease of the 
degradation rate (Favier et al., 2016; Silva and Faria, 
2010). Thus, in the present study, we focused our 
attention on the study of the influence of this 
parameter. Photocatalytic experiments were carried 
out at 1.5 mg/L of CFA, a maximal irradiation flux and 
a natural solution pH. For these tests, the TiO2 P25 
concentration was varied from 0.1 g/L to 1 g/L. Fig. 6 
gives the profile of the calculated rate constants as a 
function of catalyst load. Data analysis clearly 
indicated that the CFA degradation rate is increased by 
increasing the catalyst load. These findings are in 
agreement with our previous studies on the 
photocatalytic elimination of carbamazepine and 
hazardous phenolic compounds from aqueous 
suspensions (Favier et al., 2015, 2016a, 2016b). 
Similar results were reported earlier in literature for 
other emergent organic compounds (Ounnar et al., 
2016a, 2016b; Verma et al., 2014). 

Under the investigated experimental 
conditions, with the increase in semiconductor 
concentration from 0.1 g/L to 1 g/L, the apparent rate 
constants increased from 0.068 min-1 to 0.105 min-1, 
respectively. Our results confirm the positive role of 
the increased number of active sites on the 
photocatalytic process. Moreover, the calculated 
constants are lower than the one reported in the 
literature for CFA (Doll and Frimmel, 2004, 2005). A 
possible explanation is the photoreactor geometry and 
working conditions, especially to the used irradiation 
mode which influences the light transmission through 

the solution and as a consequence, the incidence 
photon flux.   

In addition, it was observed that 95.73% of 
CFA was eliminated for at 1 g/L of P25 min while only 
87.63% of elimination was obtained for catalyst 
concentration of 0.1 g/L.  

 
 

Fig. 6. Effect of catalyst concentration on the apparent rate 
constants. Experimental conditions: initial pollutant 

concentration - 1.5 mg/L, irradiation flux 
- 9.52 mW/cm2, pH – 5 

 

3.5. Effect of irradiation flux 
 

In a photocatalytic process light intensity is 
another factor which determines the pollutant 
degradation efficiency (Pareek et al., 2008). Indeed, 
the photocatalytic degradation rate depends on the 
absorption of the UV radiation at surface of catalyst. 
The relation between this parameter and the 
photocatalytic degradation rate has been evaluated in 
different studies for various pollutants (Ahmed et al., 
2011; Ho et al., 2011). It was reported that in water 
treatment, to achieve a high photocatalytic reaction 
rate, a relatively high light intensity is required to 
provide each active site on the catalyst surface with 
sufficient photons energy (Chong et al., 2010). 

As this parameter plays an important effect on 
the photocatalytic degradation kinetics, in this work, 
additional tests were conducted at different incident 
light intensities to evaluate the influence of this 
parameter on the elimination of the target molecule. 
Fig. 7 depicts the profiles of the CFA degradation 
efficiencies obtained under the investigated 
conditions. 

 

 
 

Fig. 7. Effect of the light intensity on the removal 
efficiency of the target molecule. Experimental conditions: 

initial pollutant concentration - 15 mg/L,  
catalyst (P25) concentration - 1 g/L, pH - 5.9 
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Data analysis shows that the removal yield of 
the studied compound increases with the UV light 
intensity. Up to 98.48% of CFA elimination was 
observed at an incident intensity of 9.52 mW/cm2 after 
an irradiation time of 190 min, whereas, at 2.1 
mW/cm2 the measured degradation efficiency was of 
only 87.3%. In addition, an elimination yield of 65.7% 
was found at a very low incident light flux (about 0.8 
mW/cm2).  

In their work, Das et al. (2014) studied the 
photodegradation of chlorhexidine on UV intensity. 
The authors also showed that the increase of light 
intensity conducted to an increase in the degradation 
rate of this molecule. Similarly, Qamar et al. (2006) 
reported an increase in the degradation rate with the 
increase of the light intensity in aqueous suspensions 
for the pesticides triclopyr and daminozid. In their 
work, Karunakaran et al. (2005), revealed the same 
behavior for the photooxidation of aniline on alumina 
with sunlight and artificial UV light. 
 
3.6. Effect of inorganic ions 
 

Considering the real life application of a 
photocatalytic process, the effect of inorganic ions on 
the degradation rate must be also taken into account. 
Generally, natural water and wastewater are very 
complex systems containing different anions (such as 
NO3

-, HCO3
-, Cl-) which may have a significant effect 

on the organic pollutants photooxidation even at very 
low concentration levels (Chong et al., 2010; Habibi 
et al., 2005). Therefore, to evaluate the 
photodegradation efficiency under conditions closer to 
the real ones, additional experiments were performed 
in order to investigate the influence of some inorganic 
ions on the degradation of clofibric acid. Two 
common ions, i.e. nitrate and carbonate ions (1 mM/L 
which is typical to wastewater effluent) were selected 
and added to CFA ultrapure water solutions (1.5 
mg/L) containing 1 g/L of TiO2 P25 prior to UV 
irradiation. The role of these inorganic ions on the 
degradation of target molecule is shown in Fig. 8. For 
comparison purposes results obtained without anions 
are also presented in the Fig. 8.  

 
 

Fig. 8. Influence of different inorganic anions on the 
degradation efficiencies of clofibric acid by the UV/P25 

process. Experimental conditions: initial pollutant 
concentration - 1.5 mg/L, catalyst (P25) concentration  

- 1 g/L, irradiation flux - 9.52 mW/cm2, pH - 5.9 
 

Data analysis shows, that the presence of NO3
- 

has no detrimental effect on the UV/TiO2 elimination 
of CFA. An increase in the pollutant degradation rate 
was obtained in the presence of NaNO3 during the first 
30 minutes of irradiation. According to experimental 
data, approx. 94% of CFA was photodegraded under 
these conditions. In their work, Neamtu et al. (2006, 
2009) reported that the addition of NO3

- accelerates 
the elimination rates of two endocrine disrupting 
compounds. Trovó et al. (2009) evaluated the 
photooxidation of sulfamethoxazole in different 
aqueous media indicating the positive influence of 
nitrate on the elimination of this molecule, indicating 
that such behavior could be explained by the fact that 
nitrate may also generate in solution strong oxidant 
species (hydroxide radical or singlet oxygen) 
enhancing the degradation efficiency. Vogna et al. 
(2004) found that the phototransformation of the 
antiepileptic drug, carbamazepine was enhanced by 
the addition of NO3

- in the reaction media.  
In addition, it was observed that the 

degradation efficiency of CFA significantly decreased 
with the addition of NaHCO3 in solution. It is 
important to keep in mind that these results are in 
agreement with the ones reported in previous works 
(Habibi et al., 2005; Liu et al., 2015; Rioja et al., 
2016). Indeed, it was found that for different AOP 
processes the ions carbonate and bicarbonate (HCO3

- 
and CO3

2-) can act as ●OH scavengers, reducing the 
reaction with the organic pollutant and as a 
consequence hindering their removal.  
 
3.7. Toxicity assays 
 

Different works reported the toxicity of the 
degradation intermediates generated during treatment 
of organic pollutants and pointed out their potential 
ecological risk. The formed reaction by-products 
could be more toxic than the parent molecules. Thus, 
during the photocatalytic degradation of CFA, 
different oxidation intermediates can be formed by the 
oxidation of the target molecule and can be present in 
the reaction media. For this reason, preliminary 
phytotoxicity tests were performed on dicotyl garden 
cress (Lepidium sativum) to evaluate if the UV/TiO2 
treatment shows any toxicity on the treated effluent. It 
must be pointed out that this specie is one of the most 
frequently employed in phytotoxicity assays. The 
main reason is their rapid ability of germination and 
growth (roots and shoots), as well as their sensitivity 
to low concentration of pollutants.  

Different studies investigating the 
phytotoxicity of sewage sludge reported that during 
these tests the determination of roots lengths is more 
sensitive than the one of seed germination (Rizzo, 
2011). For this reason, we chose to show in our paper 
only the results related to this parameter. For these 
experiments, the starting concentration of CFA was 30 
mg/L. The photocatalytic experiment was carried out 
over 190 min at maximal irradiation and 1 g/L of 
catalyst.  
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(a) (b) 

 
Fig. 9. Toxicity assessed by the root inhibition and germination tests in a CFA solution (30 mg/L) before and after the 
photocatalytic treatment using Lepidium sativum seeds: (a) measured root length; (b) calculated percentage of blank 

 
For the phytotoxicity assay, samples of the 

endpoints resulted from three replicates (n=3) of 
UV/TiO2 experiments were used. Results for the roots 
inhibition and germination tests of samples taken after 
190 min of irradiation are given in Fig. 10. For clarity 
of results, we are reporting only the starting points and 
the ones collected at the end of the considered 
treatment period. Obtained data showed that the initial 
solution is more toxic than the treated one because of 
the high initial pollutant concentration. Indeed, the 
treatment with an initial solution of clofibric acid of 
30 mg/L caused significant decrease in root length (p 
= 0.018) within about 35% of inhibition compared to 
the control sample indicating that the presence of the 
pollutant in solution has an adverse influence of the 
evaluation of seeds germination. In their work, 
Migliore et al. (2003) also showed the negative 
influence of antibiotics on the root growth of several 
crop plants even at µg/L. 

On the contrary, after the application of the 
photocatalytic process and an irradiation time of 190 
min, the CFA solution showed no statistically 
significant difference with blank sample containing 
only distilled water (p = 0.993) suggesting that the 
photocatalytic treatment after the considered reaction 
time considerably reduces the accumulation of toxic 
reaction intermediates in the reaction media. 

As previously stated (Section 3.2), the addition 
of catalyst in the reaction media and the irradiation 
enhance the oxidation of the target molecule resulting 
in an increase of the removal efficiency. This implies 
that the same mechanism could occur in the 
TiO2/UVA system with the resulted by-products in the 
later stage of the treatment. These results are in good 
agreement with the ones reported by Rosal et al. 
(2009) for catalytic and non-catalytic ozonation of 
aqueous solutions of clofibric acid. However, more 
bioassays tests (using for example Daphnia magna 
and Vibrio fischeri) are needed to assess the biological 
potency of the treated effluent and to confirm the 
efficiency of such technique in the removal of the 
toxicity of the parent compound and its reaction 
intermediates.  
 

4. Conclusions 
 

Overall, the results presented in this study 
confirm that UV/TiO2 process can be a promising 
alternative for the efficient elimination of clofibric 
acid, a pharmaceutical molecule well-known for its 
persistence in the aquatic environment and for its 
refractory character through biological elimination. 
The investigated commercial catalysts showed a 
contrasted efficiency in the removal of the target 
molecule. It was found that the TiO2 Aeroxide P25 
significantly enhances the elimination of this 
molecule. It was also observed that process parameters 
affect the photocatalytic reaction playing an important 
role in the CFA degradation and have even opposite 
effects on the process efficiency. Indeed, the 
percentage of pollutant elimination increases when 
initial pollutant concentration decreases (1.5 mg/L). In 
parallel, the experimental results clearly showed that 
the catalyst load and UV irradiation have a positive 
influence on the photodegradation. It was also 
observed that the oxidation of CFA with the UV/TiO2 
process fits with the apparent first-order kinetics 
model. The DOC reduction after a reaction time of 190 
min (about 70%) confirmed the mineralization of this 
refractory organic molecule and this process 
efficiency. However, an increase of reaction time 
would lead to an increase in the mineralization degree 
of these molecules. Moreover, the study on the 
addition of some anions frequently found in 
wastewater effluents allowed us to understand their 
effect on the pollutant elimination. Results indicate 
that the addition of NO3

- in the reaction media 
enhances the CFA elimination efficiency, while the 
HCO3

- decreased its photodegradation.  
The photocatalytic process reduces the toxicity 

of the treated effluent. The irradiated solutions 
collected after an irradiation time of 190 min have no 
significant effect on seeds germination and roots 
growth. All these data demonstrate that the advanced 
oxidation process based on the use of UVA/TiO2 
system represents a promising technique for water 
purification.  
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