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1. Introduction 

Recently, regulations for the control of occurrence of Persistent Organic Pollutants (POPs) on wastewater 

are considered as an important topic. These compounds have been found in surface, ground and drinking 

waters, because conventional treatments of wastewater treatment plants are not able to remove them 

completely. Thus, it is necessary to look for a suitable technology for the removal of POPs from waters and 

wastewaters efficiently. In the recent years, many works have demonstrated the efficiency and robustness 

of the application of Conductive-Diamond Electrochemical Oxidation (CDEO) for the treatment of 

wastewaters contained refractory organic compounds (Brillas et al., 2004, Boye et al., 2006, Cañizares et 

al., 2006, Cañizares et al., 2008, Brillas et al., 2010, Wang and Li, 2012, Abdessamad et al., 2013, Daskalaki 

et al., 2013). However, in the treatment of diluted wastewaters (below 1,500 mg COD dm-3), electrolyses 

may be controlled by the mass transfer rate of pollutant from the bulk to the anode surface and thus, the 

current efficiency decreases linearly with COD concentration (Comminellis and Pulgarin, 1991). This is what 

used to be observed in the treatment of wastewaters polluted with POPs (Robles-Molina et al., 2012, Martín 

de Vidales et al., 2012a, 2012b, 2012c, 2013, Indermuhle et al., 2013), in which these species are typically 

found at very low concentrations because of their low solubility.  

 

The high efficiency of CDEO is achieved thanks to the great chemical and electrochemical stability of 

diamond electrodes, the high overpotencial for water electrolysis and, mainly, the special properties to 

generate other oxidants like, persulphates, peroxophosfates, oxochlorinated anions and hydrogen peroxide 

(Cañizares et al., 2009, Sánchez-Carretero et al., 2011). However, recent studies show that it is necessary 

the activation of these oxidants to promote the mediated oxidation. This activation can be carried out by 

chemical reactions or by irradiation technologies (Souza et al., 2014, Martín de Vidales et al., 2014). In this 

way, several authors (Pinhedo et al., 2005, Osugi et al., 2005, Socha et al., 2007, Freitas et al., 2011) 

propose that the combination of photo and electrolysis technologies leads to a synergistic effect due to 

photoactivation of electrochemically generated reactive species, increasing also the yield by photolysis 

(Catanho et al., 2006, Socha et al., 2006). On the other hand, ultrasound irradiation is an effective technology 

to increase mass transport and to produce important changes in the chemical composition of the electrolyte 

because of the ultrasonic cavitation phenomenon, which takes advantage of the high pressure and 

temperature produced during the implosive collapse of bubbles irradiated with the ultrasound to form new 

radical species and components (Lorimer et al., 2004, Sánchez-Carretero et al., 2010). 

 

Some examples of POPs are caffeine (C8H10N4O2) and triclosan (C12H7Cl3O2), identified as stimulant and 

pesticide, respectively. Their removals from waters and wastewaters has been studied by ozonation 

(Broséus et al., 2009, Rosal et al., 2009), electroFenton (Sirés et al., 2007), or CDEO (Wang and Farell, 

2004, Martín de Vidales et al., 2013, Indermuhle et al., 2013) but, to the authors’ knowledge, very few works 

have been made till now coupling UV and US irradiation technologies with CDEO. Thus, the goal of this 

work is to couple US and UV irradiations to CDEO in order to improve the degradation of these persistent 

pollutants from waters. Thus, the efficiency of different technologies (CDEO, sonolysis, photolysis, CDSEO, 
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CDPEO and Conductive Diamond Sono-Photo Electrochemical Oxidation, CDSPEO) is also compared, 

observing the influence of the technology applied in the degradation rate and the mechanism of oxidation.    

 

2. Materials and methods 

2.1. Chemicals 

Caffeine (analytical grade, > 99% purity) and triclosan were supplied by Sigma-Aldrich Laborchemikalien 

GmbH (Steinheim, Germany). Anhydrous sodium sulphate, used as supporting electrolyte, was analytical 

grade purchased from Fluka. All solutions were prepared with high-purity water obtained from a Millipore 

Milli-Q system, with resistivity > 18 MΩ cm at 25 ºC. Sulphuric acid and sodium hydroxide used to adjust the 

solution pH were analytical grade and supplied by Panreac Química S.A. (Barcelona, Spain). 

2.2. Analytical procedures 

The Total Organic Carbon concentration was monitored using a Multi N/C 3100 Analytik Jena analyzer. 

Measurements of pH and conductivity were carried out with an InoLab WTW pH-meter and a GLP 31 Crison 

conductimeter, respectively. The concentrations of the pollutants, intermediates and final products were 

quantified by HPLC (Agilent 1100 series). The detection wavelength used to detect POPs depends on the 

compound (caffeine: 205 nm, triclosan: 280 nm). The column temperature was 25 ºC. Volume injection was 

set to 50 μL. The analytical column used was Phenomenex Gemini 5 μm C18. Solvent A was composed by 

25 mM of formic acid water solution and Solvent B was acetonitrile. A linear gradient chromatographic elution 

was obtained by initially running 10 % of Solvent B ascending to 100 % in 40 min. Samples extracted from 

electrolyzed solutions were filtered with 0.20 μm Nylon filters before analysis. Moreover, the acids 

intermediates formed during the experiments were detected with a detection wavelength of 190 nm. The ion 

exchange column used was SUPELCOGELTM H Carbohydrate Columns from Sigma-Aldrich and dilute 

H3PO4 (0.022 M) was employed as the solvent. 

2.3. Electrochemical cells 

Electrolyses were carried out in a single compartment electrochemical flow cell working under a batch-

operation mode (Cañizares et al., 2005). Conductive –Diamond Electrodes (p-Si–boron-doped diamond) 

were used as anode and a stainless steel (AISI 304) as cathode. Both electrodes were circular (100 mm 

diameter) with a geometric area of 78 cm2 and an electrode gap of 9 mm. Boron-doped diamond films were 

provided by Adamant Technologies (Neuchatel, Switzerland) and synthesized by the hot filament chemical 

vapour deposition technique (HF CVD) on single-crystal p-type Si <100> wafers (0.1 Ωcm, Siltronix).  

The ultrasound horn was a UP200S (Hielscher Ultrasonics GmbH, Germany) equipped with a titanium glass 

horn of 40 mm diameter, length 100 mm, emitting 24 kHz and maximum ultrasonic power of 200 W. The 

ultraviolet lamp was a Filtered Lamp Vilber Lourmat VL-215.MC with a power of 4 W. The wavelength used 

was 254 nm (UV-C).  

2.4. Experimental procedures 

Bench-scale electrolyses of 1000 cm3 of wastewater were carried out under galvanostatic conditions. The 

current density employed was 30 mA cm-2, and the pollutant concentration was 100 mg dm-3. Due to the low 

solubility of triclosan in aqueous solution, methanol is used as solubilizing agent (37% v/v) (Martín de Vidales 

et al., 2013). 

The cell voltage did not vary during electrolysis, indicating that conductive-diamond layers did not undergo 

appreciable deterioration or passivation phenomena. Prior to use in galvanostatic electrolysis assays, the 

electrode was polarized during 10 min in a 0.035 M Na2SO4 solution at 15 mA cm-2 to remove any kind of 

impurity from its surface.  

The wastewater was stored in a glass tank and circulated through the electrolytic cell by means of a 

centrifugal pump (flow rate 21.4 dm3 h-1). A heat exchanger coupled with a controlled thermostatic bath 

(Digiterm 100, JP Selecta, Barcelona, Spain) was used to maintain the temperature at the desired set point 

(25 ºC).  



3. Results and discussion  

Figure 1 shows the concentration profiles of caffeine (part a) and triclosan (part b) during the treatment by 

different irradiated and electrochemical technologies of synthetic wastewater containing 100 mg dm-3 of 

these compounds. Na2SO4 is used as supporting electrolyte (0.035 M) in all cases. Semi-logarithmic scale 

is used for a better comparison.  

 

Figure 1: Caffeine (a) and triclosan (b) concentration profiles for the experiments made by CDEO (Δ), 

sonolysis (■), photolysis (□), CDSEO (○), CDPEO (●) and CDSPEO (x). [Pollutant]0: 100 mg dm-3, j: 30 mA 

cm-2, 0.035 M Na2SO4. Ultrasound wave: continuous mode/200 W. Ultraviolet light: 254 nm/4 W.  

 

As it can be observed, the experimental behavior of both POPs is significantly different and the reaction time 

required for the degradation of triclosan is higher than that to decrease the concentration of caffeine to the 

detection limit of the chromatographic technique used (HPLC; 0.01 mg dm-3). In this point, it is important to 

point out that methanol is added as solubilizing agent to triclosan solutions and that it can compete with 

triclosan for being oxidized. This fact can explain the longer time required to attain the total removal of 

triclosan. In general, electrochemical processes seem to be more efficient than irradiated technology, 

although the effect of photolysis and sonolysis techniques shows a marked influence with the nature of the 

POPs studied. Thus, in Figure 1a it can be observed that sonolysis and photolysis processes only achieve 

a slight degradation of caffeine (around 10 and 1 % of removal, respectively), whereas in the case of triclosan 

solution (Figure 1b), irradiated technologies are able to attain percentage removals higher than 60 %. In fact, 

it can be pointed out that photolysis degrades around 85 % of the initial concentration of triclosan. 

In both cases, the use of electrochemical technologies show good results (percentage removals above 90%), 

but the effect of combining CDEO with irradiated techniques is not clear and again depends on the nature 

of the pollutant. Coupling UV light and US irradiations with CDEO seems to have a positive effect in the 

triclosan degradation, improving results obtained by single CDEO, but it seems to have a negative effect in 

the degradation of caffeine, except when the concentration of caffeine is very low and the mass transfer 

controls single CDEO technology. In this case, US mechanical irradiation should improve the turbulence of 

the electrolyte and, consequently, the transfer of pollutants to the conductive-diamond surface.  

On the other hand, the effect of UV irradiation is related to activation of radicals in the reaction media. In 

fact, CDEO of wastes containing sulfates is known to produce peroxosulfates and it is also reported the 

formation of ozone and hydrogen peroxide. In this point, light irradiation is known to promote the production 

of sulfate radical from persulfate (Eq. 1) and to improve the production of hydroxyl radicals according to eqs. 

2 and 3 (Lin et al., 2011, Shih et al., 2012). 
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These radicals are very reactive, and at the light of the obtained results, they may react easily with triclosan 

molecule (Catanho et al., 2006, Socha et al., 2006). The antagonistic effect observed in the case of caffeine 

may be explained in terms of an excessive formation of radicals which, instead of oxidizing caffeine, combine 

among them to form more stable and less aggressive oxidants or decompose forming oxygen (Souza et al., 

2014).   

Figure 2 shows the TOC removal for the studies of degradation of caffeine (a) and triclosan (b) by the 

different technologies used.  

 

 

Figure 2: TOC removal for the experiments of degradation of caffeine (a) and triclosan (b) by CDEO (Δ), 

sonolysis (■), photolysis (□), CDSEO (○), CDPEO (●) and CDSPEO (x). [Pollutant]0: 100 mg dm-3, j: 30 mA 

cm-2, 0.035 M Na2SO4. Ultrasound wave: continuous mode/200 W. Ultraviolet light: 254 nm/4 W.  

 

As it was expected, no mineralization of caffeine solutions is attained by single sonolysis or photolysis 

processes. Opposite, single CDEO obtains an efficient mineralization but the use of UV or US irradiation 

simultaneously with the electrolysis does not improve the mineralization rate. The smaller differences 

observed between caffeine and TOC removals can be explained in terms of the formation reaction 

intermediates during the different processes which entail a slower removal of TOC than of pollutant. 

On the other hand, the mineralization percentage attained during the treatment of triclosan wastes is 

significantly lower than triclosan percentage removal independently of the technology used. This fact means 

that the mineralization of methanol added is slow and the effect of oxidants on its removal should be smaller. 

On the contrary of that observed in Figure 1b, coupling US irradiation to CDEO shows a higher effect in TOC 

removal than the combined use of UV irradiation and CDEO.  

Experimental results shown in Fig. 1 fit straight lines during the first stages of the process regardless of the 
treatment technology. This means that they can be modeled with a pseudo-first order kinetic approach (eq. 
4) that depends on the concentration of oxidants produced on the anodic surface and/or in the bulk. This 
approach has been proposed and applied successfully in previous works for CDEO of POPs (Polcaro y col., 
1999, Martín de Vidales y col., 2012a, 2012b y 2012c).   
 

r = k’ [Oxidant agents][Pollutant] =K [Pollutant] (4) 

Fig. 3 shows the first order kinetic constants calculated in terms of pollutant for the experiments shown in 

Fig. 1. This Figure also compares these values with the values calculated by the addition of the different 

single contributions. The effect of the combination is greater than the addition of the effects of the single 

technologies, mainly in the treatment of wastewater containing triclosan. This synergistic effect is higher for 

the case of the combined UV light irradiation. Hence, irradiations of UV or US have a positive effect on 

triclosan results although this does not mean a greater efficiency. 
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Figure 3: Kinetic constants calculated for the different processes and comparison with the values calculated 

by the addition of the different single contributions. Caffeine (□), triclosan (▲). 

 

4. Conclusions 

Electrochemical oxidation with conductive-diamond anode is an suitable technology to attain efficient 

degradation of caffeine and triclosan. Single sonolysis and photolysis technologies only entail removal of 

triclosan but nil removal of caffeine and mineralizaiton. Synergistic effects of irradiating UV light are clearly 

observed in the oxidation rate, due to the promotion of the formation of radicals in the bulk solution from 

oxidants produced electrochemically. US irradiation contribute to improve mass transfer to the conductive-

diamond surface during the last stages of the process.   
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