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Abstract 

This study aims to assess the removal of a set of non-polar pollutants in biologically treated wastewater using 
ozonation, ultraviolet (UV 254 nm low pressure mercury lamp) and visible light (Xe-arc lamp) irradiation as well as 
visible light photocatalysis using Ce-doped TiO2. The compounds tracked include UV filters, synthetic musks, 
herbicides, insecticides, antiseptics and polyaromatic hydrocarbons. Raw wastewater and treated samples were 
analyzed using stir-bar sorptive extraction coupled with comprehensive two-dimensional gas chromatography (SBSE–
CG x GC–TOF–MS). Ozone treatment could remove most pollutants with a global efficiency of over 95% for 209 M 
ozone dosage. UV irradiation reduced the total concentration of the sixteen pollutants tested by an average of 63% 
with high removal of the sunscreen 2-ethylhexyl trans-4-methoxycinnamate (EHMC), the synthetic musk 7-acetyl-
1,1,3,4,4,6-hexamethyltetrahydronaphthalene (tonalide, AHTN) and several herbicides. Visible light Ce-TiO2 
photocatalysis reached ~70% overall removal with particularly high efficiency for synthetic musks. In terms of power 
usage efficiency expressed as nmol kJ-1, the results showed that ozonation was by far the most efficient process, ten-
fold over Xe/Ce-TiO2 visible light photocatalysis, the latter being in turn considerably more efficient than UV 
irradiation. In all cases the efficiency decreased along the treatments due to the lower reaction rate at lower pollutant 
concentration. The use of photocatalysis greatly improved the efficiency of visible light irradiation. The collector area 
per order decreased from 9.14 ± 5.11 m2 m-3 order-1 for visible light irradiation to 0.16 ± 0.03 m2 m-3 order-1 for Ce-
TiO2 photocatalysis. The toxicity of treated wastewater was assessed using the green alga Pseudokirchneriella 
subcapitata. Ozonation reduced the toxicity of treated wastewater, while UV irradiation and visible light 
photocatalysis limited by 20-25% the algal growth due to the accumulation of reaction by-products. Three 
transformation products were identified and tracked along the treatments. 

Keywords: non-polar pollutants; ozonation; ultraviolet irradiation; visible light photocatalysis; energy efficiency. 

 

1. Introduction 

A wide variety of anthropogenic organic pollutants has 
been detected in surface waters during the last two 
decades. Most of them are pharmaceutical, personal care 
and household cleaning products, which, among others, 
constitute a new class of micropollutants usually referred 
to as emerging contaminants (Kümmerer, 2011). They 
are a result from human activities and are continuously 
released to the aquatic environment where their 
occurrence and concentration is quite variable depending 
on the proximity of urban or rural centres and their 
corresponding discharge points. In wastewater and 
receiving bodies they appear at concentrations in the 
ng/L to g/L range (Rosal et al., 2010; Gómez et al., 
2012). Most of them are not particularly toxic and due to 

their relatively low environmental concentration their 
risk has often been disregarded, but little attention has 
been paid to the formation of toxic transformation 
products. Some pollutants are regulated and a subject of 
increasing concern as they have, for example, been found 
in fish tissues above their Environmental Quality 
Standards (Miège et al., 2012). The establishment of 
these standards is a fundamental part of the 
environmental strategy of the European Union against 
water pollution in compliance with the Water Framework 
Directive (2000/60/EC of the European Parliament and 
Council) and other legal statutes (Decision 
2455/2001/EC, Directive 2008/105/EC). The outcome is 
a list of substances endangering aquatic ecosystems, with 
the last proposal (Proposal COM 2011, 876 final, 
31.1.2012) establishing 48 priority substances of which 
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21 are considered priority hazardous substances. It 
includes pesticides, biocides, chemicals, metals, 
polybrominated diphenyl ethers and polyaromatic 
hydrocarbons. Most emerging pollutants, such as 
pharmaceutical and personal care products, are not yet 
included in monitoring programs of the European Union 
although they could be future candidates due to the 
scientific consensus on their risk. 

Current wastewater treatment plants (WWTP) are the 
main way of anthropogenic pollutants to enter the aquatic 
environment. Because of this continuous release of 
organic pollutants, their occurrence is becoming 
ubiquitous and might affect not only aquatic organisms 
but also endanger the reclamation of water in a moment 
when it appears as a chief strategy to fight against water 
scarcity. A suitable strategy could include an additional 
treatment after the biological process in order to remove 
contaminants and to improve surface water quality with 
respect to direct reuse (Muñoz et al., 2009). Several 
studies have noted that advanced oxidation processes 
(AOP) are an available technology that may successfully 
remove emerging and recalcitrant micropollutants from 
wastewater (Esplugas et al., 2007). AOP treatments are 
capable of generating highly oxidative species but they 
require chemicals, energy supply or both, and their 
energy efficiency is the subject matter of discussions 
(Katsoyiannis et al., 2011). It has also been shown that 
the formation of refractory by-products makes it difficult 
to achieve a high mineralization level (Krichevskaya et 
al., 2011). Moreover the degradation of the initial 
contaminants does not ensure any toxicity reduction 
target as transformation products can be even more toxic 
than their parent compounds (Shang et al., 2006; 
Santiago-Morales et al., 2013). There is a lack of 
investigations involving both energetic and ecotoxicity 
assessment as a step to allow its implementation in 
wastewater reuse scenarios using Life Cycle Assessment 
tools. Life cycle assessment is a well-known 
methodology to evaluate potential environmental impacts 
and has been previously proposed for water treatment 
processes (Zhang et al., 2010). The emissions to the 
aquatic environment should take into account aquatic 
ecotoxicity, whereas emissions to soil require the 
assessment of terrestrial and human ecotoxicity 
(Huijbregts et al., 2000). One of the limitations of this 
approach is the scarcity of information on the toxicity of 
treated samples and the difficulty of precisely 
establishing the required dosage of radiation or oxidants 
(Rodríguez et al., 2012). 

In this study, we focused on the removal of non-polar 
micropollutants from biologically treated wastewater 
using irradiation and oxidation processes. Hydrophobic 
compounds pose an environmental threat because of their 
capacity to bioaccumulate in sediments and aquatic biota 
(Van der Oost et al., 2003). Also, the oxidative treatment 
of hydrophobic compounds produces oxidized 
transformation products with increased mobility 
(Santiago-Morales et al., 2012). The treatments studied 

were ozonation (O3), ultraviolet (low pressure mercury 
lamp) and visible light (Xe-lamp) irradiation, the latter 
with and without photocatalyst (Ce/TiO2). We analyzed 
treated samples with a method based on stir-bar sorptive 
extraction (SBSE) coupled with comprehensive two-
dimensional gas chromatography (SBSE–CG x GC–
TOF–MS) in order to track the most relevant non-polar 
pollutants in wastewater. SBSE–CG x GC–TOF–MS has 
been previously shown to display excellent results in the 
multianalysis of priority and emerging pollutants in water 
(Gómez et al., 2011). For all treatments, we followed the 
toxicity of treated samples for the green alga 
Pseudokirchneriella subcapitata. 

2. Methodology 

2.1 Materials 

Wastewater was sampled from the secondary clarifier of 
a 3000 m3 h-1 WWTP placed in Alcalá de Henares, 
Madrid. This plant receives a mixture of domestic and 
industrial wastewater from industrial facilities located 
around the city. The biological treatment used a 
traditional A2O multistage configuration with 
nitrification-denitrification and enhanced phosphorus 
removal by phosphorus-accumulating microorganisms. 
The samples were stored in a refrigerator (< 4ºC) inside 
glass bottles and filtered using 0.45 µm glass fibre filters 
before runs and analyses. The samples of photocatalytic 
runs received an additional filtration at the end to remove 
the suspended catalyst. Table 1 shows the main 
wastewater parameters. All the analytical standards 
(purity >95%) included in this study were purchased 
from Sigma-Aldrich (Steinheim, Germany) or from Dr. 
Ehrenstorfer (Augsburg, Germany). Hydrochloric acid 
and sodium hydroxide (purity >95 %) used for pH 
adjustment were purchased from Sigma-Aldrich. The 
photocatalyst was a ceria-doped TiO2 with 0.5 % wt, 
described in a previous work (Santiago Morales et al., 
2012). It has a band gap of 2.63 eV, a surface area of 29 
m2 g-1 and X-ray diffraction experiments showed that its 
crystallographic phase corresponds to anatase crystals. 
The catalyst suspended in wastewater displayed a ζ-
potential of 16.7 ± 0.8 mV and a mean particle size of 
547 ± 33 nm determined by dynamic light scattering 
(DLS). 

2.2. Experimental setup and procedure 

The irradiation experiments used a Heraeus TQ Xe 150 
Xe-arc lamp with spectral emission in the visible region 
and 15 W Heraeus Noblelight TNN 15/32 low-pressure 
mercury vapour lamp (UV) emitting at 254 nm. The 
lamps were placed inside a quartz jacketed sleeve 
refrigerated using a thermostatic bath. The reaction 
temperature was closely controlled at 25ºC in all cases.  
For visible light irradiations an additional borosilicate 
glass tube was used to absorb wavelengths < 290 nm. 
Fluence rates per unit volume were 6.01 x 10-6 E L-1 s-1 
(254 nm) for the UV lamp and 1.05 x 10-6 E L-1 s-1 (290-
400 nm) for the Xe-arc lamp. The chemical actinometers  
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Table 1. Analysis of wastewater (TSS = Total suspended 
solids, NPOC = Non-purgeable organic carbon, COD = 
Chemical oxygen demand, SUVA-254 = Specific ultraviolet 
absorbance at 254 nm) 

pH 7.8 (in situ) 
Dissolved oxygen (mg L-1) 8.7 (in situ) 
TSS (mg L-1) 20 (as received) 
Turbidity (NTU) 2.5 
Conductivity (µS cm-1) 875 
NPOC (mg L-1) 8.1 
COD (mg L-1) 28 
Hardness (mg CaCO3 L-1) 219 
N-NO3 (mg L-1) 9.8 
SUVA-254 (L mg-1 m-1) 1.7  
Anions and cations (mg L-1) 
Sulphate  79.9 
Chloride  80.6 
Phosphate  2.6 
Potassium  14.9 
Magnesium  21.6 
Calcium  52.2 
Sodium  70.5 
Metals (µg L-1) 
Chromium 13 
Nickel 12.3 
Cobalt  1.8 
Strontium 560 
Copper 1.7 
Tin 0.29 
Lead 0.49 
Titanium 0.93 
Manganese 0.92 
Vanadium 1.1 
Molybdenum 4.3 
Zinc 34 
Micropollutants (ng/L) 
2-Ethylhexyl trans-4-
methoxycinnamate (EHMC) 

23.6 ± 8.1 

Oxybenzone 14.4 ± 1.7 
1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta(g)-2-
benzopyran, Galaxolide (HHBC) 

4212 ± 340 

Musk ketone 84.9 ± 6.7 
7-acetyl-1,1,3,4,4,6-
hexamethyltetrahydronaphthalene, 
Gonalide (AHTN) 

461.3 ± 32.7 

Butyl hydroxytoluene (BHT) 164.6 ± 24.4 
Atrazine 183.5 ± 9.6 
Metolachlor 208.4 ± 31.4 
Terbutryn 8.3 ± 1.8 
Terbuthylazine 5.5 ± 0.8 
Chlorpyrifos-ethyl  2.4 ± 0.4 
Diazinon 59.5 ± 11.0 
Clorophene 3.6 ± 1.4 
Triclosan 101.2 ± 20.6 
Phenanthrene 2.5 ± 0.6 
Pyrene 1.4 ± 0.3 

used were hydrogen peroxide and 2-nitrobenzaldehyde, 
which allowed us to obtain the indicated values for the 
UV and Xe lamps, respectively (Nicole et al., 1990; 
Allen et al., 2000).  

Ozone was continuously bubbled during the run from a 
corona discharge ozone generator with a gas flow of 0.19 
Nm3 h-1 and concentration of ozone of 22 g Nm-3. The 
ozone dosage, OD, was determined, from the integration 
of the ozone absorption rate equation: 

   3 3

*

0

t

D L O OO t E k a C t C dt     (1) 

where 
3

*
OC  is equilibrium concentration of dissolved 

ozone and kLa the volumetric mass transfer coefficient. 
The enhancement factor, E, can be estimated from Hatta 
number as indicated in a previous work (Rosal et al., 
2010). Details on the experimental methodology can be 
found elsewhere (Rosal et al., 2008). All experiments 
were performed in batch mode in a 1.3 L vessel 
magnetically stirred at 900 min-1 and the samples were 
withdrawn at prescribed intervals for analyses. To 
remove dissolved ozone from the samples we used 
nitrogen bubbling. This method avoids chemical 
quenchers and for the experimental conditions used it has 
been verified that the concentration of dissolved ozone 
falls below 3% in less than 30 s (Rosal et al., 2010). 
Throughout all the experiments pH was kept at 7.5 ± 0.1 
units. The catalyst was used at a concentration of 200 mg 
L-1 and stirred for 30 min before each run to ensure 
surface charge equilibration. The concentration of 
dissolved oxygen throughout photocatalytic treatments 
was 31-33 mg/L kept by constant oxygen bubbling. 

2.3. Analyses 

The analyses of micropollutants were performed using 
stir bar sorptive extraction (SBSE) coupled with 
comprehensive two dimensional gas chromatography 
(GC x GC–TOF–MS). This technique allows the 
simultaneous separation and determination of difficult to 
resolve constituents in complex mixtures at very low 
concentrations. This technique is based on the use of 20 
mm (length) x 0.5 mm (film thickness) PDMS 
commercial stir bars (Gerstel, Muelheim an der Ruhr, 
Germany) loaded overnight and subsequently desorbed in 
a thermal desorption unit (Gerstel) connected to a 
programmed temperature vaporization (PTV) system 
injector CIS-4 (Gerstel) by a heated transfer line at 300 
ºC. The PTV injector was placed in a GC x GC–TOF–
MS system Agilent 7890A gas chromatograph equipped 
with an additional oven and a quad-jets modulator (two 
cold jets and two hot jets). Liquid nitrogen used for 
cooling was automatically delivered from a 60 L Dewar 
liquid nitrogen storage tank. The first column (non-polar) 
was a 10 m x 0.18 mm i.d., 0.2 mm film thickness Rtx-5 
coated with 5% diphenyl 95% dimethylpolysiloxane 
(Restek). The second column (semipolar) was a 1 m x 0.1 
mm i.d., 0.10 mm film thickness Rxi-17 coated with 50% 
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diphenyl 50% dimethylpolysiloxane (Restek). The MS 
system was a Pegasus 4D TOF (LECO Corporation). The 
method detection limits (MDLs) and method 
quantification limits (MQLs) in wastewater of the 
compounds analyzed in this study ranged between 0.02 to 
3.07 ngL-1 and 0.06 to 10.23 ngL-1 respectively. Sample 
preparation details of the analytical method as well as the 
performance might be obtained elsewhere (Gómez et al., 
2011).  

A Metrohm 861 Advance Compact IC with suppressed 
conductivity detector allowed quantifying cations using a 
Metrosep C3 column with 5.0 mM HNO3 eluent at 1 mL 
min-1. Anions were determined in the same equipment 
using a Metrosep A Supp 7-250 analytical column with 
36 mM Na2CO3 as eluent at 0.8 mL min-1. Non Purgeable 
Organic Carbon (NPOC) was analyzed in a Shimadzu 
TOC-VCSH total carbon organic analyzer. Absorbance 
measurements were performed in a Shimadzu UV-1800 
spectrophotometer. Trace metals were quantified by 
Inductively Coupled Plasma-Mass Spectrometry using a 
quadrupole mass spectrometer Agilent 7700X operating 
at 3 MHz in helium cell gas mode. The concentration of 
ozone dissolved in the aqueous phase was measured with 
an amperometric Mettler Toledo 358/210 dissolved 
ozone sensor calibrated using the Indigo Colorimetric 
Method (SM 4500-O3 B). The signal was transmitted to 
a Mettler Toledo Thornton M300 and finally monitored 
and recorded using an Agilent 34970 Data Acquisition 
Unit connected to a computer. The concentration of 
ozone in gas phase was determined using an Anseros 
Ozomat GM6000 Pro photometer calibrated against 
potassium iodide. The BET specific surface was 
evaluated by nitrogen adsorption at 77 K using an SA 
3100 Beckman Coulter Analyzer. The catalyst was 
characterized by X-ray diffraction (XRD) using a Seifert 
3000P diffractometer (Cu K,  = 1.5406 Å). DLS 
measurements were conducted in Malvern Zetasizer 
Nano ZS equipment. -potential was measured via 
electrophoretic light scattering combined with phase 
analysis light scattering in the same instrument.  

The toxicity of partially oxidized mixtures was assessed 
using the multigenerational growth inhibition of the 
green alga Pseudokirchneriella subcapitata according to 
OECD TG 201 (OECD, 2011). Algae were cultured in 
OECD growth medium at pH adjusted to 8.0 ± 0.2. A 
culture kept in 25 mL agitated flasks was inoculated three 
days before each test. The exposed cultures were kept in 
96-well clear microplates with a total dosed volume of 
210 L, each well containing 180 L of sample, 20 L of 
a concentrated OECD growth medium and 10 L of 
microalgae. During 72 h algae were grown in a chamber 
under continuous fluorescent illumination of 100 E m-2 

s-1 at 22 ºC. The chlorophyll content was measured daily 
by fluorescence (Excitation 444nm – Emission 680 nm) 
using a Fluoroskan Ascent FL plate fluorometer-
luminometer as substitute parameter for algal biomass 
production. 

3. Results and discussion 

3.1. Removal of micropollutants 

We detected and quantified 16 micropollutants in the 
wastewater samples. The list includes 6 personal care 
products, namely the UV filters 2-ethylhexyl trans-4-
methoxycinnamate (EHMC) and oxybenzone, the 
synthetic musks 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta(g)-2-benzopyran (galaxolide, 
HHBC), 7-acetyl-1,1,3,4,4,6-
hexamethyltetrahydronaphthalene (tonalide, AHTN) and 
musk ketone and the food additive (antioxidant) butyl 
hydroxitoluene (BHT). We also detected 8 
pesticides/biocides and 2 polycyclic aromatic 
hydrocarbons (PAH): atrazine, metolachlor, terbutryn, 
terbuthylazine, chlorpyrifos-ethyl, diazinon, chlorophene, 
triclosan, phenanthrene and pyrene (Table 1). It is 
interesting to note that atrazine and metolachlor are 
excluded from of EC Regulation 1107/2009 (or the 
former Annex I of Council Directive 91/414/EEC). The 
abundance of HHBC and AHTN in treated wastewater 
complies with data published elsewhere and it is due to 
their very large consumption incorporated in a wide 
variety of personal care products in which they act as a 
fragrance fixative (Santiago-Morales et al., 2012). The 
other contaminants analyzed with concentrations in the 
order of hundreds of ng L-1 were the herbicides atrazine 
and metolachlor, frequently used in the past in gardening, 
the antioxidant additive BHT, and the antiseptic triclosan, 
included in a number of personal care products such as 
toothpastes. 

The results of the irradiation and ozonation treatments on 
these pollutants are shown in (Table 2). Ozone was 
capable of removing most of the analyzed pollutants, 
particularly HHBC, AHTN and all the pesticides, with a 
global efficiency of +95% for an ozone dosage 
(calculated according to Eq. 1) of 209 ± 38 µM.  The data 
for HHBC (97% removal) showed a higher degradation 
than found by Rosal et al. (2010) who encountered 83% 
removal for 340 µM ozone dosage. This could be 
explained by a lower COD for the wastewater used in 
this work. Snyder et al. (2006) observed 80-90% removal 
for HHBC in river water and in WWTP effluents using 
ozone dosages comparable to that of this work. It is 
interesting to note that EHMC and musk ketone were not 
significantly removed by ozone. This is in good 
agreement with data reported elsewhere: for the 
ozonation of musk ketone Rosal et al (2010) reported no 
degradation for 220 mM ozone dosage whereas Snyder et 
al. (2006) found depletions of <1 % and 17% for low and 
high ozone dosages, respectively. Triclosan was almost 
completely removed by ozone while pyrene fell below its 
quantification limit. UV irradiation reduced the total 
concentration of the sixteen pollutants tested by an 
average of 63%. A remarkable fact is that musk ketone 
and EHMC were removed up to 92% and 50% 
respectively after 15 min, with substantial degradation 
taking place during the first 2 min (Table 2). 254 nm UV  
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Table 2. Removal of pollutants for irradiation, photocatalytic and ozonation treatments 
(expressed as c(t)/co). Reaction conditions: UV used a 15W low pressure mercury lamp with 
fluence rate 6.01 x 10-6 E L-1 s-1 (254 nm); Xe and Xe-TiO2 used a Heraeus TQ Xe 150 Xe-arc 
lamp with fluence rate 1.05 x 10-6 E L-1 s-1 (290-400 nm); the catalyst concentration was 200 
mg/L; ozone gas flow and concentration were 0.19 N m3 h-1 and 22 g Nm-3.  

  UV  Xe  Xe/Ce-TiO2  O3 
No. Compound 2 min 15 min  2 min 15 min  2 min 15 min  22 min 
1 EHMC 0.38 0.50  0.94 0.77  1.00 0.87  1.00 
2 Oxybenzone 0.70 0.52  1.08 1.01  1.00 1.07  0.75 
3 Galaxolide (HHBC) 0.47 0.46  1.00 1.01  0.53 0.22  0.03 
4 Musk ketone 0.60 0.08  1.00 0.84  0.49 0.36  1.10 
5 Tonalide (AHTN) 0.12 0.02  0.85 0.99  0.31 0.15  0.02 
6  BHT 0.34 0.26  1.02 0.50  0.72 0.40  0.34 
7 Atrazine 0.48 < 0.02  0.91 1.00  0.82 0.85  < 0.02 
8 Metolachlor 0.37 0.003  0.94 1.00  0.67 0.72  < 0.002 
9 Terbutryn 0.23 < 0.02  1.08 1.07  0.54 0.22  < 0.02 
10 Terbuthylazine 0.43 < 0.10  0.94 0.91  0.74 0.68  < 0.10 
11 Chlorpyrifos-ethyl 0.86 0.63  1.00 1.10  0.67 0.25  < 0.17 
12 Diazinon 0.82 0.04  0.96 0.93  1.02 1.01  < 0.002 
13 Chlorophene < 0.02 < 0.02  0.81 0.86  0.85 0.72  < 0.02 
14 Triclosan 0.03 0.02  1.17 0.90  0.63 0.47  0.02 

15 Pyrene 0.67 0.52  1.06 0.99  1.09 1.00  < 0.06 
 

irradiation also resulted in high removal efficiencies for 
AHTN, atrazine, metolachlor, terbutryn, diazinon, 
chlorophene and triclosan (all of which were removed 
+99% in 15 min).  

The rate of photolysis of a given compound at any 
concentration, cP, can be calculated assuming for the 
photoreactor the model of linear source with emission in 
planes parallel to the lamp axis (LSPP). Details on the 
derivation can be found elsewhere (Beltrán, 2003): 

 1

'2
1 oR Ro oP

P P

R LEd c
F e

dt V
         (2) 

 is the attenuation coefficient and Fp the fraction of the 
absorbed radiation absorbed by a given compound, P:  

2.303 i ic       (3) 

P P
P

i i

c
F

c







     (4) 

P is the quantum yield, Ro the inner radius of the 
photoreactor, L the length of the lamp, V the irradiated 

volume, '
oE  the fluence rate at Ro (expressed in W cm-2) 

and ɛP and ɛi the molar extinction coefficients of 
compound P and a generic compound in the mixture. 
Using the experimental values of Σ εi ci = 0.137 cm-1 and 
(R1-Ro) = 2.58 cm, the value for µ (R1-Ro) was 0.814, 
constant throughout the runs because the absorbance of 
wastewater (and the attenuation coefficient) did not 
change appreciably during treatments. In what follows, 
the initial value for Fp was used for integrating Eq. 2 to 

get the concentration of irradiated compounds as a 
function of volume based fluence ratio,  (expressed in 
W m-3): 

 1' 1 oR Ro P
P P Vo

c c
k F E e

t
         (5) 

where k is the rate constant in mol L-1 min-1. The two 
sides of Eq. 3 were plotted for each micropollutant for 
which quantum yields and molar extinction coefficients 
were available (See Table S2 in Supporting Information). 
The results are displayed in Fig. 1 in which the dashed 
line indicates the theoretical degradation rates obtained 
from Eq. 3. The points located below this line represent 
compounds with experimental rate constants lower than 
those theoretically calculated using their specific 
absorbance and quantum yield. The opposite stands for 
values above the theoretical line. The graph shows that 
all pollutants disappeared at rates close to their 
theoretical values with experimental values slightly 
overestimated by theoretical calculations. This drift is 
most probably due to a decrease in Fp during irradiation. 
For compounds with a degradation rate above theoretical 
prediction (oxybenzone and chlorpyrifos-ethyl) other 
degradation mechanisms could be involved such as the 
reaction with hydroxyl radicals generated by photolysis 
of nitrate and nitrite or the photosensitization by 
dissolved organic matter (Mack and Bolton, 1999; 
Werner et al., 2005).  

Visible light Xe-lamp driven photolysis led to a reduced 
removal of micropollutants, with an average of 1.4% for 
those tested in this work. However, visible light   
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Figure 1. First-order constant rate for micropollutant removal 
during UV irradiation as a function of their theoretical rate of 
photolysis (Eq. 4). For compound identification see Table 2. 

irradiation (filtered from wavelengths < 290 nm) was 
able to reduce the concentration of 4 (of 
16)micropollutants in the 14-50% range. Remarkably, 
BHT became depleted by 50%. EHMC and musk ketone 
also displayed relatively high removal rates with 
depletion percentages in the 20% range after only 15 min 
of irradiation. These data indicate the relevance of natural 
irradiation in the environmental degradation of these 
pollutants.  

Visible light Ce-TiO2 photocatalysis was much more 
efficient and reached ~70% overall removal after 15 
minutes. The main contribution was the high removal 
efficiency observed for the synthetic musks HHBC, 
AHTN and musk ketone (in the 64-85% range). Some 
other compounds, like oxybenzone, diazinon and the two 
polyaromatic hydrocarbons (phenanthrene and pyrene) 
did not suffer any significant degradation. Fig. 2 displays 
the photocatalytic removal efficiency of the tested 
micropollutants as a function of their octanol-water 
partition coefficient, Kow (Table S1). (Because all 
compounds are non-polar, their dissociation constants are 
not significant for calculating the octanol-water partition 
coefficient.) For a group of pollutants, located in the 
shadowed region of Fig. 2, there is a clear relationship 
between photocatalytic removal efficiency and Kow. 
Another group of five compounds showed no degradation 
or very low removal ratios (< 15%), namely EHMC, 
oxybenzone, diazinon, phenanthrene and pyrene. The 
insert of Fig. 2 also includes the percentage of dark 
adsorption taking place before irradiation. Diazinon (12) 
significantly adsorbed on the surface of the Ce-TiO2 
catalyst probably due to its positive charge at the pH of 
wastewater, which would allow electrostatic interaction 
with the deprotonated catalyst surface. The surface 
interaction of chlorophene (13), adsorbing > 20%, was 
most probably due to the electroneutral interaction with 
the separated proton in the proximity of TiO2 surface 
(Friedmann et al., 2010). D’Oliveira et al. (1993) 
encountered a linear relationship between apparent first-

order rate constants, Hammett constants and octanol-
water partition coefficients for several chlorophenols 
during TiO2 photocatalysis. In their work, Kow showed a 
positive correlation with apparent rate constants, a 
similar behaviour as that reported here. The same result 
was indicated for several pesticides by Tanaka and 
Reddy (2002). All these findings suggest that 
photocatalytic degradation of non-polar compounds 
might be mainly governed by the adsorption on the 
catalyst surface. The indirect reaction, which takes place 
by mediation of photogenerated radical species with 
soluble compounds, would be less efficient in this case 
than hole-based oxidation. 

 

Figure 2.  Photocatalytic removal of micropollutants as a 
function of the apparent octanol-water partition coefficient, 
Kow. Insert: pollutant adsorption on catalyst surface for 
photocatalytic runs. The numbers refer to compounds as listed 
in Table 2. 

It is interesting to note that the depletion of the tested 
organic compounds by ozone is not directly related to the 
second order direct or indirect ozonation rate constants 
(See Table S2).  There are several reasons for it derived 
from the intrinsic complexity of ozonation reactions. 
First, ozonation is a heterogeneous process, which takes 
part not only in the bulk, but also at the gas-liquid 
interface. Moreover, at the beginning of run there was no 
ozone in solution, and then the reactions took place at the 
gas-liquid interface or within the liquid film. Non-polar 
organics tend to accumulate at the surface, while more 
polar or dissociated compounds remain in the bulk, thus 
there is a preferential reactivity of the former during the 
first minutes. The fact that compounds with similar 
reaction rate became depleted at very different actual 
rates depending on their polarity has already been 
observed in a previous work (Rosal et al., 2010). 
Ozonation can be a direct reaction or hydroxyl radical-
mediated process in which the availability of hydroxyl 
radicals determines the governing path. Radical reactions 
are highly influenced by the presence of interfering 
compounds. For example, it has been demonstrated that 
the reaction of aromatic compounds with hydroxyl 
radical is inhibited by dissolved natural organic matter, 
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Figure 3. Concentration profile for the photodegradation of AHTN, HHCB and musk ketone, shown by empty 
symbols, and its main transformation products, HHCB-Lactone, AHTN-COOH and 2-amino musk ketone displayed 
with filled symbols. (ADS: adsorption, IR: irradiation.) The upper part of the figure shows the mass spectra 
identification of HHCB-Lactone, AHTN-COOH and 2-amino musk ketone. 

the probable reason being that hydroxyl radical formation 
occurs in micro-environmental sites remote from the 
aromatic compounds (Lindsey and Tarr, 2000). 
Moreover, the partition coefficient of a hydrophobic 
compound to dissolved organic matter also plays a 
significant role, up to the point that the presence of 
natural organic matter dramatically hinders the 
degradation of hydrophobic compounds even at too low 
concentrations to significantly scavenge hydroxyl 
radicals. 

Besides the depletion of the compounds shown in Tables 
1 and 2, we also tracked three relevant metabolites of 
three of them, namely HHBC-lactone from HHBC, 
AHTN-COOH (3,5,5,6,8,8-hexamethyl-5,6,7,8-
tetrahydronaphthalene-2-carboxylic acid) from AHTN 
and 2-amino musk ketone from musk ketone. They were 
identified by GC x GC-TOF-MS and their concentrations 
during irradiation are displayed in Fig. 3 for irradiation 
runs. AHTN-COOH and 2-amino musk ketone were 
tentatively assigned according to mass spectra found in 
the literature (Valdersnes et al., 2006; Gatermann et al., 
1998). HHBC-lactone is a biotransformation product of 

HHBC produced in WWTP operating with activated 
sludge (Bester, 2004). Apart from its biological origin, 
HHBC-lactone is a component of technical HHBC and 
was identified in river water samples at a comparable 
concentration or even higher than those for HHBC 
(Gómez et al., 2012). We also detected 2-amino musk 
ketone at levels higher than those of its parent compound. 
2-amino musk ketone is the most common metabolite of 
musk ketone and is a suspected endocrine disruptor able 
to interact with oestrogen receptors (Champagne, 2008). 
AHTN-COOH has recently been shown to come out 
from AHTN reaction with sodium hypochlorite as a 
disinfection by-product (Kuhlich et al., 2011). The 
concentration of the three transformation products were 
significantly reduced by UV irradiation, particularly that 
of 2-amino musk ketone, which disappeared completely 
after 15 min. Xe/Ce-TiO2 reached removal efficiencies 
within 25-50%, while visible light irradiation did not 
induce any significant depletion. Fig. 3 also shows the 
depletion of HHBC, AHTN and musk ketone during UV, 
Xe and Xe/Ce-TiO2 irradiation processes. Concerning 
ozonation runs, the more polar character of TP and their 
higher removal rates make them more difficult to be 
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detected and quantified. The identification of TP from 
galaxolide has been recently considered in detail in a 
recent paper in which we used liquid 
chromatography/hybrid quadrupole time-of-flight mass 
spectrometry (Herrera et al., 2013). In this work we could 
detect HHCB-lactone in ozonated samples because its 
concentration was relatively high (103 ng/L). In a 
previous research we showed that during the first minutes 
of ozonation, HHBC-lactone could increase because it is 
also a transformation product formed during the ozone 
treatment of HHCB (Santiago-Morales et al., 2012). In 
this work, we obtained > 98% removal of HHBC-lactone 
after 22 min on stream. Pure irradiation treatments (UV, 
Xe) did not lead to any significant removal of the organic 
carbon initially present in the wastewater sample while 
Xe/Ce-TiO2 photocatalysis reduced the amount of 
dissolved carbon 9% after 15 min. Ozonation led to a 
maximum mineralization of 40%, with NPOC removal 
below 15% after 15 min on stream. Moderate TOC 
removal is typical for most practical forms of AOP and 
favours the formation of organic transformation products, 
giving way to more complex reaction mixtures. In similar 
conditions we reported several cases of enhanced toxicity 
for aquatic organisms (Rosal et al., 2009; Gómez-Ramos 
et al., 2011). 
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Figure 4. Toxicity of irradiated and ozonated wastewater 
samples. Ozonation (), UV (), Xe (), Xe/Ce-TiO2 (). 

The toxicity of treated samples for the green algae are 
displayed in Fig. 4 expressed as growth rate relative to 
untreated wastewater. Ozonation was the only treatment 
that could reduce the toxicity with respect to raw 
wastewater. The UV irradiation and Xe/Ce-TiO2 visible 
light photocatalysis led to a growth rate reduction of up 
to 20-25% after 15 min of irradiation. The plot in Fig. 4 
is accompanied with 95% confidence intervals, which 
show significant toxic responses at least after 5 min, 
while pure visible light irradiation has no effect at all. 
The enhancement in wastewater toxicity during 
irradiation processes is most probably due to the 
generation of transformation products that may be more 
toxic than the parent ones. It is interesting to note that 
UV and Xe irradiation did not reduce NPOC and that for 

Xe/Ce-TiO2 the reduction was only 9%, a modest figure 
in comparison with the ozone treatment which reached 
NPOC removal of 40%. Additionally, synergistic effects 
between mixture components might make favour toxic 
responses in complex mixtures. The generation of a high 
number of transformation products from every single 
parent pollutant would be a cause for concern (Boltes et 
al., 2012; Santiago-Morales et al., 2013). 

UV and visible light irradiation treatments are initially 
quite different, but the similar generation of TP and the 
comparable toxicity pattern suggest a deeper analogy. 
During UV irradiation at 254 nm, it is expected a certain 
oxidative contribution from hydroxyl radicals originated 
during the photolysis of nitrate (Lam et al., 2003). Also, 
from water photolysis as the low-pressure mercury lamp 
used in this work yielded about 5% of its total power at 
185 nm, in the vacuum UV. Visible light photocatalysis 
may also generate hydroxyl radicals by catalyst 
photoexcitation even though the direct oxidation on 
catalyst holes would eventually dominate. The lower 
capacity of irradiation processes to generate highly 
oxidant species would be the underlying reason for the 
main differences observed.  

3.2. Energy efficiency 

Water transferred power (WTP, expressed in W m-3) was 
used to quantify the amount of energy entering a volume 
of water per unit time. The energy could be supplied in 
several forms such as radiation, electricity, or chemical 
energy. For irradiation processes, WTP was obtained 

from the fluence rate, '
oE , the irradiated area A and the 

volume of treated water V: 

'
oE A

WTP
V

      (6) 

For ozonation, WTP was calculated using standard 
enthalpy of formation of O3 to convert ozone dosage into 
chemical energy:  

3O

F C H
WTP

V


     (7) 

F is the gas flow (Nm3 s-1), C the O3(g) concentration (g 
Nm-3), ΔH the formation enthalpy of ozone (2.97 kJ g-1) 
and V the volume of treated water. The results of WTP 
for the irradiation and ozonation processes used in this 
work are listed in Table 3. It is interesting to note that 
UV irradiation supplied one and two orders of magnitude 
more power than visible light irradiation and ozonation 
respectively. For the derivation of Table 3 we assumed 
gas-to-liquid ozone transfer efficiency of 75% as 
discussed elsewhere (Muñoz et al., 2009). The energy 
transferred to treated water, WTE is WTP multiplied by 
time. Fig. 5 shows the influence of the water transferred 
energy WTE (kJ m-3) for photochemical and oxidation 
treatments on the depletion of total micropollutant 
concentration. Ozonation was by far the most efficient 
treatment in terms of the amount of micropollutants  
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removed per unit of energy transferred to the water. The 
sample used for ozone treatments was taken once ozone 
appeared in solution and reasonably reached a plateau. 
This choice represents an ozone dosage not much higher 
than that required for rapid direct ozone reactions to 
complete and would be a reasonable minimum ozone 
dosage for wastewater treatment. 

Table 3. Water-transferred power (WTP), electrical 
energy per order (EEO) collector area per order (ACO) for 
the different treatments 

Treatment WTP (W m-3) 
UV irradiation (254 nm) 2828 
Visible light irradiation (Xe 
lamp 290-400 nm) 

348 

Ozonationa 29.5 
EEO (kWh m-3 order-1) 

UV irradiation (254 nm) 2.56 ± 1.85 
Ozonationa 0.18 

ACO (m2 m-3 order-1) 
Visible light irradiation (Xe 
lamp 290-400 nm) 

9.14 ± 5.11 

Xe/Ce-TiO2 photocatalysis 0.16 ± 0.03 
a) Assuming gas-to-liquid ozone transfer efficiency of 
75% (Muñoz et al., 2009).  

Photocatalytic Xe/Ce-TiO2 required considerably lower 
energy than UV to remove the same amount of 
micropollutants. The contribution of dark adsorption on 
catalyst surface to pollutant depletion (~10%) is also 
shown in Fig. 5. As indicated before, the non-catalytic 
degradation by visible light resulted negligible.  

The efficiency of energy usage can be quantified using 
the concept of transferred energy efficiency (TEE). TEE 
(nmol kJ-1) is the ratio between concentration removal of 
micropollutants (nmol L-1) and WTE. A higher value 
means better energy usage efficiency. The values of TEE 
are also shown as labels in Fig. 5. Ozonation was the 
most efficient process with TEE of 503 nmol kJ-1, five-
fold higher than Xe/Ce-TiO2 visible light photocatalysis. 
In this work, the sample of the ozonation runs was 
withdrawn once ozone dissolved concentration achieved 
a plateau at 22 min on stream. Ozonation could lead to 
even better results in terms of efficiency for lower 
contact times because, for lower ozone dosages, the 
amount of transferred energy would be proportionally 
lower. In any case it is necessary to consider that the 
minimum ozone dosage would correspond to that 
required to reach the slow kinetic regime. Therefore, 
there is no reason for great differences. Concerning 
irradiation treatments, Xe/Ce-TiO2 photocatalysis 
showed a better efficiency than UV and Xe. The data also 
show a decrease in energy efficiency with treatments 
time due to the lower reaction rate as pollutant 
concentration dropped. 
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Figure 5. Removal of the total concentration of 
micropollutants as a function of the energy transferred to water 
during Xe, Xe/Ce-TiO2, UV and O3 treatments. Transferred 
energy efficiency (TEE, nmol kJ-1) is shown in labels. 

Low-pressure mercury vapour lamp irradiation and 
ozonation are energy-intensive treatments in which 
electric energy can represent a large fraction of the 
operating costs. Bolton et al (2001) defined a concept for 
measuring the energy consumption during the depletion 
of organic compounds at low concentrations by 
electrically driven processes called electrical energy per 
order, EEO (kWh m-3 order-1). It assumes overall first 
order kinetic expression and represents the electric 
energy needed to remove a given pollutant by one order 
of magnitude in a unit volume of water according to the 
following equation (written for batch operation): 

log
EO

i

f

P t
E

c
V

c


 
  
 

                                           (8) 

P is the electric power, t the time, V the volume of 
reaction and ci and cf the initial and final concentration 
respectively.  

For solar driven systems the electrical cost of irradiation 
does not apply because Xe-lamp is assumed to represent 
a true solar irradiation in a solar collector. In this case, 
the cost is dominated by the capital investment in the 
collector and the efficiency is best described in terms of 
irradiated area. Collector area per order, ACO (m2 m-3 
order-1), is the collector area needed to obtain one-order-
magnitude degradation of a given contaminant (or group 
of contaminants) per unit of volume receiving 

“standardized” incident solar fluence rate ( '
soE ) of 1000 

W m-2 over a period to (1h):  

'

'log

S
CO

i
SO o

f

AE t
A

c
V E t

c


 
  
 

   (9) 

A is the collector area and '
sE  (W m-2) and the average 

solar fluence rate during the period t of the treatment. 
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Actinometry measurements allowed the determination of 

the volume based average fluence rate, '
voE : 

'
' S
VO

AE
E

V
      (10) 

Finally, the volume based average fluence rate, '
voE , can 

be replaced in Eq. 7 to obtain the collector-area-per-order 
expression used in this work: 

'

'log

VO
CO

i
SO o

f

E t
A

c
E t

c


 
  
 

    (11) 

Both “figures-of-merit”, EEO and ACO, for the treatments 
used in this work are exposed in Table 3. Ozonation led 
to EEO of 0.18 kWh m-3 order-1, which represents a much 
lower electric consumption than UV irradiation. This 
consumption agreed with the figures reported by 
Katsoyiannis et al. (2011), in the 0.0035-0.9 kWh m-3 
order-1 range, and Rodríguez et al. (2012) who obtained 
0.03-0.26 kWh m-3 order-1 for continuous ozonation in a 
double column arrangement. Most of this variation in 
ozone efficiency could be explained by the balance 
between direct and hydroxyl-mediated oxidation 
processes and the effect of radical scavengers on the 
latter (Katsoyiannis et al., 2011). Kim and Tanaka (2011) 
calculated EEO in the 0.03-0.09 kWh m-3 order-1 range in 
a process in which they got over 90% removal for most 
of a set of 37 pharmaceuticals and personal care 
products. More refractory compounds require higher 
dosages and consequently other authors found lower 
efficiencies for the removal of dyes with O3, O3/H2O2, 
H2O2/UV and TiO2/UV-A, which were in the 0.23-0.68 
kWh m-3 order-1 range (Arslan et al., 1999; Alaton et al., 
2002). For UV treatment, we calculated the required 
energy considering an electric efficiency of 40% and a 
quartz transmittance of 92% (254 nm). The obtained EEO 
was 2.56 ± 1.85 kWh m-3 order-1, a figure in good 
agreement with previously reported data for the 
irradiation of river water and wastewater (Bolton and 
Stephan, 2002; Benotti et al. 2009; Zoschke et al., 2012). 
Lower values are associated with treatments in pure 
water, in which there are less absorbing species (Table 
S3). 

Concerning Xe-lamp irradiated treatments, we assumed 
the same conditions would stand for a solar collector, 
with a borosilicate glass transmittance of 86.1% for 
wavelength range 290-400 nm taken from ASTM G173-
03 Reference Solar Spectra and the transmittance data for 
DURAN glass. The experiments led to collector areas per 
order of 9.14 ± 5.11 m2 m-3 order-1 for Xe irradiation and 
0.16 ± 0.03 m2 m-3 order-1 for Xe/Ce-TiO2. These results 
indicate that Ce-TiO2 photocatalysis greatly improved the 
treatment efficiency of solar radiation. The collector area 
determined in this work for the photocatalytic process 
was one order-magnitude lower than that found 
elsewhere for the treatments of oxalic acid, the pesticide 

carbaryl and certain dyes (Bandala and Estrada, 2007; 
Rao et al., 2012). This fact could be due to the method of 
radiation measurement, which in our case was a chemical 
actinometry instead of radiometer calculations, and also 
due to the difference in target compounds, which were 
considerably more refractory for the cited references. (A 
more detailed reference to results reported in the 
literature can be found in Table S3.) 

4. Conclusions 

Ozone treatment achieved a global efficiency over 95% 
for the removal of the non-polar pollutants studied in this 
work for 209 ± 37 µM ozone dosage. Particularly HHBC, 
AHTN, the agrochemicals atrazine, metolachlor, 
terbutryn, terbuthylazine, chlorpyrifos-ethyl, diazinon, 
chlorophene, the antiseptic triclosan and the polyaromatic 
compound pyrene were all removed over 99%. 

The irradiation with 254 nm UV reduced the total 
concentration of the tracked pollutants by an average of 
63% with the highest removal for the synthetic musks 
AHTN and musk ketone and all the herbicides (> 98%) 
except chlorpyrifos-ethyl (37%). 

Visible light Ce-TiO2 photocatalysis reached ~70% 
overall removal after 15 minutes of irradiation with the 
best results for the synthetic musks HHBC, AHTN and 
musk ketone (removal efficiencies in the 64-85% range). 
For a significant group of pollutants there was a clear 
positive relationship between photocatalytic removal 
efficiency and Kow.  

The efficiency in the use of energy was compared using 
the ratio between pollutant depletion (nmol) and the 
energy transferred to water (kJ). Ozonation was by far 
the most efficienct treatment, one order of magnitude 
ahead of Xe/Ce-TiO2, which was the irradiation process 
requiring less energy to remove the same amount of 
micropollutants.  

Expressed in terms of energy per order, ozonation was 
again preferred, with 0.18 ± 0.06 kWh m-3 order-1, while 
UV irradiation at 254 nm consumed 2.56 ± 1.85 kWh m-3 
order-1. Visible light irradiation photocatalysis led to 
collector areas per order of 0.16 ± 0.03 m2 m-3 order-1. 
The result is lower than other published data for solar 
degradation of water pollutants, probably reflecting the 
ability of Ce-TiO2 to remove non-polar pollutants. 

The toxicity of treated wastewater decreased during 
ozone treatments while irradiation processes led to a 
toxicity increase due to the accumulation of toxic 
transformation products, three of which were identified 
and tracked along the runs. UV irradiation and Xe/Ce-
TiO2 photocatalysis led to a relatively high toxic 
response for the growth of the green alga P. subcapitata.  
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Table S1. Properties of micropollutants  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) ACD/Ilab Web service Advanced_Chemistry_Development_Inc.; b) Rosal et al. 2010; c) U.S_National_Library_of_Medicine; d) Gómez et al. 2011; e) log 
Dow: logarithm of pH-dependent or apparent octanol–water distribution coefficient, Dow [for basic compounds, this coefficient can be determined by the following 

equation using pKa for the corresponding conjugate acid (Rosal et al., 2010): ] ; PS: priority substance; PHS: priority hazardous substance. PS 

and PHS are according to the Proposal COM 2011,876 final 31.1.2012  of European Parliament and Council 

Function  Substance CAS No. 
Molecular 
formula 

pKa Log Kow
d Log Dow

e 

UV filter / sunscreen 2-Ethylhexyl trans-4-methoxycinnamate 5466-77-3 C18H26O3 - a 5.8 5.8 

UV filter / sunscreen Oxybenzone 131-57-7 C14H12O3 9.7 a 3.79 3.79 

Synthetic musk Galaxolide (HHBC) 1222-05-5 C18H26O - b 5.9 5.90 

Synthetic musk Musk ketone 81-14-1 C14H18N2O5  - a 4.3 4.30 

Synthetic musk Tonalide (AHTN) 21145-77-7 C18H26O - b 5.7 5.70 

Food additive / antioxidant Butyl hydroxytoluene (BHT) 128-27-0 C15H24O 12.23 c 5.1 5.10 

Herbicide Atrazine PH 1912-24-9 C8H14ClN5 12.3 a 2.61 2.61 

Herbicide Metolachlor 51218-45-2 C15H22ClNO2 12.55 a 3.13 3.13 

Herbicide Terbutryn PH 886-50-0 C10H19N5S 9.7 c 3.74 3.74 

Herbicide Terbuthylazine 5915-41-3 C9H16ClN5 12 c 3.21 3.21 

Insecticide Chlorpyrifos-ethyl PH 2921-88-2 C9H11Cl3NO3PS - a 4.96 4.96 

Insecticide Diazinon 333-41-5 C12H21N2O3PS 12.4 a 3.81 3.81 

Disinfectant Chlorophene 120-32-1 C13H11ClO 9.6 a 3.6 3.60 

Antiseptic Triclosan 3380-34-5 C12H7Cl3O2 7.8 b 4.76 4.64 

Combustion by-product Pyrene PHS 129-00-0 C16H10 - 4.88 4.88 

Combustion by-product Phenanthrene PHS 85-01-8 C14H10 - 4.46 4.46 
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Table S2. Properties of micropollutants (continued) 

Substance Spectrum range 
 254 nm 

(x10-3) 
 254 nm 

(M-1 cm-1) 
 >290 nm

c
  

(x10-3) 
 >290 nm

c 

(M-1 cm-1) 
kO3 

(M-1 s-1) 
kOH   

 (x109 M-1 s-1) 

2-Ethylhexyl trans-4-methoxycinnamate < 340 nm 1 - 1550 11 - 25300 11 - - 

Oxybenzone < 400 nm 2 0.13 a 6653 12 0.13 12 5900 12 5.0·106  23 - 

Galaxolide (HHBC) < 300 nm b - 486b - 20.4b 140 24 4.72 32 

Musk ketone - - - - - - 1.49 33 

Tonalide (AHTN) < 340 nm b 120 a 12613b 120 20 849 b 8 24 5.00 24 

Butyl hydroxytoluene (BHT) < 295 nm 3 - 316 3 - 39.8 3 - - 

Atrazine < 290 nm b 53 12 3768 12 53 a 0 6 25 2.54 35 

Metolachlor < 305 nm 4 302 15 615 4 302 a 9.6 4 1.11 26 6.70 26 

Terbutryn < 290 nm 5 79 16 4210 5 79 a 0 - - 

Terbutylazine < 290 nm 6 94 17 3830 17 94 a 0 8.9 28 2.80 27 

Chlorpyrifos-ethyl < 310 nm 7 16 18 900 18 52 18 330 18 - 4.90 35 

Diazinon < 320nm 8 86 8 3558 4 58 8 89 4 1602 28 9.00  8 

Chlorophene 
< 300 nm 9                                               

(based on dichlorophene) 
- - - - - 10.0  29 

Triclosan 
< 300 nm (acid form)                            

< 320 nm (basic form) 10 
480 22 3300 10 740 21 1500 10 1.81·108 30 5.40  31 

Pyrene < 384 nm 14 3.83 39 13461 14 2.1 14 7179 14 3.60·104 38 10.0 36 

Phenanthrene < 355 nm 14 6.9 19 45753 14 3.5 14 1222 14 1.0·104 38 13.4 37 

 
1) Kikuchi et al., 2010; 2) Serpone et al., 2002; 3) NIST, 2012; 4) Feigenbrugel et al., 2005; 5) Gonzalez et al., 2007; 6) Palm et al., 1997; 7) Moffat et al. 2011; 8) Shemer 
and Linden, 2006; 9) Ghauch and Tuqan, 2009; 10) Lindström et al., 2002; 11) Panday, 2002; 12) Serpone et al., 2002;; 12) Santiago et al., 2011;; 14) Ram and Anastasio, 
2009; 15) Wu et al., 2007; 16) Zwiener et al., 1995; 17) Nick et al., 1992; 18) Wan et al., 1994; 19) Beltrán et al., 1995; 20) European Union, 2008; 21) Latch et al., 2003; 22) 
Chung et al., 2007; 23) Huber et al., 2003; 24) Nöthe et al., 2007; 25) Acero et al., 2000; 26) Acero et al., 2003; 27) Camel and Bermond, 1998; 28) Ku et al., 1998; 29) Sires 
et al., 2007; 30) Suarez et al., 2007; 31) Latch et al., 2009; 32) Ward, 2010; 33) Hirsch, 2011; 35) Balci et al., 2009; 35) Wu and Linden, 2010; 36) Haag and Yao, 1992; 37) 
Beltrán, 2003; 38) Trapido et al., 1995; 39) Lehto et al., 2000; a) Quantum yield 254 nm ≈ Quantum yield >290 nm; b) Measured in this work. c) ф>290 nm  and ε >290 nm  
corresponds to averaged values between 290 nm and the maximum absorbance wavelength.  
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Table S3 Electrical energy per order per order, EEO (kWh m-3 order) and collector area per order, ACO (m2 m-3 order-1) in the literature. 

 Treatment This work Literature value Conditions References 

EEO 
(kWh m-3 order-1) 

UV 2.56 ± 1.85 

0.2a to 1.3b 
aUltrapure water, bRaw water 

2-methyl isoborneol and geosmin 
(Zoschke et al., 2012) 

0.628 Atrazine (~100 ppb), MQ water (Bolton and Stefan, 2002) 

0.3-0.5 
Deionised water 

0.001 mM N-nitrosodimethylamine 
(Stefan and Bolton, 2002) 

~1-50 Atenolol–TCEP (ng L-1) in river water (Benotti et al., 2009) 

O3 0.18 

0.0035 (SMX) 
0.9 (NDMA) 

Sulfamethoxazole 
[kO3 2.5·106 M-1 s-1 (pH 7), kOH 5·109 M-1 s-1] 

N-nitrosodimethylamine 
[kO3 0.052 M-1 s-1, kOH 4.5·108 M-1 s-1] 

(Katsoyiannis et al., 2011) 

0.03-0.09 
Number of removed PPCPs > 90% / total number of 

PPCP 24/37 - 35/37 
(Kim and Tanaka, 2011) 

0.684 Dyebath effluent (Alaton et al., 2002) 

0.23 Dyehouse, pH 11 (Arslan et al., 1999) 

0.03-0.26 Two ozonation columns, 0.30 L min-1, 90% removal (Rodríguez et al., 2012) 

ACO 

(m2 m-3 order-1) 

Xe 9.14 ± 5.11 NF NF NF 

Xe-CeTiO2 0.16 ± 0.03 

12-37.5 
8.7-5.5 

Oxalic acid degradation (10 mM): 
 PTC-CPC, 50 mg/L TiO2 

 PTC-CPC,1 g/L TiO2  (Bandala and Estrada, 2007) 
14 
9.6 

Carbaryl degradation (0.25mM): 
PTC 0.05g/L TiO2  
CPC 0.5g/L TiO2 

8.6-11.2 Pebble bet, Different Dyes, 20-50 mg/L deionised water (Rao et al., 2012) 

PTC: parabolic trough collector 
CPC Concentrating Parabolic Collector) 
NF: not found 
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