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a b s t r a c t

This work investigated the application of a solar driven advanced oxidation process (solar

photo-Fenton), for the degradation of antibiotics at low concentration level (mg L�1) in

secondary treated domestic effluents at a pilot-scale. The examined antibiotics were

ofloxacin (OFX) and trimethoprim (TMP). A compound parabolic collector (CPC) pilot plant

was used for the photocatalytic experiments. The process was mainly evaluated by a fast

and reliable analytical method based on a UPLC-MS/MS system. Solar photo-Fenton

process using low iron and hydrogen peroxide doses ([Fe2þ]0 ¼ 5 mg L�1;

[H2O2]0 ¼ 75 mg L�1) was proved to be an efficient method for the elimination of these

compounds with relatively high degradation rates. The photocatalytic degradation of OFX

and TMP with the solar photo-Fenton process followed apparent first-order kinetics.

A modification of the first-order kinetic expression was proposed and has been success-

fully used to explain the degradation kinetics of the compounds during the solar photo-

Fenton treatment. The results demonstrated the capacity of the applied advanced

process to reduce the initial wastewater toxicity against the examined plant species

(Sorghum saccharatum, Lepidium sativum, Sinapis alba) and the water flea Daphnia magna. The

phytotoxicity of the treated samples, expressed as root growth inhibition, was higher

compared to that observed on the inhibition of seed germination. Enterococci, including

those resistant to OFX and TMP, were completely eliminated at the end of the treatment.

The total cost of the full scale unit for the treatment of 150 m3 day�1 of secondary

wastewater effluent was found to be 0.85 V m�3.
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1. Introduction 2. Materials and methods
Antibiotics are among the most frequently prescribed

medications since they are commonly used in human and

veterinary medicine for the purpose of treating bacterial

infections (Kümmerer, 2009). Antibiotics may escape

conventional biological treatment and thus enter receiving

environmental media either in their parent form or as

transformation products. It appears from the literature that

the greatest risk related to their presence in the environment

is their potential to cause antibiotic resistance among

bacteria (Akiyama and Savin, 2010; Novo and Manaia, 2010).

Although antibiotics are found in the environment at sub-

inhibitory levels, relatively low concentrations of antimi-

crobial agents can still promote bacterial resistance

(Castiglioni et al., 2008).

Reusable treated wastewater (especially for irrigation

purposes in countries with dry weather conditions) should

be free of antibiotic compounds; therefore the application of

new and improved wastewater treatment technologies are

a necessary task. Advanced Oxidation Processes (AOPs) are

considered promising methods for the remediation of

contaminated wastewaters containing non-biodegradable

organic pollutants (Oller et al., 2011; Rizzo, 2011). These

processes involve the generation of powerful transitory

species, principally the hydroxyl radical (HO�) (Andreozzi

et al., 1999). Among the various AOPs, Fenton process has

been extensively used with success for the oxidation of

many classes of organic compounds due to its high effi-

ciency to generate HO� by the catalytic decomposition of

hydrogen peroxide in reaction with ferrous (or ferric) ions in

acidic medium (Perez-Estrada et al., 2005). In the photo-

Fenton process, additional reactions occur in the presence

of light (artificial or solar) that produce additional HO�

(Pignatello, 1992), thus increasing the efficiency of the

process.

OFX is a second generation fluoroquinolone antibiotic

(Okeri and Arhewoh, 2008). It is an orally administered broad

spectrum antibacterial drug active against most Gram-

negative bacteria, many Gram-positive bacteria (staphylo-

cocci and enterococci) and some anaerobes (Nau et al., 1994).

TMP belongs to a family of synthetic 2,4-diaminopyrimidines

and is used either alone or in combination with sulfon-

amides for the treatment of specific bacterial infections (Li

et al., 2005). It is a broad-spectrum antimicrobial agent

which inhibits the enzyme dihydrofolate reductase (Barbarin

et al., 2002). OFX and TMP have been reported in many envi-

ronmental monitoring studies, detected in wastewater treat-

ment plant effluents and in natural waters worldwide at

concentrations of mg L�1 (Watkinson et al., 2009; Li and Zhang,

2011).

The overall aim of this work was to (i) investigate at a pilot-

scale the degradation of OFX and TMP when present in

secondary effluents at mg L�1 concentration level; (ii) deter-

mine the degradation kinetics for both compounds; (iii) assess

the acute toxicity of the parent compounds and their oxida-

tion by-products generated during the process using a set of

bio- and phyto- assays and (iv) assess the efficiency of the

process to remove the antibiotic resistant enterococci.
2.1. Chemicals

The standards of antibiotics (OFX, Sigma Aldrich; TMP, Fluka)

used were of high purity grade and were not subjected to any

further purification. The reagents used in the solar photo-

Fenton experiments were FeSO4$7H2O (Sigma Aldrich) and

H2O2 (30% w/w, Merck). The pH of the wastewater was

adjusted by 2 N H2SO4 (Merck). The Fenton reaction was

terminated at specific time intervals by adding: (i) methanol

(Fluka) for the chromatographic analysis, (ii) anhydrous

Na2SO3 (Sigma Aldrich) for the DOC measurements and (iii)

MnO2 (particle size 10 mm, reagent grade � 90%) (Sigma

Aldrich) for the COD determination. LC/MS-grade solvents

such as methanol (Fluka) and acetonitrile (Sigma Aldrich),

formic acid (Fluka) and ammonium acetate (Sigma Aldrich)

were used for the chromatographic analysis. Ultrapure water

(Milli-Q) was also used. For toxicity and microbiological anal-

yses the treated solutions were neutralized with 2 N NaOH

(Merck) while the residual H2O2 was removed from the treated

samples with commercially available catalase solution

(Micrococcus lysodeikticus 170,000 U mL�1, Fluka) (Zapata et al.,

2009a).
2.2. Experimental procedure

The experiments were performed using a compound para-

bolic collector (CPC) pilot plant installed at the sewage treat-

ment plant at the University of Cyprus (UCY), for solar

photocatalytic degradation applications. The pilot plant is

comprised of twelve borosilicate glass tubes (Ø 55 mm) and is

mounted on curved polished aluminum reflectors. The

reflectors are mounted on a fixed platform tilted at the local

latitude (35�). Storage tank, flow meters, sensors (pH, DO and

T), air blower, UV radiometer (UV_air_ABC), control panel,

pipes, and fittings complete the installation. The storage tank

of the pilot unit is directly connected to the main secondary

tank of the sewage treatment plant at the UCY and was filled

with 250 L of wastewater for each experiment. The plant was

operated in batch mode. The wastewater flows directly from

one tube to the other and finally to the reservoir tank. A

centrifugal pump (600 L h�1) returns the wastewater from the

tank to the collectors in a closed circuit. The overall volume

capacity of the reactor VT is 250 L and the total irradiated

volume Vi (tubes volume) is 85.4 L. The irradiated surface of

the pilot plant is 5.65m2. The secondary effluentwas analyzed

before use for a number of quality characteristics (Table 1).

Note that OFX and TMP were not detected in the secondary

effluent by UPLC-MS/MS.

The secondary effluent before entering the tank passes

through a cylindrical filter (200 mm pore size, Ø 25.4 mm,

PALAPLAST, Greece) installed at the entrance of the storage

tank. This is necessary to avoid fouling problems in the

mechanical parts of the pilot plant. The temperature in the

reactor as well as the UV solar radiation was continuously

recorded. The UV radiometer is mounted on the platform of

the CPCs. During the loading of the reactor with the
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Table 1 e Main qualitative characteristics of the
secondary treated effluent used for the solar Fenton
process.

Parameter Value rangea

pH (20 �C) 6.50e7.21

Conductivity (mS cm�1) (20 �C) 1593e1677

TSS (mg L�1) 55.14e48.33

NO3
� (mg L�1) 33.23e36.07

Total N (mg L�1) 35.25e38.00

PO4
3� (mg L�1) 2.65e3.11

Total P (mg L�1) 3.53e3.89

COD (mg L�1) 25.00e27.00

DOC (mg L�1) 6.29e8.60

BOD (mg L�1) 11.00e12.00

Fe (mg L�1) 0.283e0.302

Cu (mg L�1) 0.195e0.209

Cd (mg L�1) 0.11e0.14

Na (mg L�1) 11.88e13.24

K (mg L�1) 24.56e26.84

a Mean value of three separate measurements.
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chemicals, the collectors were covered with a thick UV

resistant canvas to avoid any photoreaction. At the begin-

ning, the reactor was filled with the secondary treated

wastewater. Then a predetermined volume of standard

solution of OFX or TMP was added and after homogenization

(15 min) a sample was taken, representing the initial drug

concentration. The recirculation of the solution in the reactor

was chosen to be 15 min, time duration sufficient for good

mixing, according to the operative flow rate and the detection

of the examined compound at the outlet of the system. The

pH was then adjusted (pH ¼ 2.8e2.9) with 2 N H2SO4 and the

appropriate volume of ferrous solution was added. Mixing

was followed for 15 min. Then, the predetermined amount of

hydrogen peroxide was added. A sample was taken after

some minutes of dark Fenton process (zero-illumination

time) and the collectors were uncovered. At this time solar

photo-Fenton process began. During the process, samples

were withdrawn at specified intervals and were analyzed. In

addition, experiments were performed at the inherent pH

value (pH ¼ 7e8) of the wastewater.

The comparison of the data deriving from different days at

different times of the day and under different solar illumina-

tion conditions, was performed after applying Eq. (1) to

‘‘normalized illumination time’’ (Gernjak et al., 2006;

Klamerth et al., 2010). In this equation tn is the experimental

time for each sample, UV is the average solar ultraviolet

radiation (l < 400 nm) measured between tn � 1 and tn, and

t30 W,n is the ‘‘normalized illumination time’’. In this case, time

refers to a constant solar UV power of 30 W m�2 (typical solar

UV power on a perfectly sunny day around noon).

t30W;n ¼ t30W;n�1 þ Dtn
UV
30

Vi

VT
; Dtn ¼ tn � tn�1 (1)

where VT and Vi is the total and irradiated volume,

respectively.

Furthermore, considering the fact that the reaction rate

during the solar photo-Fenton process depends strongly on

temperature (Zapata et al., 2009b), Eq. (1) can be trans-

formed (using the Arrhenius equation) to Eqs. (2a, b) using
the apparent rate constants of each compound at 25 �C
which have been determined from the bench scale

experiments.

t30 WT;n ¼ t30 WT;n�1 þ Dtn
UV
30

Vi

VT

�
1þ 0:035

�
q� 25o

C

��
$OFX (2a)

t30 WT;n ¼ t30 WT;n�1 þ Dtn
UV
30

Vi

VT

�
1þ 0:054

�
q� 25o

C

��
$TMP (2b)

where t30 WT;n is the normalized time for each sample at 25 �C,

UV is the average solar ultraviolet radiation measured

between tn � 1 and tn, and q is the average temperature

between tn � 1 and tn. The value of 30 W m�2 was used as the

average value for the ultraviolet solar irradiation according to

the UV data provided directly by the UV radiometer which is

installed on the plant. The collected UV data were confirmed

with the data provided by the Cyprus Meteorological Service.

It is important to mention that the normalized illumination

time, calculated using the Eqs. (2a, b), is lower than the actual

experimental time (texp). This is because the Eqs. (2a, b)

include the term Vi/VT and the irradiated volume is signifi-

cantly lower than the total volume of the treated wastewater

(Vi z VT/3).

2.3. Toxicity

Toxicity measurements were carried out, in samples taken at

various times during the photocatalytic treatment, with: (a)

the Phytotestkit microbiotest (MicroBioTests Inc.) and (b) the

Daphtoxkit F� magna toxicity test. Toxicity tests were con-

ducted according to the standard operating protocols for three

plant species and for Daphnia magna (ISO 6341:1996), respec-

tively. The residual hydrogen peroxide was removed from the

treated samples with catalase prior to analysis.

The Phytotestkit microbiotest measures the decrease (or

the absence) of germination and early growth of plants which

are exposed directly to the samples spiked onto a thick filter

paper. The filter is provided by the kit manufacturer (Micro-

BioTests Inc.). A control test was performed using tap water.

The plants used for the Phytotestkit microbiotest were: the

monocotyl Sorgho (Sorghum saccharatum), the dicotyl garden

cress (Lepidium sativum) and the dicotyl mustard (Sinapis alba).

These species are frequently used in phytotoxicity analyses

due to their rapid germination and growth of roots and shoots

and their sensitivity to low concentrations of phytotoxic

substances (MicroBioTests Inc.).

The test results were evaluated comparing the mean

number of germinated seeds and the mean root and shoot

length for the three replicates in the control and in each

examined sample. The percentage effect of the chemical

compounds on seed germination (GI), root growth inhibition

(RI) and shoot growth inhibition (SI) was calculated applying

the following formula.

GI or RI or SIð%Þ ¼ A� B
A

� 100 (3)

where A is the average number of germinated seeds or

average root length or average shoot length, respectively in

the control and B is the respective value for the test solution.

The experiments were performed in triplicate.

http://dx.doi.org/10.1016/j.watres.2012.07.049
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Daphtoxkit F� toxicity test is based on the observation of

the D. magna immobilization after 24 and 48 h of exposure to

the treated samples.
2.4. Enumeration of total cultivable and antibiotic
resistant enterococci

In order to assess the removal of antibiotic resistant bacteria

of enteric origin, commonly found in wastewaters and used as

microbiological indicators of water quality, total and antibi-

otic resistant enterococci were monitored. Enterococci

enumeration was based on the membrane filtration method

as described elsewhere (Ferreira da Silva et al., 2006; Novo and

Manaia, 2010). Briefly, bacteria were enumerated on m-

Enterococcus agar (Enterococcus Selective Agar, Fluka) or on

this medium supplemented with 1 mg L�1 of TMP or OFX.

Antibiotic stock solutions (0.5 g L�1) were prepared by dis-

solving a specified mass of each compound in deionized

water, were sterilized by filtration and then spiking of the

appropriate volume into themedium solutionwas carried out.

The final antibiotic concentrations in the culture medium

were determined according to the Minimal Inhibitory

Concentrations (MIC) as reported by Andrews (2009).

Samples from the solar photo-Fenton experiments were

mixed with catalase solution to remove the residual hydrogen

peroxide and neutralized with 2 N NaOH. Serial dilutions were

prepared in saline solution (NaCl 0.85%) and filtered through

filteringmembranes (mixed cellulose ester, 0.45mmpore size,

47mmdiameter, Millipore). Themembranes were placed onto

the culture media and incubated for 48 h at 37 �C. After the

incubation period, the number of colony forming units (CFU)

was registered. CFU determinations were considered reliable

if the filtering membranes contained between 10 and 100

colonies. The prevalence of antibiotic resistant enterococci

was calculated as the ratio between the CFUmL�1 observed on

antibiotic supplemented culture medium and the CFU mL�1

observed on the same medium without antibiotics (Novo and

Manaia, 2010). All analyses were made in triplicate for each

sample.

For each antibiotic, the antibiotic resistance (%) was

calculated by directly comparing the counts on the antibiotic

plate with the corresponding counts on the plate without

antibiotic (Eq. (4)).

%Resistance ¼

�
CFU
mL

�
medium with antibiotic

�
CFU
mL

�
medium without antibiotic

� 100 (4)

2.5. Analytical methods

All analyses were performed on an ACQUITY TQD UPLC-MS/

MS system (Waters) using a method specifically developed

for this application (Michael et al., 2012). Data acquisition was

performed with positive electrospray in multiple reaction

monitoring mode (MRM), recording the transitions between

the precursor ion and the most abundant fragment ions. The

most abundant transition product ion was typically used for

quantification of the target compound, while the second

transition product, together with the ratio of the intensities of
the two transitions, were used for confirmation purposes.

Column BEH Shield RP18 (1.7 mm; 2.1 � 50 mm; Waters) was

used for the chromatographic analysis with the mobile phase

consisting of 0.1 mM ammonium acetate in water þ 0.01%

formic acid (eluent A) and 0.1 mM ammonium acetate in

methanol þ 0.01% formic acid (eluent B). Oasis HLB cartridges

(200 mg, Waters Corporation) were used for the sample

preconcentration.

Dissolved organic carbon (DOC) was monitored by direct

injection of the filtered samples (0.22 mm, Millipore) into

a Shimadzu TOC analyzer. Chemical oxygen demand (COD)

was measured with Merck�Spectroquant kits and the absor-

bance of the samples was measured at 445 nm. Biodegrad-

ability was measured by the 5-day biochemical oxygen

demand (BOD5) test according to the standard methods

protocol (Clesceri et al., 1998). The residual hydrogen peroxide

remaining in the treated samples was measured using the

spectrophotometric method employing ammonium meta-

vanadate (lmax ¼ 450 nm) as described by Nogueira et al.

(2005). The presence of H2O2 in the treated samples was also

monitored using Merckoquent� test sticks. Colorimetric

determination of total iron concentration with 1,10-phenan-

throline was performed following ISO 6332 method. The

photometric measurements were performed using a double

beam UVevis Jasco V-530 spectrophotometer.
3. Results and discussion

Taking into consideration that the typical environmental

concentrations of antibiotics in the effluents are in the ng-

mg L�1 range, it was decided to work with an initial concen-

tration of 100 mg L�1 of OFX and TMP, which is a compromise

between (i) a sufficiently high concentration to characterize

the degradation kinetics using available analytical tech-

niques, and (ii) a low enough concentration to simulate real

environmental conditions.

3.1. Photolysis

Preliminary photolysis experiments (solar irradiation alone)

were carried out to determine its effect to the overall photo-

catalytic process. Photolysis was performed at initial

concentration of 100 mg L�1 (for each compound) in acidic pH

(2.8e2.9) and for a period of 240 min (texp). The photolytic

experiments did not exhibit significant degradation for any of

the compounds. The degradation observed was 17.7%

(t30 WT,n ¼ 53.9 min) for OFX and 13.7% (t30 WT,n ¼ 37 min) for

TMP (data not shown). The photolytic degradation was

accompanied by a very low reduction in DOC (6e7%).

3.2. Solar photo-Fenton experiments

One important issue of the pilot scale study was to find out if

the solar photo-Fenton process is able to degrade completely

the investigated compounds present at mg L�1 concentration

levels in a wastewater matrix containing dissolved organic

matter (DOM) at much higher concentration level

(6.29e8.60mg L�1) than the pharmaceutical level. For the solar

photo-Fenton experiments a concentration of iron at 5 mg L�1

http://dx.doi.org/10.1016/j.watres.2012.07.049
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was chosen considering the fact that this concentration is: (a)

capable to achieve relatively high degradation rates as showed

by the bench scale experiments in a previous work (Michael

et al., 2010) and (b) to avoid the requirement for iron

removal at the end of the process according to the existing

regulations concerning iron discharge limits (Cyprus Law:

106(I)/2002).

Preliminary solar photo-Fenton experiments were carried

out using 5 mg L�1 of Fe2þ at several H2O2 doses (between 25

and 100 mg L�1) to establish the best peroxide dose for the

antibiotics removal. It is important to point out that the

concentration of iron in the secondary wastewater

(0.298e0.302 mg L�1, see Table 1) is low compared with the

concentration of iron added (5 mg L�1) and therefore it does

not change significantly the concentration of the total iron for

the solar photo-Fenton process.

The complete removal of OFX and TMP substrate was

accomplished with 75 mg L�1 of H2O2 within 180 min (texp) of

solar irradiation; at lower H2O2 doses (25 and 50 mg L�1) more

irradiation time (texp ¼ 240 min) was needed for the complete

degradation of the compounds whereas at 100 mg L�1 of H2O2

the substrate degradation and the organic content (DOC, COD)

removal was similar to that at 75 mg L�1 H2O2 (data not

shown). The similar results obtained using 100 mg L�1 of H2O2

with that of 75 mg L�1 H2O2 are probably attributed to the

enhancement of the competition reactions, mainly the

recombination of HO� and the reaction of HO� with H2O2, thus

contributing to the HO� scavenging (Tamimi et al., 2008).

Fig. 1(a) shows the evolution of the photocatalytic degra-

dation of OFX and TMP during the solar photo-Fenton oxida-

tion ([Fe2þ] ¼ 5 mg L�1, [H2O2] ¼ 75 mg L�1) vs the normalized

time, t30 WT,n. In the same figure the respective curves of

peroxideconsumptionare alsopresented.OFXwascompletely

degraded after t30 WT,n ¼ 38.7 min of treatment (H2O2

consumption ¼ 33.8 mg L�1) whereas TMP was completely

degraded at t30 WT,n ¼ 20.1 min (H2O2

consumption ¼ 30.8 mg L�1). It is important to note that

degradation of the substrates started 15minbeforeuncovering

the reactor (texp ¼ �15 min, Fenton reaction) with 75.2%

([OFX]residual¼ 20.8 mg L�1) and 82.8% ([TMP]residual¼ 11.4 mg L�1)

degradation of OFX and TMP, respectively.

The experimentswere repeated under the same conditions

in the absence of solar light (collectors were covered). The
Fig. 1 e OFX and TMP degradation during: (a) Solar photo-Fenton

[Substrate]0 [ 100 mg LL1; [Fe2D]0 [ 5 mg LL1; [H2O2]0 [ 75 mg
dark Fenton experiments were performed in order to investi-

gate the efficiency of the process and thus the possibility of

the continuous operation of the plant overnight. As shown in

Fig. 1(b), a significant degradation of the compounds under

dark conditions was achieved. The maximum degradation of

the compounds during the dark Fenton was 78.6% (H2O2

consumption ¼ 23.7 mg L�1) for OFX and 92.7% (H2O2

consumption ¼ 25.8 mg L�1) for TMP at 180 min of treatment

for both compounds.

Although the degradation of both compounds was

complete in 180 min under solar photo-Fenton process, DOC

determinations showed no substantial mineralization. DOC

was removed only by 21% after an illumination time of

180 min whereas COD abatement was found to be approxi-

mately 50% (Fig. 2(a)). It must be mentioned that the COD and

the DOC of the treated samples is practically equivalent with

the COD and DOC of the wastewater matrix considering the

low concentrations of the antibiotics added (each compound

at concentration of 100 mg L�1 produce no more than

0.1 mg L�1 of DOC).

Additional experiments were conducted in order to deter-

mine the efficiency of the solar photo-Fenton process without

modifying the pH of the wastewater. The experiments were

performed at the inherent pH value (pH z 7.0) of the waste-

water. This provides the advantage of avoiding the waste-

water acidification which means additional cost through the

consumption of reagents (H2SO4) and subsequent increase of

the salinity of the treated water (Malato et al., 2009). Fig. 2(b)

shows the degradation profile of the substrates in neutral pH

along with the degradation curves achieved under acidic

conditions. It was demonstrated that the substrates in neutral

pH were also completely removed at the end of the treatment;

however, the degradation proceeded with much lower rate at

neutral pH compared to that observed under acidic condi-

tions. The complete degradation of the substrates was ach-

ieved at t30 WT,n¼ 48.9min for OFX and at t30 WT,n¼ 47.2min for

TMP. The DOC declined from 8.6 mg L�1 to 7.5 mg L�1 corre-

sponding to 12% removal of the organic matter. Table 2

summarizes the results derived from the solar photo-

Fenton experiments under acidic and neutral conditions.

Klamerth et al. (2010) determine the degradation of various

micropollutants (including antibiotics) without modifying the

pH of the wastewater. The complete degradation of most
and (b) Dark Fenton experiments. Experimental conditions:

LL1; pH0 [ 2.8e2.9.

http://dx.doi.org/10.1016/j.watres.2012.07.049
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Fig. 2 e (a) Organic content removal during solar photo-Fenton process. Experimental conditions: [Substrate]0 [ 100 mg LL1;

[Fe2D]0 [ 5 mg LL1; [H2O2]0 [ 75 mg LL1; pH0 [ 2.8e2.9 and (b) OFX and TMP degradation during solar photo-Fenton at

acidic (pH [ 2.8e2.9) and neutral conditions.
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compounds (below the LOD) was achieved within 300 min

illumination time, which was however higher than the time

required under acidic conditions.

The process pH is generally perceived as the limiting factor

for the photo-Fenton system because [Fe(OH)]2þ, the most

photoactive ferric ironehydroxy complex, is predominant at

acidic pH. In the presence of dissolved organic matter (DOM),

strong and photoactive complexes are formed between ferric

iron (Fe3þ) and the carboxylate or polycarboxylate groups,

which are the most common functional groups in DOM

(Spuhler et al., 2010). These complexes have the advantage of

being soluble in the wastewater matrix and so preventing the

Fe3þ precipitation at neutral pH conditions. Another remark-

able point is that they have typically higher molar absorption

coefficients in the near-UV and visible regions than the aquo-

Fe3þ complexes do (Pignatello et al., 2006). De la Cruz et al.

(2012) proposed a mechanism which could possibly be

involved in the solar photo-Fenton system in neutral pH and

in the presence of DOM.

However, as shown in Table 2, at neutral pH total iron

concentration decreased from 5 mg L�1 to approximately

3 mg L�1 indicating that part of the dissolved ferrous iron

(which oxidized rapidly to ferric iron) precipitated during the

process while iron concentration remained constant during

the experiments performed under acidic conditions. This was

also confirmed by conducting the following experimental

procedure: two wastewater solutions at [Fe2þ]¼ 5mg L�1 were

prepared at pH 3.0 and 7.0. These solutions were stirred for 2 h

and then centrifuged for 20 min. Then, the dissolved iron in

the filtered solutions was determined by atomic absorption

spectroscopy. It is worth noting that during the centrifugation,

a precipitate was observed in the wastewater solution at

neutral pH indicating the formation of Fe(OH)2. The results

showed that 45% of the dissolved ferric iron formed

complexes with the DOM.

Some chelating agents have also been proposed to be used

at neutral pH. Klamerth et al. (2011) employed different iron

ligands for the degradation of organic pollutants during

photo-Fenton at neutral pH, such as ferrioxalate ([Fe(C2O4)3]
3�)

and humic acid (HA). The ferrioxalate-enhanced photo-Fen-

ton process provided satisfactory degradation results within

a reasonable time while pollutants degradation using HA was
slower and nearly complete. The addition of ferrioxalate

however poses an important drawback due to the increased

reagents cost and its degradation during the photochemical

reactions (Malato et al., 2009).
3.3. Degradation kinetics

Previous studies have indicated that the kinetics of pharma-

ceutical degradation by the photo-Fenton process is a pseudo-

first order reaction (Lin et al., 2004; Radjenovic et al., 2009).

Thus the concentration of the examined compounds can be

given by the kinetic expression (Eq. (5)):

C ¼ C0e
�kt ðKinetic equation 1Þ (5)

where C and C0 are the time-dependent concentration and the

initial concentration respectively, and k is the pseudo-first

order rate constant.

The above expression resulted considering that the reac-

tion between HO� and the substrate (OFX or TMP) is the rate-

determining step and that HO� rapidly achieve a constant

steady-state concentration in the solution (Evgenidou et al.,

2007).

The photocatalytic removal of OFX and TMP during the

solar photo-Fenton process followed pseudo first-order

kinetics. This was confirmed by the linear behavior of -ln(C/

C0) as a function of the normalized time t30 WT,n in all the

experiments performed (R2 > 0.99) (data not shown).

The kinetic expression (Eq. (5)) may be acceptable for

a series of time-concentration data at early reaction times

(usually 15e20 min). However, for wider reaction spans, this

equation is unsuitable for characterizing the behavior of the

irradiated system and despite the acceptable values for the

correlation coefficient (R2) this may lead to the estimation of

negative concentrations and inexistent concentration

minimum values (Navarro et al., 2011). Also, Eq. (5) cannot be

used for the experimental data above 15e20 min due to the

competitive effects of the matrix, formation of by-products,

pH changes, etc. (Evgenidou et al., 2007). When the linear

approach fails, other equations can be employed. A modifi-

cation of the first-order kinetic expression was proposed and

has been successfully used to explain the degradation kinetics

http://dx.doi.org/10.1016/j.watres.2012.07.049
http://dx.doi.org/10.1016/j.watres.2012.07.049


Table 2 e Comparison of the solar Fenton experiments
performed under acidic and neutral pH.

Experiment pH 2.8e2.9 pH 7.0
(without adjustment)

t30WT,n (min)a OFX: 38.7 OFX: 49.8

TMP: 20.1 TMP: 47.2

DOC removal (%) 21 12

Consumed

H2O2 (mg L�1)

OFX: 33.8 OFX: 45.6

TMP: 30.8 TMP: 41.2

Total ironfinal

(mg L�1)

4.8e5.0 2.9e3.3

pHfinal 2.61e2.65 5.7e6.1

a normalized illumination time for the complete degradation of

the compounds.
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of the compounds during the solar photo-Fenton treatment.

This empirical model is described by Eq. (6).

C ¼ Aek1t þAek2t ðKinetic equation 2Þ (6)

The two terms of the Eq. (6) represent the parallel conduc-

tion of two oxidation mechanism reactions during the solar

photo-Fenton process possibly due to the presence of different

HO� concentration areas in solution contained in a reactor

volume dV: (i) one area (k1) with high HO� concentration due to

the direct photon absorption from iron and (ii) a second area

(k2) with lower HO� concentration due to the filter inner effects

or to the presence of DOM in the wastewater matrix (where

k1 >> k2). The inner filter effects present in the treated solu-

tion are considered as an important issue on the degradation

rate during the solar photo-Fenton process. Inner filter effects

are the competitive absorption of photons by other light

absorbing species, usually the various organic contaminants

present in the wastewater matrix (Malato et al., 2009).

Furthermore, the presence of natural organic compounds

occurring in the wastewater matrix can affect the degradation

rate of the target compounds since they can exhibit significant

iron complexation (or can alter the redox cycling of iron) and

thereby change the formation rate of hydroxyl radicals

(Lindsey and Tarr, 2000).

A model with more terms may appear to have a better fit

simply because it has more parameters to be adjusted (or less

degrees of freedom). In order to compare the two models and

balance their different degrees of freedom the Adjusted R2

(Adj-R2) index (Perez-Moya et al., 2008) was used. This factor

increases only if the addition of a newparameter improves the

model more than would be expected by chance; otherwise, its

value decreases.

In Table 3 the coefficient values are summarized with the

respective mean square errors (MSE) of each equation
Table 3eDegradation kinetics parameters for OFX and TMPusi
proposed empirical model (kinetic equation (2)).

Kinetic equation (1): C ¼ C0e
�kt

C0 (mg L�1) k(min�1) Adj-R2 MSE

OFX 18.7 � 0.67 0.0532 � 5.710�3 0.955 18.2 10.2

TMP 10.9 � 0.29 0.191 � 0.013 0.939 1.81 5.61
calculated for each compound. The results demonstrate that

the biphasic equation (Eq. (6)) fits better the experimental data

(including longer times of treatment) than the usual mono-

phasic equation (Eq. (5)). Also, the values of MSE obtainedwith

Eq. (6) were lower for both compounds compared to that of the

first-order kinetic equation. As shown in Table 3, higher

values of Adj-R2 were obtained using the kinetic equation (2);

therefore kinetic equation (2) fits better the experimental data.

3.4. Toxicity evaluation

During the solar photo-Fenton process a number of oxidation

products are formed. These products, in our case, originated

from the oxidation of OFX andTMPbut also from the oxidation

of the DOM (DOM by-products) present in the original

secondary effluent. The possible toxicity of these productswas

examined by two toxicity tests considering the final use of the

treated wastewater. Toxicity tests using D. magna and three

plant species were considered suitable to evaluate the toxicity

of the treated wastewater before its disposal to water bodies

and use for agricultural irrigation, respectively (Rizzo, 2011).

3.4.1. Phytotestkit toxicity test
Preliminary solar photo-Fenton experiments ([Fe2þ]¼ 5mg L�1;

[H2O2] ¼ 75 mg L�1; pH0 ¼ 2.8e2.9) were performed in the

absence of antibiotics in order to investigate whether the

toxicity effect on the plant species is mainly due to the oxida-

tion of the DOM. The phytotoxicity test was further conducted

on samples taken from the solar photo-Fenton process (at the

same reagents concentration) at various times of treatment

(0e180min) in the presence of antibiotics. The treated samples

displayed a varying toxicity profile for each type of plant by

means of GI, RI and SI and the results are depicted in Table 4. It

should be noted that the results are presented as a function of

the actual experimental time (texp) instead of the normalized

time (t30 WT,n) for comparison purposes among the three plant

types and the two compounds.

3.4.1.1. Seed germination inhibition (GI). As can be seen in

Table 4, the raw wastewater sample (WW) before the solar

photo-Fenton process, caused low inhibition on germination

for L. sativum (3.3%) and S. saccharatum (3.3%) and no inhibition

for S. alba. The WW toxicity remained the same when the

latter was spiked with 100 mg L�1 of TMP (WW þ TMP) and

100 mg L�1 of OFX (WW þ OFX) indicating that the presence of

these antibiotics in theWWdid not have any adverse effect on

the seed germination. When the solar photo-Fenton was

applied, the phytotoxic effects on seed germination varied

among the plant species and as a function of the treatment

time. The maximum GI was observed at 60 min of treatment
ng the first-order kineticmodel (kinetic equation (1)) and the

Kinetic equation (2): C ¼ Aek1t þAek2t

A k1 k2 Adj-R2 MSE

� 0.41 0.184 � 0.043 0.0267 � 4.310�3 0.998 11.4

� 0.12 0.385 � 0.048 0.0959 � 9.910�3 0.999 0.774

http://dx.doi.org/10.1016/j.watres.2012.07.049
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Table 4 e Seed germination inhibition (GI), root growth inhibition (RI) and shoot growth inhibition (SI) during solar Fent rocess. Experimental conditions:
[Substrate]0 [ 100 mg LL1; [Fe2D]0 [ 5 mg LL1; [H2O2]0 [ 75 mg LL1; pH0 [ 2.8e2.9.

Plant species Treatment time (min) Germination inhibition (GI, %)a Root inhibition (RI, %)a Shoot inhibition (SI, %)a

WW WW þ TMP WW þ OFX WW WW þ TMP WW þ X WW WW þ TMP WW þ OFX

Sinapis alba 0 ni ni ni 24.0 � 5.2 27.2 � 4.7 29.1 � 8 24.5 � 11.7 35.2 � 15.1 45.4 � 6.2

30 8.0 � 2.2 5.0 � 1.6 10.0 � 1.5 30.0 � 4.8 37.9 � 9.5 44.4 � 1 38.7 � 8.5 39.6 � 8.2 40.3 � 8.5

60 10.0 � 5.5 13.3 � 2.0 10.0 � 2.5 35.4 � 11.1 52.0 � 13.2 42.4 � 47.6 � 13.1 48.5 � 5.7 47.9 � 8.9

120 5.0 � 1.8 10.0 � 1.5 4.0 � 1.8 40.2 � 6.8 56.3 � 10.8 46.2 � 2 55.0 � 9.3 54.6 � 9.2 64.2 � 11.3

150 3.3 � 2.1 3.3 � 1.9 ni 20.2 � 12.2 29.7 � 15.2 33.2 � 42.5 � 5.9 44.0 � 10.1 37.3 � 10.7

180 ni ni ni 15.1 � 9.7 18.5 � 7.9 10.7 � 7 25.3 � 5.1 33.7 � 11.5 32.5 � 9.2

Lepidium sativum 0 3.3 � 0.0 3.3 � 1.5 3.3 � 0.0 28.3 � 9.9 35.7 � 14.3 31.0 � 1 43.1 � 9.2 46.6 � 5.9 44.6 � 8.7

30 20 � 2.9 13.3 � 1.8 23.3 � 3.9 31.3 � 7.2 28.9 � 9.5 42.7 � 45.1 � 13.2 44.4 � 9.9 44.9 � 13.9

60 10 � 1.9 6.7 � 2.6 10 � 1.5 32.5 � 5.5 35.7 � 9.0 37.8 � 40.2 � 9.4 41.3 � 10.4 51.9 � 11.4

120 3.3 � 1.9 3.3 � 1.5 3.3 � 2.0 35.3 � 13.2 45.0 � 17.2 31.9 � 1 44.8 � 7.6 43.8 � 10.8 54.5 � 15.1

150 3.3 � 0.0 3.3 � 0.5 3.3 � 0.2 21.8 � 18.3 29.8 � 11.7 28.8 � 5 37.9 � 5.8 39.9 � 7.9 36.9 � 5.8

180 ni ni ni 23.7 � 11.2 23.3 � 8.6 22.1 � 30.0 � 5.0 31.6 � 3.2 28.0 � 6.4

Sorghum saccharatum 0 3.3 � 0.0 3.3 � 0.0 3.3 � 0.0 32.8 � 5.6 38.8 � 8.9 55.7 � 2 62.7 � 13.2 67.4 � 9.9 63.4 � 11.6

30 6.7 � 1.8 3.3 � 0.0 3.3 � 1.0 33.0 � 8.2 28.3 � 10.1 50.5 � 67.6 � 10.1 65.6 � 13.2 75.2 � 9.1

60 3.3 � 1.6 ni 3.3 � 1.8 38.23 � 7.9 47.2 � 12.5 52.5 � 7 73.0 � 9.3 71.3 � 15.9 76.3 � 14.4

120 3.3 � 1.5 6.7 � 0.7 ni 42.15 � 11.3 47.9 � 5.9 41.7 � 4 75.0 � 9.8 79.5 � 10.5 84.6 � 12.8

150 5.0 � 0.9 ni 6.7 � 2.5 45.3 � 9.5 32.8 � 5.5 38.0 � 2 64.0 � 8.9 61.1 � 9.8 57.2 � 9.2

180 ni ni ni 30.2 � 4.8 29.2 � 7.1 26.8 � 45.7 � 7.7 46.3 � 10.2 46.9 � 7.6

ni: no inhibition.

a Values(%) � RSD(%) in relation to that in tap water.
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for S. alba (10%) whereas for L. sativum and S. saccharatum the

maximum GI values were 20 and 6.7% respectively after

30 min of treatment. At the end of the treatment (180 min) the

GI was eliminated for all the plant species.

In the case of the wastewater spiked with TMP,

amaximum inhibition to L. sativum (13.3%) was observed after

30min of solar photo-Fenton treatment due to the subsequent

formation of by-products which apparently were toxic to

these seeds. The L. sativum germination inhibition was

decreased by increasing the irradiation time from 60 to

150 min, while no inhibition was detected after 180 min of

treatment meaning that less toxic intermediates were formed

at the end of the process. Additionally, at 60 and 120 min of

treatment a maximum inhibition to S. alba (13.3%) and S.

saccharatum (6.7%) was observed respectively whereas no

negative effect on germination was achieved at the end of the

treatment (180 min) for both species.

In the case of OFX, L. sativum displayed similar germination

inhibition profile compared to that observed for TMP. The

higher inhibition (23.3%) was observed after 30 min of treat-

ment. S. alba germination inhibition was 10% at 30 and 60 min

of treatment whereas the highest inhibition of S. saccharatum

was 6.7% after 150 min of solar photo-Fenton. Finally the

inhibition on seed germination was eliminated after 180 min

of irradiation for each type of plant.

In summary, the GI results obtained from the treated

wastewater spiked with the antibiotics at 100 mg L�1 were

quite similar with those observed when exposing the plant

species to the wastewater treated samples alone; therefore it

can be concluded that the seed germination is not affected by

the presence of these antibiotics and their by-products at the

mg L�1 concentration level. The differences in the data ob-

tained, can be attributed to the potential differences of the

quality characteristics of the wastewater used during the

experimental period.

3.4.1.2. Root inhibition (RI). The phytotoxicity in the treated

samples expressed as root growth inhibition (RI), varied

differently compared to the seed germination (GI). The

percentage effect of the treated samples on RI was higher

compared to that observed on GI. Some research studies

which investigated the phytotoxicity of sewage sludges (Wong

et al., 2001; Fuentes et al., 2006; Rizzo, 2011) pointed out the

fact that the evaluation of root length is a more sensitive

parameter than seed germination.

As shown in Table 4, a similar inhibition evolution on the

root length compared to the raw wastewater (WW) was

observed after spiking the wastewater with the antibiotics

(WW þ TMP, WW þ OFX). This was confirmed by applying the

student t-test between the measured values where no statis-

tical differences were observed. These results indicated that

the low spiked concentration level of these antibiotics

(100 mg L�1) did not impose any adverse effect on root growth.

However, the stimulating effect to the seeds of nutrients

occurring in wastewater may still prevail considering the fact

that the WW contains high concentration of nitrates

(36 mg L�1, see Table 2) which are considered very important

for the root development (Rizzo et al., 2009). The maximum RI

observed in the case ofWWalonewere 40.2, 35.3 and 42.3% for

S. alba, L. sativum and S. saccharatum, respectively.
The RI of S. alba in wastewater spiked with TMP was

increased at 30, 60 and 120 min of the photocatalytic treat-

ment yielding 37.9%, 52.0% and 56.3% of inhibition, respec-

tively. Finally, samples irradiated for 150 and 180min resulted

in less toxicity displaying a decrease on RI (29.7% and 18.5%

respectively) indicating the removal or transformation of the

toxic by-products throughout the process. In the case of L.

sativum and S. saccharatum the root length inhibition showed

approximately the same tendency. At the end of the process

the RI was decreased yielding 23.3% and 29.2% root inhibition

for L. sativum and S. saccharatum respectively.

In the case of OFX, the RI for S. alba was increased after

30 min of treatment (44.4%) and remained almost constant

until 120min while it was significantly decreased (10.6%) after

180 min of irradiation. In the case of L. sativum, RI was slightly

increased during the process and dropped at the end of the

treatment (24.1% at 18min) to the same level as theWWalone.

For S. saccharatum the RI was continuously decreasing through

the process to reach the level values of the WW alone.

Interestingly however, was the fact that the RI values

observed at the end of the treatment (150 and 180 min) were

approximately the same in all cases (TMP, OFX, WW) indi-

cating that the negative effect on the root growth is attributed

to the DOM by-products rather than the substrates oxidation

by-products.

Some other studies showed the negative effect of antibi-

otics at the mg L�1 level on the root growth (Migliore et al.,

2003). Phytotoxicity of enrofloxacin on crop plants Cucumis

sativus, Lactuca sativa, Phaseolus vulgaris and Raphanus sativus

was determined at 50, 100 and 5000 mg L�1 by measuring post-

germinative growth of primary root. The exposure to lower

concentrations of enrofloxacin (50 and 100 mg L�1) was found

to cause alteration of the post-germinative development

which is related to the plant drug uptake.

3.4.1.3. Shoot inhibition (SI). Similar SI profile was observed in

the case of WW alone and WW spiked with the antibiotics

indicating that the SI was affected presumably by the DOMby-

products. In the case of TMP, S. alba SI showed similarities

with the RI, however the SI at the end of the process was

higher compared to that of RI. The highest SI was 54.6% after

120 min (similar to the RI, 56.3%) whereas after 180 min the SI

decreased to 43.7%. Similar behavior was observed for the S.

saccharatum however in this case the SI values were higher

than the respective values of RI. The SI from 79.5% after

120 min of treatment reduced to 46.3% after 180 min. In the

case of L. sativum no significant changes were obtained during

the process; however at the end of the treatment the SI was by

15% lower than the initial value indicating the efficiency of the

process to remove the toxic compounds. Similar results were

obtained in the case of OFX.

The results described above demonstrated the capacity of

the applied advanced process to reduce the phytotoxicity to

the examined plant species. The three plant species displayed

an interesting profile concerning the germination, root and

shoot inhibition stimulated by the presence of oxidation by-

products. According to our knowledge, there is limited litera-

ture dealingwith phytotoxicity assays although it is important

considering the use of the treated domestic wastewater for

agricultural purposes.

http://dx.doi.org/10.1016/j.watres.2012.07.049
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Naddeo et al. (2009) studied the ecotoxicity to L. sativum

before and after the ultrasonic irradiation treatment in urban

wastewater effluent spiked with pharmaceuticals (diclofenac,

amoxicillin and carbamazepine). It was found that the inhi-

bition of L. sativum in terms of germination was stimulated

instead of inducing any toxicity effect and this might be

attributed to the fact that the samples, spiked with very low

drug concentrations, were able to act as a provider of addi-

tional nutrient elements. In another study of Rizzo et al. (2009)

the photocatalytic effect (TiO2 process) on L. sativum germi-

nation using both spiked distilled water and actual waste-

water solutions with pharmaceuticals (diclofenac, amoxicillin

and carbamazepine) was investigated. The photocatalytic

treatment did not completely reduce the phytotoxicity under

the investigated conditions ([TiO2] ¼ 0.8 g L�1; 120) and

a drastic decrease in germinationwas observed, indicating the

formation of toxic oxidation intermediates which were toxic

to L. sativum seeds.

3.4.2. D. magna toxicity test
In all the tests performed (WW with and without the antibi-

otics), solar photo-Fenton process was observed to induce the

same variation in the toxicity profile (expressed as % immo-

bilization) indicating that the presence of OFX and TMP (and

their by-products) at the low concentration level of mg L�1 did

not affect D. magna species. It should be noted that previous

studies revealed toxic effects of these antibiotics to D. magna

at higher concentration level (>10 mg L�1) though (Isidori

et al., 2005; Kim et al., 2007; Hapeshi et al., 2010). The results

are depicted in Fig. 3.

Primarily, in order to determine the toxicity of the

secondary treated wastewater (WW) used for the whole

experimental procedure, toxicity tests were performed by

exposing D. magna to the wastewater samples. These tests

showed no toxicity to D. magna after 24 h exposure; however

after 48 h of exposure the immobilization of daphnids

increased to 13.3 � 0.8%.

The toxicity of the treated samples taken after 30 min of

the photocatalytic process was dramatically increased to
Fig. 3 e Evolution of toxicity to D. magna during solar photo-Fe

[Substrate]0 [ 100 mg LL1; [Fe2D]0 [ 5 mg LL1; [H2O2]0 [ 75 mg
40 � 0.2% and 60 � 0.4% after 24 and 48 h of exposure

respectively. The increment is attributed to the rapidly formed

organic intermediates from the oxidation of the DOM.

After 60 min of treatment, an immobilization decreased

was observed (which means that the oxidation of the

by-products formed at 30 min and consequently the forma-

tion of new intermediates was still going on) but increased

again after 120 min of treatment indicating the formation of

less toxic oxidation by-products. This may attributed to the

competition mechanisms related to the degradation of

organics (including the antibiotics), the complete oxidation of

organics to CO2 and the formation of the toxic compounds.

From that time and onwards a continuous decrease was

observed. After 150min of irradiation a significant decrease on

immobilization after 24 h of exposure (25 � 1%) was observed

due to the potential formation of less toxic by-products.

Finally, after 180 min of photo-treatment the immobilization

of daphnids after 24 h of exposure was 13.3 � 0.6% while after

48 h of exposure the respective value was 33.3 � 0.7%.

Since the toxicity of the treated samples after 180 min of

solar photo-Fenton process was higher than that of the

untreated wastewater, additional experiments were carried

out to investigate whether the residual toxicity could be

reduced in longer treatment time. The results showed

a decrease in daphnids immobilization (6.7%) after 300 min

indicating the removal of the toxic compounds.

3.5. Antibiotic resistant enterococci bacteria removal

Enterococci are lactic acid bacteria associated with enteric

systems and are relevant indicators of fecal contamination.

Given their ubiquity and close contact with humans, entero-

cocci are also considered important vectors of antibiotic

resistance (European Antimicrobial Resistance Surveillance System-

EARSS). Moreover, these bacteria are implicated in a wide

variety of human diseases, with urinary tract infections being

the most common while bacteraemia/endocarditis being the

most severe (Blanch et al., 2003; Cattoir et al., 2009). These

bacteria are released into the environment via wastewater
nton process. Experimental conditions:

LL1; pH0 [ 2.8e2.9.

http://dx.doi.org/10.1016/j.watres.2012.07.049
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Fig. 4 e (a) Number of enterococci (bacterial density expressed as CFUmLL1) present in the treated samples and (b) Antibiotic

resistance evolution during the solar photo-Fenton process.
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effluentsandareoftenusedas indicatorsofmicrobial quality in

waters. Among the trimethoprim-resistant bacteria, entero-

cocci remain the least studied, probably due to the controver-

sial role of TMP as a therapeutic option (Hamilton-Miller, 1988;

Murray, 1989). In addition, TMP analogs developed in recent

years have demonstrated good activity against enterococci.

The average bacterial density of enterococci in the exam-

ined samples expressed in CFU mL�1 against the treatment

time is shown in Fig. 4(a) whereas Fig. 4(b) depicts the average

resistance percentage profile during the process. It was

observed that enterococci presented significantly lower

counts in the solar photo-Fenton treated samples compared to

the untreated wastewater effluent sample. The average of

enterococci population in the initial wastewater sample was

2.53 � 103 whereas the bacteria population was eliminated at

the end of the treatment (texp ¼ 180 min). Comparing the

resistance rates for the two antibiotics tested, it was observed

that OFX resistance was almost double of that of TMP. This is

in agreement with previous studies which report high qui-

nolone resistance in the species Enterococcus faecium and E.

faecalis, the most frequent species of enterococci in waste-

waters (Ferreira da Silva et al., 2006).

At pH around 3, most microorganisms are inactivated

(Malato et al., 2009). Moreover, H2O2 and iron can migrate

inside the bacteria cells and cause damage to cell functions by

catalyzing the production of reactive oxygen radicals. Addi-

tionally, the synergistic effect of hydrogen peroxide and solar

photons leads to the inactivation and death of bacteria.

It should be noted that the studies conducted so far in the

area of advanced wastewater treatment dealt with the disin-

fection efficiency and not with the removal of the antibiotic

resistant bacteria. Over the past several years, there has been

a growing interest in the application of solar photo-Fenton for

water disinfection, with Escherichia coli being the most widely

investigated bacterium. Pulgarin and co-workers showed that

the inactivation of E. coli under sunlight could be enhanced by

adding Fe2þ or Fe3þ and H2O2. They also showed that some

organic and inorganic molecules in the water matrix

were responsible for the reduced disinfection efficiency of

photo-Fenton (Rincón and Pulgarin, 2005). Spuhler et al. (2010)

proved that solar photo-Fenton system at low concentrations
of reagents (0.6 mg L�1 of Fe2þ, 10 mg L�1 H2O2) and at near

neutral pH was efficient for E. coli bacterial inactivation.

3.6. Economic evaluation for the photocatalytic process

There is limited literature dealing with wastewater treatment

process economics although this aspect is very important

issue (Hernández-Sancho et al., 2010; Jordá et al., 2011). Based

on the experimental and operational data recorded during the

operational period of the solar pilot plant unit and on the basic

design parameters applied, a scale up extrapolation was

carried out. The aim of this task was to establish the overall

cost for a full scale installation operating for a period of 5

years. For this purpose, a simple methodology was developed

based on the investment cost estimation along with the

operational (including mainly electric power and consum-

ables) and themaintenance cost. The size of the scale up plant

is based on a capacity to serve 1000 pe community.

Energy consumption estimation (kWh) was based on the

electrical power consumption (kW) (mainly pumping) multi-

plied by the operating time (in hours). The projected power

consumption cost is 10.703,50 V for 5 years. The per day costs

of H2O2, FeSO4.7H2O, H2SO4 are 0.338, 13.5 and 1.5 V, respec-

tively. The maintenance cost (inspection, replacement and

repair) were estimated as a percentage of the total investment

cost. For this type of plants 1.5% of the initial investment cost

per annum can be considered representative. This approach

gives an annual maintenance cost of 15.198,75 V over the

period of 5 years.

The total cost of the full scale unit for the treatment of

150 m3 day�1 (corresponding to 1000 pe) secondary waste-

water effluent was found to be 0.85 V m�3. This value is in

agreement with a previous study of the photo-Fenton process

in a pilot scale set-up (Jordá et al., 2011).
4. Conclusions

� The pilot scale experiments showed that OFX and TMP

at low concentration level (mg L�1 range) can be

successfully degraded with solar photo-Fenton at low
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iron concentration (5 mg L�1) and low initial H2O2

(75 mg L�1) concentration.

� The photocatalytic removal of OFX and TMP with the

solar photo-Fenton process followed apparent first-

order kinetics whereas modification of the first-order

kinetic expression has been successfully used to

explain the degradation kinetics of the compounds

during the photo-Fenton treatment.

� Solar photo-Fenton process did not exert any significant

influence on seed germination which was found to be

affected by the DOM by-products and not by the pres-

ence of the antibiotics and their by-products at the mg L�1

concentration level. GI was eliminated at the end of the

treatment for each type of plant. Root growth on the

other hand, was more sensitive and was affected by the

organic by-products formed during the oxidation of both

the parent compounds and DOM. Shoot growth inhibi-

tionwas affectedmainly by the DOMby-products. RI and

SI were decreased at the end of the treatment.

� The presence of OFX and TMP (and their by-products) at

the mg L�1 level did not affect D. magna species and the

toxicity changes were attributed to the DOM by-

products. The toxicity to daphnids was decreased

within 300 min compared to the untreated wastewater.

� Solar photo-Fenton process contributed significantly to

the prevalence of enterococci, including those resistant

to TMP or OFX, in the treated samples. The release of

antibiotic resistant bacteria and genes in the aquatic

environment through the wastewater discharges is an

issue of major concern nowadays. This study demon-

strated the efficiency of solar photo-Fenton to remove

resistant enterococci. However, more studies are needed

in order to examine the efficiency of such processeswith

regard to the removal of other bacteria and genes.

� Solar photo-Fenton was proved to be an efficient and

cost effective method considering the need for waste-

water reuse for agriculture irrigation purposes, and thus

the need for wastewater free from antibiotics.
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