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Degradation of bisphenol A (BPA, 0.5 L, 30 mg L ) was studied by photo-

Fenton treatment, while Fenton reagents were variables. The efficiency of

the  degradation  process  was  evaluated  by  the  reduction  of  total  organic

carbon (TOC),  the biochemical  oxygen demand (BOD),  and toxicity.  For

toxicity analysis, bacterial methods were found infeasible, but the in vitro

assay  of  VERO  cells  culture  was  successfully  applied.  Experiments

according to a 2  design of experiments (DOE) with star points and three

center  points  for  statistical  validity  allowed  selecting  those  process

conditions (Fe(II) and H O  load) that maximized the process performance.

Photo-Fenton  process  effectively  eliminated  BPA and  partly  degraded  its

by-products  (residual  TOC  <15  %)  under  substoichiometric  H O  dose

(100.62 mg L ) and at least 4 mg L  Fe(II), after a 90-min treatment. All
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treated  samples  were  at  least  partially  biodegradable.  The  cytotoxic

concentration (LD ) of  BPA for  VERO cells  was 7  mg L .  With small

H O  amount (15.24 mg L ), only low BPA mineralization (TOC = 92 %)

was attained. Toxicity was also detected to 50 % of cellular mortality even

at long reaction times. However, 40.25 mg L  of H O  decreased residual

TOC to  70  % while  cell  mortality  decreased  down to  25  %.  With  more

H O ,  the  residual  TOC  decreased  down  to  15  %  but  cell  mortality

remained  within  the  20–25  %  level.  Photo-Fenton  increased  the

biodegradability and reduced the toxicity of the studied sample.
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Bisphenol A (BPA) could be identified as endocrine-disrupting compound,

which belong to contaminants of emerging concern (CECs). CECs have

received increasing attention during the last decades, and ways to remove

them from the wastewater have been intensively researched (Petrie et al.

2015 ).

BPA is primarily used as an intermediate in the production of polycarbonate

and epoxy resins, especially in the processing of polyvinyl chloride (PVC). It

is also used for coatings, food containers, thermal paper, as well as in tire and

brake fluid manufacture. BPA has been considered as an endocrine interrupter,

although research results about the health risks of BPA are under scientific

debate. However, BPA can be toxic for aquatic biota. It is currently found,

e.g., in surface waters, in the sludge of wastewater treatment plants, and as
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leakage from landfills (EFSA 2015 ; U.S.EPA 2010 ; EC 2010 .)

According to previous findings, BPA contaminates surface waters even at low

concentrations. BPA cannot be entirely removed from water using

conventional treatments, and such treatments can also lead to by-products

with even higher toxicity (Chiang et al. 2004 ). Advanced oxidation processes

(AOPs), especially the photo-Fenton process, can be applied to remove BPA

from water resources or industrial wastewater. AOPs can be used before or

after conventional treatment plants in order to eliminate CECs and even to

reach total mineralization when ideal conditions are provided (Pignatello et al.

2006 ; Oller et al. 2011 ; Rizzo 2011 ; Pérez-Moya et al. 2014 ).

In recent years, AOPs have been studied to degrade BPA in wastewater. Some

of the reagents used together with H O  have been TiO , Fe(II), and

ethylenediamine-N,N′-disuccinic acid (EDDS) complex (Watanabe et al.

2003 ; Katsumata et al. 2004 ; Huang 2013 ). Different catalysts have also

been investigated, such as ZnO, ZrO, CdS, MoS , Fe O , and WO  (Rizzo

2011 ). Jiang et al. ( 2013 ) studied the use of high efficiency sulfate radical for

degradation and mineralization of BPA. Katsumata et al. ( 2004 ) concluded

that comparing the results of the photo-Fenton reaction to TiO

photocatalyzed reaction under UV irradiation, the former provides higher

degradation levels, shorter reaction times, and lower costs. Rodriguez et al.

( 2010 ) applied different solar advanced oxidation processes on the oxidation

of BPA in water and observed that photo-Fenton process obtained the highest

efficiency of BPA degradation and mineralization. The same study, also in

concordance with other literature (Chiang et al. 2004 ), revealed that the first

intermediates formed during BPA degradation are more toxic than the parent

compound itself for the specific experimental condition tested.

Once the photo-Fenton process was pointed in the literature as an effective

process for BPA treatment, it appears interesting to study process variables

(mainly Fenton reagents) and their effect on mineralization, biodegradability,

and toxicity.

Petrie et al. ( 2015 ) claimed that further studies, which combined the use of

chemical and biochemical analysis to better assess the environmental risk, are

required. Accordingly, the main purpose of this work was to determine

appropriate photo-Fenton process variables for an efficient BPA

mineralization performance, biodegradability increase, and toxicity removal.
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The experiments were performed by treating BPA solutions (0.5 L,

30 mg L ) with Fenton and photo-Fenton processes. The process

performance was monitored by analyzing BPA through HPLC, total organic

carbon (TOC), residual hydrogen peroxide, and toxicity at given time

intervals. The biodegradability of the BPA and the treated end solutions were

analyzed as BOD .

BPA (98 % purity) was purchased from Sigma-Aldrich (St. Luis, USA) and

used to prepare solutions in Milli-Q® water. Fenton reagents H O  33 % w/v

(Panreac) and FeSO ·7H O (Merck) were used as received. Ammonium

metavanadate (NH VO , purity 98.5 %) was used for the H O  quantification

by spectrophotometry. PolySeed® capsule were used for a BOD  assay. The

rest of the chemicals used were, at least, of reagent grade. Solutions were

prepared with ultrapure water obtained from a Milli-Q® system (Millipore,

USA). Initial pH was set at 2.9 ± 0.1 by adding H SO  or NaOH when

required.

Escherichia coli and Staphylococcus epidermidis bacterial strains were

obtained from the Spanish Collection of Type Culture (Valencia, Spain).

VERO (African green monkey kidney epithelial cells) were from ATCC

(USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

(MTT) was purchased from Sigma-Aldrich (St. Louis, USA).

Assays were performed in a thermostatic cylindrical 500 mL Pyrex cell.

Irradiation, pH (2.9 ± 0.1), temperature (25 ± 2 °C), and amount of BPA

(0.5 L, 30 mg L ) were fixed, while several concentrations of reagents were

tested. The reactor was irradiated from the top with a sunlight lamp (Ultra-

Vitalux®, Osram) of 300 W and placed at 21-cm distance from the liquid

surface. The incident photon flux (I = qw∙Aw) was evaluated by potassium

ferrioxalate actinometry (Murov 1993 ), and it was 7.09 × 10

Einstein min .

Samples were taken after 5, 10, 30, 45, 60, and 90 min and TOC was

measured using V  TOC analyzer (Shimadzu Corp., Japan). Also,

residual H O  concentration was determined by the ammonium metavanadate
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method using UV-Vis spectrophotometry (Nogueira et al. 2005 ), wavelength

of 450 nm, in a Lambda-2 model spectrophotometer (Perkin Elmer, UK).

BPA concentration was determined via HPLC, using an Agilent 1200 series

with UV-DAD array detector. The concentration of BPA was measured every

minute during the first 10 min and at 15, 20, and 30 min. An Akady C-18

column (5 μm, 150 × 4.6 mm) maintained at 20 °C and a diode array detector

(set at 224 nm) were employed. The mobile phase was a mixture of

methanol/water (70:30, v/v) at a flow rate of 1 mL min , and 20 μL samples

was injected. Before injection, samples were treated with methanol/water

(50:50, v/v) to stop reaction and prevent further degradation of BPA. A

calibration curve (range 0–30 mg L ) was used for BPA quantification. BPA

retention time under the described conditions was 3.9 min.

The measurement of the 5-day biochemical oxygen demand (BOD  mg L

O ) was performed in a Lovibond OxiDirect BOD-system thermostated at

20 °C and using 360 mL samples in 500 -mL bottles. Seeds for bioassay were

prepared from PolySeed® capsules. Samples of the Fenton and photo-Fenton

treatments were only assayed to BOD  after 90-min reaction time. Hydrogen

peroxide was monitored during all the reaction time and was specially tested

in the samples previous to BOD  assay in order to confirm that the reagent has

been totally consumed during the treatments.

Antimicrobial test The antimicrobial effect of BPA was evaluated using

both Gram-negative (E. coli) and Gram-positive (S. epidermidis) bacteria. The

bacteria were previously grown aerobically to exponential phase in culture

broth (5 g L  beef extract, 5 g L  NaCl, 10 g L  peptone, and pH 7.2).

Growth experiments were performed in 96-well culture plates. One thousand

colony-forming units (CFU) were seeded in 200 μL of broth culture

containing the different concentrations of BPA. The cultures were incubated at

37 °C and agitated at 80 rpm. After incubation for 24 h, the absorbance was

measured at 595 nm using a plate reader (Biochrom, UK). The bacterial

number was determined using a McFarland curve scale. The relative growth

(percentages) was graphically represented, and the LD  was determined. All

assays were performed and replicated three times, and the results were

averaged. The dose-response models were statistically analyzed using the

OriginPro software.

In vitro toxicity using cell cultures VERO cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % fetal
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bovine serum, 1 % penicillin/streptomycin, and 2 mM -glutamine at 37 °C in

a humidified atmosphere with 5 % CO  and 95 % air. The culture medium was

changed every 2 days and, for subculture, cell monolayers were rinsed with

phosphate-buffered saline (PBS) and detached by incubation with

trypsin-EDTA (0.25 %) at 37 °C for 2–5 min. Cell concentration was

determined by counting them with a Neubauer chamber and employing 4 %

trypan-blue as a dye vital. Detached cells with viability ≥95 % were used for

toxicity assays. Aliquots of 200 μL containing 10  cells were seeded in each

well of 96-well culture plate and cultured for 24 h to allow cell attachment to

the plate. Afterward, the media were aspired and the samples in half-dilution

were prepared with a culture medium, which was evaluated for cellular

toxicity by exposing cells to direct contact with the samples prepared. Then,

the plates were incubated for another 24 h. Finally, cell viability was

determined by the MTT assay (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium; 5 mg mL ) (Mosmann 1983 ; Llorens et al. 2013 ),

and then, the mortality was calculated for each sample as the difference

between the viability of the control (medium without BPA) and the sample.

The samples were evaluated using five replicates, and the results were

averaged and graphically represented. In order to determine the cytotoxic

concentration (LD ) of BPA, the viability and cell death (mortality) were

determined by different concentrations of BPA prepared by dilution in culture

medium.

As a complex process, there are many variables affecting the performance of

mineralization—the most important being the concentration of reagents, pH,

and temperature (Katsumata et al. 2004 ). A preliminary screening was first

carried out in order to evaluate the process performance at different

experimental conditions in the presence and absence of irradiation.

Temperature and pH were fixed at 25 ± 0.5 °C and 2.9 ± 0.1, respectively.

The reaction progress was monitored through the decay of the TOC

concentration from its initial value, [TOC] , at t = 0. The performance of the

mineralization may be characterized by determining two parameters: ξ  (or

[TOC] ) and k for each experimental run which can be obtained by fitting a

pseudo-first-order model (De Lima Perini et al. 2013 ; Pérez-Moya et al.

2011 ), to the experimental data under the least squares criterion.

Given the initial conditions, the analytical expression for the TOC evolution is
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1

2

as follows:

which can be expressed in terms of conversion (ξ) by the following equation:

Regarding H O  concentration, a stoichiometric dose of 161 mg L  was used

as a reference to achieve total conversion to CO , H O, and inorganic ions.

Usually, the stoichiometric ratio of [H O /Fe(II)] could be appropriate from a

technical point of view, but economic and environmental optimal

concentrations depend on the effluent to be treated. Hence, 1/2, 3/4, and 5/4,

stoichiometric doses (80.5, 120.75, and 201.25 mg L , respectively) were

selected to study the influence of Fenton reagents. Table 1  summarizes the

assays carried out.

Table 1

Experimental conditions for BPA degradation by Fenton and photo-Fenton process

A 1 Min 161.00 5 5.37 0.17

B 1 Max 161.00 10 5.37 0.33

C 1/2 Min 80.50 5 2.68 0.17

D 1/2 Max 80.50 10 2.68 0.33

E 3/4 Max 120.75 10 4.03 0.33

F 5/4 Max 201.25 10 6.71 0.33

Initial concentrations of BPA = 30 mg L

BPA was not detected after 25 min of the Fenton treatment and after 10 min of

the photo-Fenton treatment. For each of the assays, the k and ξ  were

obtained. Photo-Fenton process was shown to produce higher conversions and

higher rates (ξ  = 0.16–0.25 and k = 0.014–0.058 mg L  min ) than the
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process in the absence of light (ξ  = 0.77–0.92 and

k = 0.015–0.040 mg L  min ).

From this point on, only the photo-Fenton process is considered. In order to

determine enhanced conditions for the photo-Fenton mineralization of BPA

solutions, the dependence of the treatment output on factors such as H O  and

Fe(II) were next characterized.

The review from Mohapatra et al. ( 2010 ) shows a wide range of concentration

already used for BPA treatment. Usually, the selected concentrations to study

the BPA evolution during advanced oxidation processes are higher than the

BPA concentrations detected in natural water or wastewater (from 0.5 ng L

to 2.5 mg L ). Enough high BPA concentration simplifies the monitoring of

the contaminant and TOC throughout the treatment span and is consistent with

the detection limit of the available measurement equipment. The concentration

of BPA selected for this study was 30 mg L .

Maximum concentration of 10 mg L  of Fe(II) was selected, since it is the

maximum legal value in wastewaters in Spain (DOGC 2003 ). A minimum

value of half that maximum (5 mg L ) was also selected. A stoichiometric

dose of 161 mg L  was chosen as maximum value of H O . A range between

half and a quarter of such stoichiometric dose (100.63 and 40.25 mg L ) was

designated in order to find out the best possible ratio of reagents and minimize

their amount and costs (Table 2 ).

Table 2

Operating conditions for each assay codified and uncodified values for the DOE

A −1 −1 5.00 40.25

B 1 −1 10.00 40.25

C −1 1 5.00 161.00

D 1 1 10.00 161.00

E 0 0 7.50 100.63

F 0 0 7.50 100.63

max
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G 0 0 7.50 100.63

H −1.414 0 3.96 100.63

I 1.414 0 11.04 100.63

J 0 −1.414 7.50 15.24

K 0 1.414 7.50 186.01

A set of blank assays was performed in order to evaluate the influence of each

separate reagent on TOC and BPA degradation, which are next presented.

Figure 1  shows the evolution of TOC for UV treatment, UV/H O , Fenton,

and photo-Fenton processes.

Fig. 1

TOC normalized concentration profiles for blank assays

It was verified that mineralization was not achieved using the Fenton reagents

separately or without UV light. Using UV light alone or adding H O , no TOC

decrease was observed (Fig. 1 ). This indicates that even though BPA partly

degrades, there are some organic by-products present. When both Fe(II) and

H O  were added, almost 20 % of mineralization was reached. When Fenton
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reagents were together with UV light (photo-Fenton process), the

mineralization was significant and TOC decreased over 80 %.

It is important to highlight that BPA was completely degraded in all the cases

where Fenton reagents were present (in less than 15 min when there was no

irradiation source and less than 10 min in the presence of UV radiation). On

the contrary, only 10 % of BPA was degraded solely using UV irradiation

(90-min treatment) and 30 % when H O  was added. Both BPA and TOC

reduction rates obtained without using Fenton reagent were comparatively

poor.

Once it was established that the photo-Fenton process was capable of

degrading BPA and mineralize organic matter, Fenton amount was

investigated in order to determine photo-Fenton process efficiency in terms of

reduction of BPA, mineralization, decrease of toxicity, and increase of

biodegradability.

A 2  star design of experiments (DOE) was used for planning a set of assays,

lending to characterize the influence of the two Fenton reagents in the

treatment performance. Table 2  lists the levels of each variable according to a

2  DOE with star points and three center points for statistical validity.

Minimum and maximum factors were set at 40.25 and 161 mg L  for H O

concentration and 5 and 10 mg L  for Fe(II) load. In total, 14 experiments

including replicates were performed. Samples were taken at regular time

intervals, and BPA, TOC, BOD, and toxicity were analyzed.

Figure 2 a presents the mineralization performance of BPA and its

by-products. The HPLC analyses revealed that in all the DOE assays, BPA

was not detected after 5-min reaction time, except in assay J where BPA was

below the detection limit after 10-min reaction time (Table 3 ). Thus, from the

initial reaction times, all the monitored TOC is a non-BPA TOC. Except

assays A, B, and J (low H O ), the other assays reached higher than 80 %

mineralization, in some assay over 90 % (assay K) in 90-min reaction time.

Jiang et al. ( 2013 ) claimed a highest removal rate of TOC (85 %) after

120 min treatment with sulfate radical. Photo-Fenton process after just 90-min

reaction time, when the hydrogen peroxide amount is over 100.63 mg L ,

attained a total TOC removal within 80–90 %. Thus, photo-Fenton results

were promising in terms of higher mineralization in less reaction time. It is
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important to remark the role of iron. Assay C is the one with higher

H O /Fe(II) ratio (= 32.2), and Fig. 2 b shows that the consumption of H O  is

slower and there is still presence of the H O  reagent after 75 min of reaction.

However, the total mineralization of assay C is similar to assay D, which

suggest than less amount of H O  is required to obtain the same performance.

Fig. 2

a  TOC  concentrations  vs  time  and  b  H O  concentrations  vs  time  of  the

experiments A–K
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Table 3

Biodegradability of the end solutions of the DOE assays

A_40.25_5.0 17.16 45.77 22.00 0.48 Yes/partially

B_40.25_10.0 16.44 43.85 22.50 0.51 Yes/partially

C_161_5.0 3.41 9.09 9.00 0.99 Yes

D_161_10.0 3.35 8.93 7.50 0.84 Yes

E-G_100.63_7.5 3.12 8.33 10.50 1.26 Yes

AQ2

From this point on, experiments are named according to the following

nomenclature: Experiment code_H O  amount_Fe(II) amount in mg L .

Assay “central” corresponds to the experiments E, F, and G (same

experimental conditions).

In Fig. 3 a, b, the results of the DOE are shown in order to help discussion.

Figure 3 a summarizes the mineralization achieved after the treatments. It is

possible to notice that the experiments with less amount of Fenton reagents

and which presented higher performance were the central, I, and H assays. All

of them used a substoichiometric amount of H O  reagent: 100.63 mg L .

Fig. 3

a TOC/TOC  after 90 min versus H O  amount; b k of the photo-Fenton process

versus H O  amount
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Figure 3 b shows the kinetic constant of the each experiment. Again, central

and assay I attained the best performance (Fig. 3 a). Therefore, as Fig. 2 a

points out, less than the stoichiometric amount of H O  reagent was required.

Assay H was just slightly slower due to the low amount of catalyst.

Furthermore, it is important to highlight that assay central with a

substoichiometric amount of H O  (100.63 mg L ), effectively degraded BPA

and its by-products.

The significance of the factors (Fenton reagents) and their interactions on the
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response factor (mineralization decay) of the system (the Fenton and photo-

Fenton processes) were evaluated for three different times of reaction: 20, 60,

and 90 min. The Pareto charts which reveal the weight of each variable on the

response factor show that the most significant factor is H O  amount added to

the system. All the Pareto charts corroborate that the iron load factor and the

interaction factor (iron load and hydrogen peroxide load) had a nonsignificant

influence on the BPA mineralization.

The software Minitab® provided a purely empirical simplified model. Models

for the response factor mineralization at different reaction times were

obtained. The models which included linear and square terms, without the

interaction terms, gave better statistical results. The aim of the models was not

intended for representing the actual driving force (or principle) of the process,

they might only be useful to estimate reliable mineralization values for the

nontested experimental conditions. Figure 4  shows a response surface for the

mineralization after 90-min reaction time (Eq. 3 ). The statistical indexes for

the following equation are R-sq. = 98.43 % and R-sq.(pred) = 92.42 %:

Fig. 4

Response  surface  three-dimensional  plot.  Percentage  of  residual  TOC  after

90 min of reaction is on the ordinate and Fe(II) and H O  loads are represented

in the abscissa

The response surface generated with the experimentally adjusted equation is

plotted in Fig. 4 , and it shows that, for all Fe(II) loads, the H O

concentration has better value in which the TOC degradation reaches a
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4

maximum. For H O  loads above 100 mg L , the mineralization of the

contaminant brought about similar TOC results (more cost for same

mineralization level), and for H O  loads above 150 mg L , the

mineralization decreases. The detrimental effect of large H O  concentrations

could be explained with the presence of a competitive reaction, which shows

that H O  could react with the ·OH radicals, one of the reactive species,

reducing the quantity of these highly oxidative radicals present in the system.

The direct consequence of the decrease of ·OH radicals is the inhibition of

TOC degradation. Similar, but less significant, effect was observed with an

Fe(II) load, the highest mineralization was achieved with Fe(II) loads up to

10 mg L . Higher Fe(II) loads increase the cost and not the effectivity of the

treatment. Results also emphasized that the H O  factor is the most influent in

the response of the system.

Figure 4  presents biodegradability according to theoretical COD value and

BOD results. The ratio applied to estimate the theoretical COD comes from

the stoichiometric relationship with TOC (Tchobanoglous et al. 2003 ):

Evaluation of biodegradability was based on BOD/COD ratio: biodegradable

>0.6, partially biodegradable 0.4–0.6, and nonbiodegradable <0.4 (Garcia-

Montaño et al. 2006 ). Initial solutions 30 mg L  BPA were not

biodegradable (BDO /COD = 0.253) as shown in Fig. 5 . From 0 to

10 mg L , the BPA samples were totally biodegradable and the 20 mg L

sample was partially biodegradable.

Fig. 5

The biodegradability of BPA (BOD /COD) solutions in different concentrations
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AQ3

BOD  was measured from the end solutions of the photo-Fenton

experiments (Table 3). All solutions were found to be at least partially

biodegradable after the photo-Fenton process. As expected, photo-Fenton

treated BPA samples (C, D, and centrals) were totally biodegradable due to

low TOC, which also indicated that only few by-products were present.

Assays A and B had only minimum dose of H O  (40.25 mg L ) and were

found to be at least partially biodegradable. Lower biodegradability is clear

due to remaining by-products (70 % of residual TOC). Star points of the

design were not tested.

Before performing toxicity assessment on the samples of the processes

studied, bacterial growth inhibition of E. coli and S. epidermidis were tested

for a preliminary BPA toxicity evaluation. These bacteria were selected as

representatives of the groups of Gram-negative and Gram-positive,

respectively. Literature mentioned that the effect of pollutant, such as BPA,

vary depending on the bacteria strain (Rizzo 2011 ).

LD  doses for both bacteria (E. coli and S. epidermidis) were determined,

and values resulted to be very high, approximately 4 × 10  mg L . This result

confirms that tracking the toxicity of BPA solutions with both of the tested
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bacteria is infeasible since our initial BPA concentration was much lower

(30 mg L ). Even though, the two tested bacterial strains were also used to

evaluate the toxicity of the by-products formed from BPA degradation at all

the different experimental conditions. The results confirm that the bacterial

methods were infeasible to assess the toxicity.

However, the fact that BPA can be biodegraded or metabolized by

microorganisms does not mean that BPA has no estrogenic or no toxic effect

on organisms (Ike et al. 2002 ). In this way, animals both invertebrates and

vertebrates can be more sensitive for the evaluation of the BPA toxicity. Thus,

in this study, the next step was to use a cell line (VERO cells) to determine

LD  of the BPA. The VERO cells are an immortalized cell line derived from

African green monkey kidney epithelial cells. In this case, the chemical stress

produced by BPA increased the VERO cell mortality rate. Figure 6  shows the

toxicity curve in the BPA range concentration of 0–30 mg L . The mortality

rate increased from 0 to 70 %, and LD  of the BPA was 7 mg L , confirming

that tracking the toxicity of BPA and by-products using VERO cells is

feasible.

Fig. 6

LD  of BPA for VERO cells after 24 h of culture. The LD  dose of BPA is

7 mg L

It is important to consider that in mammals, in general, 56–82 % of the

administered BPA is eliminated in the feces as free BPA, while the 13–28 % is

eliminated in the urine as products of their metabolism (Pottenger et al. 2000 ;

Snyder et al. 2000 ). This metabolism may involve two hepatic pathways, the

glucuronidation by UDP glucuronosyltransferase 2 family, polypeptide B1

(UGT2B1) and the sulfation with sulfotransferases (Suiko et al. 2000 ; Yokota
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et al. 1999 ). In addition, microsomal cytochrome P450 enzymes can also

metabolize BPA and produce toxic activity such as DNA adduct formation

with BPA metabolites (Atkinson and Roy 1995a , b ).

VERO cell mortality was studied in the presence of the products of the

Fenton, Fenton-like, and photo-Fenton reactions. Samples for toxicity test

were collected during the entire degradation process, for all the sets of

experiments performed. In Fig. 7 , four experiments are plotted (J, A, central,

and D). Toxicity and residual H O  were monitored and plotted to every

reaction time. In order to help the toxicity discussion, a vertical line was

added to show the reaction time when BPA was not detected in the solution.

Fig. 7

VERO cells mortality after 24-h incubation times. The culture medium comes

from 2 × 10  M of reactive Fenton system mixture after 0, 5, 15, 20, 30, 45, 60,

75, and 90 min reaction times. Fenton reagent in a  Fe(II)  = 7.5 mg L  and

H O  15.24 mg L  (the axis load from the DOE, assay J), b Fe(II) = 5 mg L

and H O  40.25 mg L  (the lowest load, assay A), c Fe(II) = 7.5 mg L  and

H O  100.63  mg·L  (the  medium  loads,  assays  E,  F,  and  G),  d

Fe(II) = 10 mg L  and H O  161 mg L  (the highest load, assay D)
AQ4
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In all cases, at a 5-min reaction time, an extreme decrease of mortality (with a

residual 20 % mortality) is observed. As an agreeable concurrence, BPA was

not detected from HPLC analysis after the same photo-Fenton treatment time.

Thus, only residual H O  and by-products were present in the solutions.

Mortality increased around 50 % at the following reaction times (20, 30, and

45 min) probably due to the presence of the by-products of reactions.

It is also important to remark that the residual H O  concentration was

monitored during all the reaction time span due to its well-known cytotoxic

effect via oxidative stress (Llorens et al. 2013 ). The reagent concentration

after 30 min of reaction was negligible for all experimental sets studied,

except experiment D. The results are in accordance with the literature

(Baciocchi et al. 2003 ) and denote the fast consumption of H O  reagent

following a pseudo-first-order constant proposed for H O  decomposition.

Thus, it proves that there is no need to remove residual H O  (e.g., adding

sulfite as scavenger) when the toxicity assays are performed for more time

than this threshold (30-min reaction time). Thus, after 20–30-min reaction, all

the toxicity was only as consequence of the by-products (because BPA and

H O  were not present in the solutions).
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For longer reaction times (after 45 min), different behaviors were observed in

Fig. 7 . Figure 7 a shows that toxicity is maintained as expected (assay J with

a very low amount of hydrogen peroxide (15.24 mg L ). Figure 3 a shows

that for a low amount of H O  (15.24 mg L ), the system maintains the TOC

(92 %) and consequently the presence of by-products during the rest of the

experimental spam. Figure 7 b–d confirms that when enough H O  reagents

are used for the treatment, the by-products are also degraded and the mortality

is again reduced up to 30–40 %. Despite the different residual TOC in assay D

or central (15 %) compared to assay A (70 %), both experiments reached very

similar toxicity levels. This result could mean that just some of the

by-products affect on the VERO cells and consequently supporting the

toxicity of the system. As a result, attention of the toxicity evolution becomes

essential to guaranty that nontoxic by-products are present in the treated

solutions. For all purposes, to evaluate treatment quality, biochemical toxicity

studies should complement the chemical ones in order to guarantee the

hazardousness reduction of the samples.

In accordance to previous studies, photo-Fenton reaction was found to be a

suitable process to eliminate BPA and its by-products. The presence of UV

radiation together with Fenton reagent increased the efficiency of the

treatment. TOC concentration was decreased significantly during several

90-min experiments. Only the experiments containing small amount of H O

(A and B, 40.24 mg L ) did not lead into a high mineralization rate. In all

other experiments, close to 80 % was mineralized.

BOD tests showed that BPA concentration 30 mg L  was not biodegradable,

20 mg L  was partially biodegradable, and the lower concentrations were

totally biodegradable. Photo-Fenton-treated samples (C, D, central) were

totally biodegradable apart from assays A and B, which had minimum dose of

H O  and the TOC remained high.

All the results obtained confirm that using 100.63 mg L  of H O  and

7.5 mg L  iron load results in an efficient photo-Fenton process with a total

elimination of the contaminant, over 80 % of mineralization and totally

biodegradable and nontoxic solution. Biodegradability test was more exigent

than the toxicity one. No toxic solutions were achieved with 40.25 mg L  of

H O  load. However, biodegradability was just partial.
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In our study, we found a very high LD  (4 × 10  mg L ) of BPA for E. coli

and S. epidermidis bacteria. This demonstrated that tracking the toxicity of

BPA and its by-products using E. coli and S. epidermidis could be infeasible.

However, the in vitro culture of mammalian cells, such as VERO cell line,

could be an assay feasible to track toxicity of BPA and its by-products’

toxicity; the LD  of BPA in this cell line was 7 mg L . The mortality of

VERO cell was clearly reduced after BPA was treated by photo-Fenton

process during more than 60 min with a H O  amount over 40.25 mg L .

Finally, toxicity and biodegradability monitoring could establish the duration

of the photo-Fenton treatment because those assays are sensitive to determine

BPA and its by-products’ presence by their cytotoxic effects.
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