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The  degradation  of  bisphenol-A  (BPA),  an  endocrine  disrupting  compound,  by  means  of  photoelectrocat-
alytic  (PEC),  photocatalytic  (PC)  and  electrochemical  oxidation  (EO)  was  investigated.  An  immobilized
TiO2/ITO  film,  prepared  by  a sol–gel  method,  served  as  the  photocatalyst  and  the  anode,  while  boron-
doped  diamond  (BDD)  as  the  cathode.  Photochemical  reactions  were  induced  by  simulated  solar  radiation,
while  anodic  bias  in the  range  0.04–0.32  mA/cm2 was  applied  to  evaluate  its  effect  on  PC degradation,  as
well  as the  extent  of  direct  EO.  Experiments  were  conducted  at initial  BPA  concentrations  between  100
and 300  �g/L,  solution  pH  between  1  and  9  and  two  different  electrolytes,  i.e. HClO4 and  NaCl.

Current  application  always  improved  substantially  the  performance  of  photocatalytic  degradation  with
the extent  of  enhancement  (computed  from  the  pseudo-first  order  kinetic  constants  of  PEC and  PC)
reaching  values  as  high  as  90%.  The  interaction  between  PC  and  EO was  found  to  be  synergistic  rather
eroxide
ynergy

than  additive;  this  is thought  to  be  due  to  (i)  a  more  efficient  separation  of  the  photogenerated  electrons
and holes,  and  (ii)  the  enhanced  formation  of  peroxide  and  other  reactive  oxygen  species  favored  on  the
BDD  cathode.

BPA  degradation  rates  generally  increased  with  increasing  applied  current,  at strongly  acidic  conditions
and in  the  presence  of NaCl  as  the  supporting  electrolyte;  at the  conditions  in  question,  complete  BPA
conversion  could  be achieved  in  no  longer  than  60–90  min  of  reaction.
. Introduction

The fate of endocrine disrupting compounds (EDCs) in aque-
us matrices has received particular attention over the past several
ears due to their adverse effects on aquatic organisms. Of these,
isphenol-A (BPA), a widely used material in the manufacturing
f numerous chemical products, is suspected to be associated with
ndocrine disruption [1], as well as with genotoxicity [2], increasing
ancer cells [3] and sperm count reduction [4]. In this perspec-
ive, several technologies have been tested for the removal of BPA
rom contaminated aqueous environments, including biological [5],
onochemical [6], photochemical [7,8] and electrochemical [9] pro-
esses.

In recent years, photoelectrocatalytic (PEC) oxidation has been

volved as an efficient advanced oxidation process for the destruc-
ion of organic contaminants and pathogens in aqueous matrices
10]. The process combines heterogeneous photocatalysis over a

∗ Corresponding author. Tel.: +30 2821037797; fax: +30 2821037857.
∗∗ Corresponding author. Tel.: +30 2821037782; fax: +30 2821037857.
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© 2012 Elsevier B.V. All rights reserved.

photocatalyst (e.g. TiO2) immobilized on a conductive substrate
(e.g. Ti, ITO) with an externally applied anodic bias in a pho-
toelectrochemical cell to drive the photogenerated electrons to
the cathode and, consequently, minimize the rate of electron/hole
recombination, thus improving the respective photocatalytic per-
formance.

The degradation of BPA by PEC has only merely been reported
in the literature under UVA radiation and relatively high concen-
trations (i.e. at the mg/L level) [11–13]. Our group [14] has recently
reported results on the enhanced degradation of low (i.e. at the
�g/L level) BPA concentrations by solar PEC on a TiO2/Ti anode and
Zr cathode.

The scope of this work was  to investigate BPA degradation by
solar PEC on TiO2/ITO films using a boron-doped diamond (BDD)
electrode as the cathode; the rationale behind this choice has to do
with the likely in situ generation of H2O2 through oxygen reduction
that may  be favored on BDD cathodes, thus improving electrochem-
ical and photoelectrochemical reaction rates [15]. As a matter of
fact, the production of H2O2 has primarily been tested with car-

bon or oxygen diffusion cathodes, while the literature concerning
the use of BDD is scarce. The effect of operating conditions such as
applied current, BPA concentration, solution pH and cathode mate-
rial on degradation kinetics was investigated, alongside the relative

dx.doi.org/10.1016/j.cattod.2012.07.026
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:vdaskalaki@isc.tuc.gr
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Illumination of the anode results in the photogeneration of
oxidizing holes and reducing electrons with the former reacting
with water to form hydroxyl radicals, thus inducing BPA degra-
dation. The parallel application of a bias positive to the flat-band
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fficiency and synergy amongst PEC, photocatalysis (PC) and elec-
rochemical oxidation (EO). To the best of our knowledge, this is
he first report on EDC degradation by the proposed photoelectro-
atalytic system.

. Materials and methods

.1. Catalyst preparation

All chemicals were purchased from Aldrich and used without
urther purification. Ultrapure water (EASYpureRF – Barn-
tead/Thermolyne, USA) was used throughout this work. Titania
lms were deposited on indium-tin oxide (ITO) coated glass slides
ith 30–60 �/sq initial surface resistivity via a dip-coating method

16]. A solution containing 10.5 g Triton X-100, 10.2 mL  acetic acid,
7 mL  ethanol and 5.4 mL  titanium tetraisopropoxide was  kept
nder vigorous stirring. ITO glass slides were rinsed with water and
thanol, calcined at 550 ◦C to remove any impurities from the sur-
ace and then immersed in the solution, so that 5.5 cm of the long
ide of the slide was wetted by the sol, and abruptly withdrawn.
he non-conductive side of the slide was carefully swept dry and
hen the slides were calcined again at 550 ◦C for 15 min  at a heat-
ng/cooling rate of 15 ◦C/min. The whole procedure was repeated
ntil the desired amount of titania (i.e. 2.65 g) was deposited on the
lide.

.2. Experimental procedure

Photocatalytic experiments were performed using a solar sim-
lator (Newport, model 96000) equipped with a 150 W xenon,
zone-free lamp in an open cylindrical pyrex cell at ambient condi-
ions under continuous stirring. According to the spectral irradiance
ata given by the manufacturer, simulated solar radiation con-
ains about 5% UV-A radiation, and 0.1% UV-B irradiation, while
he filter cuts radiations with wavelengths below 280 nm.  The inci-
ent radiation intensity in the UV region of the electromagnetic
pectrum was determined actinometrically and it was found to
e 5.8 × 10−7 einstein/(L s). Current in the range 0.04–0.32 mA/cm2

as applied using a galvanostat/potentiostat (Amel Instruments,
odel 2053) with the TiO2/ITO film being the anode with an active
orking area of 6.25 cm2 and a BDD plate (Adamant Technologies

A, Switzerland; B/C 1000 ppm) of 12.5 cm2 the cathode. In some
ases, the BDD cathode was replaced by zirconium. The experi-
ental setup is shown in Scheme 1. In a typical experiment, the

ppropriate amount of BPA was dissolved in water and the result-
ng solution was added 5 mM HClO4 as the supporting electrolyte;
0 mL  was then introduced in the reaction vessel and left for 20 min

n the dark to equilibrate prior to applying solar radiation and/or
urrent. In some cases, HClO4 was replaced by 0.1 M NaCl.

To test the reproducibility of the results, certain experiments
ere performed in triplicate with the standard deviation of BPA

onversion being, on average, 5%.

.3. Analytical techniques

Changes in BPA concentration were followed by high perfor-
ance liquid chromatography (HPLC, Waters 2690) equipped with

 Luna 54 (18C2) 100 A column and two detectors connected in
eries, namely a diode array detector (Waters 996) and fluorescence
etector (Waters 474). The mobile phase consisted of 65:35 ace-
onitrile:water at a flow rate of 1 mL/min and ambient temperature.
PA was monitored by the fluorescence detector, while the diode

rray set at 280 nm was  used to identify possible transformation
y-products.

The concentration of peroxide species in the reaction mix-
ure was determined spectrophotometrically at 410 nm (Lamda 25,
Scheme 1. Experimental set-up.

Perkin Elmer spectrophotometer) according to the titanium com-
plexing method described in detail elsewhere [17]. To establish a
calibration curve between sample absorbance and concentration,
standard H2O2 solutions at various concentrations (1–200 mg/L)
were prepared and analyzed.

3. Results and discussion

Fig. 1 shows a comparison among PEC, PC and EO for the degra-
dation of 200 �g/L BPA at 0.16 mA/cm2 and pH = 1. PEC results in
complete degradation in 50–60 min, while PC yields only about 25%.
The enhanced PEC performance can only partially be attributed to
electrochemical reactions since EO alone results in 30% degrada-
tion after 60 min. Evidently, PEC performance is far greater than the
sum of the individual processes (shown by the dashed line), which
implies that the contribution of PC and EO is synergistic rather than
cumulative, as will be discussed in Section 3.1.
Time, mi n

Fig. 1. Variation of normalized BPA concentration during PEC, PC and EO.
[BPA]o = 200 �g/L; I = 0.16 mA/cm2; pH = 1.
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Table 1
Apparent kinetic constants (Eq. (2)), degree of enhancement (Eq. (1)) and degree
of  synergy (Eq. (3)) associated with PEC degradation of BPA at various conditions.
Numbers in brackets show coefficients (r2) of linear regression (Eq. (2)). ND: not
determined.

Co , �g/L I, mA/cm2 pHo kPEC , 10−3/min E, % S, %

200 0.04 1 9.4 (0.994) 41.5 14.6
200  0.08 1 11.4 (0.998) 54.7 31.9
200  0.16 1 42.9 (0.998) 88.0 77.5
200  0.32 1 43.7 (0.996) 88.2 69.3
100  0.32 1 19.3 (0.991) 80.7 54.9
300  0.32 1 22.9 (0.992) 70.9 43.3
200  0.32 5 11.5 (0.998) 61.4 ND

n = i  × t

2 × NA × e
(4)
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ig. 2. Variation of normalized BPA concentration during PEC as a function of current
mA/cm2). [BPA]o = 200 �g/L; pH = 1. Inset graph shows data fitting to Eq. (2).

otential gives a more effective separation of the photogenerated
arriers since the electrons are driven to the cathode; this has a
lear beneficial effect on process performance since electron–hole
ecombination, which is a major cause for reduced photocatalytic
ctivity, is minimized.

.1. Effect of applied current

The effect of changing current in the range 0.04–0.32 mA/cm2

n BPA degradation by PEC is shown in Fig. 2. Relatively low cur-
ents (0.04 and 0.08 mA/cm2) result in 60–65% removal after 90 min
f reaction, while the respective EO value is about 23% (data not
hown). There appears to be a critical value between 0.08 and
.16 mA/cm2 where PEC performance is improved dramatically,
hile a further increase to 0.32 mA/cm2 has practically no effect.

nterestingly, increasing current from 0.08 to 0.16 mA/cm2 has a
roportionately lower effect on EO with BPA degradation increasing
rom, e.g. 23% to 33% after 90 min  (data not shown). These results
ndicate that 0.16 mA/cm2 would be an optimum bias providing
nough potential to the flat band potential to effectively separate
harges by withdrawing electrons to the cathode [18,19].

The degree of electrochemical enhancement (E) can be quanti-
ed as follows:

 = kPEC − kPC

kPEC
(1)

here kPEC and kPC correspond to kinetic constants of BPA degrada-
ion by PEC and PC, respectively. Previous studies [11,12,14] have
hown that BPA degradation by PEC, PC and EO can be modeled by

 pseudo-first order expression, i.e.

dC

dt
= kappC ⇔ ln

Co

C
= kappt (2)

here kapp is an apparent reaction constant of the respective pro-
ess. If the results of Fig. 2 are plotted in the form of Eq. (2) up to
0% conversion, straight lines fit the data reasonably well, as seen

n the inset of Fig. 2. Table 1 summarizes kPEC values for the various
xperiments performed in this work, alongside the respective E val-
es. The latter is 42% at 0.04 mA/cm2 and nearly increases twofold
t 0.16 mA/cm2.

Since BPA degradation is partially due to EO, it was deemed
air to exclude its contribution, thus defining the degree of process

ynergy, as follows:

 = kPEC − (kPC + kEO)
kPEC

(3)
200  0.32 7 17.6 (0.998) 69.7 23.0
200  0.32 9 13.6 (0.992) 64.6 44.9

where kEO is the reaction constant of the respective EO. S values,
summarized in the last column of Table 1, are always greater than
zero and this indicates that PC and EO do not simply add up (i.e.
S = 0) but there is a synergy between them.

3.2. Production of oxidants and the effect of cathode

Besides the more effective electron–hole separation induced
by the application of anodic bias, PEC may  benefit from an effi-
cient generation and utilization of reactive oxygen species (ROS).
Depending on the operating conditions and electrode materials,
water electrolysis typically produces various oxidants including,
amongst others, H2O2, superoxide and hydroxyl radicals. To test
this, their concentration was  followed during PEC, EO and PC of BPA
solutions and pure water (i.e. without BPA) at various currents; rep-
resentative results are shown in Fig. 3. For PEC and EO, there appears
to be a substantial oxidant formation with concentration increasing
up to 45–60 min, beyond which it reaches equilibrium. In general,
oxidant formation during PEC is greater than EO irrespective of the
presence or absence of BPA, while oxidant concentration during PC
is an order of magnitude lower than the other two  processes. It
should be emphasized here that the concentrations shown in Fig. 3
may  not match exactly the actual H2O2 concentrations since other
ROS could be measured by the analytical protocol employed in this
work and contribute to the quoted values. This said, one can com-
pute the theoretical maximum amount of H2O2 produced during
water electrolysis, n (mol), as follows:
Time, min

Fig. 3. Evolution of peroxide during PEC, PC and EO of 200 �g/L BPA solution (filled
symbols) and pure water (open symbols). I = 0.32 mA/cm2; pH = 1. PC data on sec-
ondary axis.
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and 12 mg/L at pH = 1 and 7, respectively.
In a final set of experiments, HClO4 was replaced by NaCl

of equivalent conductivity; Fig. 7 shows a comparison between
the two  electrolytes for PEC, PC and EO processes. Unlike HClO4,
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ig. 4. Comparison between BDD and Zr cathodes for the PEC and EO degradation
f  BPA. [BPA]o = 200 �g/L; I = 0.32 mA/cm2; pH = 1.

here i is the applied current (A), t the reaction time (s), NA the
vogadro’s number (6.02 × 1023 molecules/mol) and e the electron
harge (1.6 × 10−19 C).

Water electrolysis yields 9.3 and 28.7 mg/L H2O2 after 20 and
0 min, respectively with the theoretical values being 7.1 and
1.8 mg/L.

The results concerning oxidant formation are consistent with
hose of BPA degradation shown in Figs. 1 and 2 and Table 1.
2O2 and alike species act as sacrificial agents capturing the photo-

nduced conduction band electrons, while they can also oxidize
irectly BPA [20–23].

In this view, the role of BDD appears to be critical since it can
romote the cathodic reduction of oxygen to H2O2 in acidic (Eq.
5)) or alkaline (Eq. (6)) media, as follows [24]:

2 + 2H+ + 2e− → H2O2 (5)

2 + 2H2O + 2e− → H2O2 + 2OH− (6)

To check for this hypothesis, BDD was replaced by zirconium
nd the two cathodes were tested in otherwise identical conditions;
ig. 4 shows clearly the superiority of BDD yielding complete and
2% degradation after 90 min, with the respective values on Zr being
0% and 16%.

.3. Effect of BPA concentration

The effect of initial BPA concentration on PEC degradation is
hown in Fig. 5 and Table 1. Over 85% conversion can be achieved
fter 90 min  of reaction irrespective of the starting concentration,
hile the extent of electrochemical enhancement is always greater

han 70%. Interestingly, kPEC values are dependent of the initial con-
entration (inset of Fig. 5 and Table 1), which implies that reaction
inetics can only be regarded as pseudo-first order (as opposed
o true first order) with respect to BPA concentration. This behav-
or may  be associated with the relative concentration of catalyst
ctive sites and organic molecules, thus triggering a competitive
dsorption between BPA and its transformation by-products onto
he catalyst surface [25]. For BPA concentrations in the range
00–200 �g/L, catalyst active sites seem not be completely covered
y BPA molecules and its by-products (this said, no by-products
ere determined with the analytical protocols employed in this

tudy) and the kinetics are not impeded; the catalyst surface may

ecome saturated at higher concentrations, thus partially decreas-

ng reaction rates. Murugananthan et al. [26], who  studied the
lectrochemical degradation of BPA at 10, 20 and 30 mg/L over

 BDD anode, reported that BPA decay follows complex kinetics
Fig. 5. Variation of BPA concentration during PEC as a function of its initial concen-
tration. I = 0.32 mA/cm2; pH = 1. Inset graph shows data fitting to Eq. (2).

without any distinct reaction order; this was  attributed to the
competitive consumption of ROS through simultaneous reactions
involving reaction by-products [27].

3.4. Effect of initial pH and electrolyte

Fig. 6 shows that PEC degradation of BPA is favored at strongly
acidic conditions with the extent of enhancement reaching as much
as about 90%; working at slightly acidic, neutral or alkaline condi-
tions reduces degradation rates by as much as 3–4 times (Table 1)
although electrochemical enhancement is still high at 65.5 ± 4%. For
the range of pH values under consideration, BPA exists in molecu-
lar form since its pKa value is 9.9 ± 0.3 [28]. In this respect, the pH
effect cannot be explained on the basis of electrostatic interactions
between the amphoteric catalyst surface and the ionization state
of BPA. Nonetheless, the improved performance at pH = 1 may be
ascribed to the enhanced formation of H2O2 and other ROS; the
steady-state concentration of H2O2 during PEC degradation of BPA
at pH = 1 is about 33 mg/L (Fig. 3), while the respective value at
pH = 7 is about 10 mg/L (data not shown). The same trend occurs in
the absence of BPA with oxidant concentration reaching about 27
Time, min

Fig. 6. Variation of normalized BPA concentration during PEC as a function of pH.
[BPA]o = 200 �g/L; I = 0.32 mA/cm2.
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aCl releases chloride anions in the liquid phase, which can
lectrochemically and/or photochemically generate the highly
eactive chlorohydroxyl radicals (ClOH•), as well as chloride rad-
cals [29,30]; furthermore, anodic reactions may  generate free
hlorine, chlorine dioxide and hypochlorite. All these could explain
he considerably enhanced rates recorded in the presence of NaCl,
s clearly seen in Fig. 7. From an environmental point of view
hough, the use of NaCl as the electrolyte should always be viewed
ith caution due to the likely formation of organochlorinated by-
roducts, whose toxicity is typically greater than that of the original
atrix components.

. Conclusions

The conclusions drawn from this study can be summarized as
ollows:

1) Photoelectrocatalytic oxidation over immobilized TiO2/ITO-
film catalysts provides an effective means for the destruction of
BPA at environmentally relevant concentrations. The use of rel-
atively low currents, as well as renewable energy source (solar
radiation) may  be attractive incentives to develop the proposed
process.

2) Coupling processes in a synergistic way is conceptually advan-
tageous; this is the case here, where the electrochemical
promotion of photocatalysis is believed to be associated with
the efficient separation of photogenerated holes from electrons,
thus maximizing their utilization as primary oxidants and/or
a source to generate secondary oxidants (e.g. hydroxyl radi-
cals). Furthermore, the role of BDD cathode appears to be crucial
in enhancing the formation of additional reactive species and,
consequently, the level of synergy.

3) Simple indices based on kinetic data can be devised to quantify
the enhanced performance of photoelectrocatalysis. The degree

of process synergy (i.e. Eq. (3)) takes into account the contri-
bution of both photocatalytic and electrochemical oxidation
reactions, while the degree of electrochemical enhancement
(i.e. Eq. (1)) considers only the role of applied bias as a means

[

[

Today 209 (2013) 74– 78

to separate better the photogenerated charges. Although the
former index describes a true process integration, the latter
may  conceptually be more accurate given the way photoelec-
trocatalysis is defined. Nonetheless, either index constitutes a
useful tool to assess the role of the individual processes and
their respective operating variables in a quantitative way.

(4) Degradation is favored (i) in the presence of NaCl as the support-
ing electrolyte (due to the formation of Cl-containing reactive
species) or (ii) at low pH values, either of which may  have seri-
ous post-treatment implications. This is particularly so for the
use of NaCl due to the possible formation of toxic chlorinated
organics.
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