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Abstract

Anodic oxidation of bisphenol A (BPA), a representative endocrine disrupting chemical, was carried out using boron-doped diamond (BDD)
electrode at galvanostatic mode. The electro-oxidation behavior of BPA at BDD electrode was investigated by means of cyclic voltammetric
technique. The extent of degradation and mineralization of BPA were monitored by HPLC and total organic carbon (TOC) value, respectively.
The results obtained, indicate that the BPA removal at BDD depends on the applied current density (/,pp1), initial concentration of BPA, pH of
electrolyte and supporting medium. Galvanostatic electrolysis at BDD anode cause concomitant generation of hydroxyl radical that leads to the BPA
destruction. The kinetics for the BPA degradation follows a pseudo-first order reaction with a higher rate constant 12.8 x 1075 s™! for higher I,
value 35.7 mA cm ™2, indicating that the oxidation reaction is limited by I, control. Complete mineralization of BPA was achieved regardless of the
variables and accordingly the mineralization current efficiency was calculated from the TOC removal measurements. Considering global oxidation
process, the effect of supporting electrolytes has been discussed in terms of the electro generated inorganic oxidants. The better performance of
BDD anode was proved on a comparative study with Pt and glassy carbon under similar experimental conditions. A possible reaction mechanism

for BPA degradation involving three main aromatic intermediates, identified by GC-MS analysis, was proposed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bisphenol A (BPA) is, a known endocrine disrupter and an
industrial chemical, used in the manufacture of polycarbonate,
epoxy resin and numerous plastic articles [1]. These final prod-
ucts are utilized in many food and drink storage containers,
polycarbonate baby bottles, tableware, white dental fillings and
sealants. Recent studies have shown that the release of BPA
into natural environment as well as in surface water is possi-
ble during manufacturing process of these final products. Due
to a widespread use of these products in recent years, BPA
has been detected at considerably high level ranging from 0.14
to 12.0 pg dm™3 in United States river water [2] and up to
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10 mg dm~3 in leachates from hazardous waste landfill sites in
Japan [3]. With regard to possible effects to humans, researchers
have found that even in very low concentration levels of BPA
could cause harmful effects such as abnormal physiological
changes, reproductive impairments, and testicular and breast
cancer [4]. On the contrary, industrial scientists have reported
that low level concentration of BPA to human exposure cause no
harmful effects [5]. It is also reported [6] that wild lives exposed
to low doses may come to puberty earlier. Considering the seri-
ous adverse impacts of BPA on human health and environment,
it is quite urgent to find an efficient approach for removing such
a chemical so as to minimize their contamination.

In the past decade, electro-oxidation technique is proved to
be a well established and an efficient technique to destruct the
biologically persistent organic pollutants for water and wastew-
ater treatment [7]. It is mainly due to an appropriate choice of
anode material that can allow complete removal of total organic
carbon (TOC) with high current efficiency. Attempts have been
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made to study the electrochemical removal of BPA using Ti
and Pt mesh [8], Pt/Ti [9], SnO,/Ti [10] and carbon fiber [11]
electrodes. But Ti, Pt and Pt/Ti electrodes were not effective
to achieve total mineralization of BPA due to electrode deac-
tivation and poor generation of more hydroxyl radicals. In the
case of carbon fiber electrode, BPA has been totally removed
as polymeric products that form on the electrode surface based
on anodic polymerization technique. However, the polymerized
film should be considered here to avoid secondary pollution.
In recent years, boron-doped diamond (Si/BDD) electrode has
been proved as successful anode material to destruct a variety
of organic pollutants such as phenol [12], 4 chlorophenol [13]
and chloromethylphenoxy herbicides [14]. It has many unique
advantages and is largely generating the adsorbed hydroxyl rad-
icals from water decomposition as shown in

BDD + H,O — BDD(*OH)ygs + HT + ¢~ (D

To our knowledge, there has not been any work reporting
on BPA degradation with BDD anode. Thus, this study explores
the potential behavior of BDD to mineralize the BPA in aqueous
solutions under galvanostatic control. The effects of applied cur-
rent density, initial concentration of BPA and electrolyte variable
were evaluated. Kinetic analysis was conducted and the miner-
alization current efficiency (MCE) of BPA was also calculated
from the TOC value.

2. Experimental
2.1. Materials

Bisphenol A (BPA) provided by Kanto Chemicals, Japan,
was analytical grade granular material and used without further
purification. BPA stock solution was prepared with high purity
water obtained from a Millipore Milli-Q system and the required
concentration of working solution was obtained by diluting this
stock solution with deionised water. The concentration of work-
ing solution was varied from 10 to 30 mgdm™> based on the
BPA concentration in leachates as reported by Yamamoto et al.
[3]. The used supporting electrolytes were NaySO4, NaNO3 and
NaCl. The pH value of electrolyte solutions was adjusted with
H,SO4 or NaOH depending on the desired values. Organic sol-
vents and other chemicals used were either HPLC or analytical
grade from Kanto Chemicals, Japan.

2.2. Preparation of BDD electrode

BDD thin film was grown on p-Si (111) substrate
by microwave plasma-assisted chemical vapour deposition
technique (Model AX2115, AsTeX Corp.). The detailed exper-
imental conditions for the BDD film growth have been given
in our previous work [15]. After the deposition, the film was
sonicated in ethanol for 5 min and deionised the film surface in
water prior to use. Ohmic contacts for the electrode with the
wire were made using gold and silver paste. The electrode was
covered with the masking tape in which the exposed area was
7cm?.

2.3. Electrolytic system

Electrochemical experiments were carried out using a con-
ventional single compartment three-electrode cell in conjunction
with a computer-controlled potentiostat/galvanostat HZ-5000
(Hokuto Denko Ltd., Japan). The working solution volume was
250 ml for all experiments. BDD was used as working electrode,
Hg/Hg,>Cly-KCl (sat.) (SCE) as a reference and Pt as a counter
electrode. Both BDD and Pt electrodes were square type plate
with effective surface area of 7 and 8 cm?2, respectively, and the
inter electrode gap is 10 mm. Cyclic voltammetry experiment
was performed without agitation of the electrolyte. For com-
parative purpose of anodic oxidation, 7 cm? of Pt and GC each
were also employed. In anodic oxidation with Pt, the cathode
was 8 cm? GC, while in the case of GC as anode, 8 cm? of Pt
was used as cathode. Degradation experiments were conducted
at galvanostatic mode in uniform stirring with magnetic stirrer.
A thermo-regulated water bath was used to maintain a constant
temperature (25 °C). Na;SO4 (0.1 M) was used as supporting
electrolyte and the initial pH of the electrolyte was adjusted
to 6 for general parameter experiments. Anodic polarization of
BDD was carried out for 10 min in 0.1 M H;SO4 at 100 mA
current, prior to every experimental run to remove any kind of
deposition and/or impurities from the surface. The cell poten-
tial was remained constant during the galvanostatic electrolysis,
indicates that electrode activity is not affected.

2.4. Analytical techniques

During the course of reaction, the decay of BPA concentra-
tion was measured by HPLC (Model L-2455, Hitachi, Japan)
equipped with a multiple wavelength UV detector and Silicagel
C1g (150 mm x 4.6 mm) analytical column. It displayed a well-
defined peak for BPA at a retention time () of 4.2min at
276 nm. For these analyses, samples of 20 ul were injected into
the chromatograph and a 50:50 (v/v) CH3CN/3 x 10~2 M/kg
CH3COOH mixture was passed at a flow rate of 1 ml/min as
mobile phase. The evolution and degradation of the peaks for
intermediate compounds were followed at the same condition
of column. The pH of the solution was measured with a HM-
26S pH meter (TOA, Japan). Mineralization of BPA compound
was monitored by the abatement of their TOC determined on a
Shimadzu VCSN/CPN Model TOC analyzer. The fate of oxi-
dation products were analysed by GC—MS (Shimadzu GC-15A,
HP5980II coupled with Jeol IMS-AX500). Chromatographic
conditions were as follows: the initial temperature of the col-
umn oven was 80 °C for 2 min hold and increased up to 280 °C
with a heating rate of 12.5°C per min. Injection and detector
port temperatures were 260 and 280 °C, respectively. The NIST
online library search was used for identification of the products.

3. Results and discussion
3.1. Voltammetric study of BPA on BDD

Prior to galvanostatic study, cyclic voltammetric investiga-
tion was performed to find out the oxidation behavior of BPA
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Fig. 1. Cyclic voltammograms for the oxidation of BPA at Si/BDD electrode
(BPA, 20 mg dm™3; electrolyte, 0.1 M NapSOy; scan rate = 100 mV s—L pH 6;
T,25°C).

on BDD surface at a sweep rate of 100mV s~! and the typical
voltammogram is shown in Fig. 1. In the first cycle, the oxida-
tion peak corresponding to BPA appears approximately at 1.2V
vs. SCE. It has been reported that the oxidation peak of BPA at
Pt and GC electrode are lower than 0.8 V at neutral pH values
[9-11]. The difference in oxidation potential could be attributed
to the behavior of the electrode material. In the case of BDD,
the anodic current peak decreases in the subsequent cycles. This
observation can be explained as a result of fouling phenomenon
that the polymeric product deposition on the surface of BDD
electrode. The activity of the electrode surface becomes less due
to this passivating behavior. However, this fouling layer can be
removed by anodic polarization in the potential region of water
decomposition (>2.3 V). This has already been confirmed by
some earlier investigations [16—18] where the activity of BDD
surface was restored by anodic polarization method. Moreover,
in the range of applied current density in the present study, the
anodic potential was found to be in the region of water decom-
position thus no electrode fouling problem encountered during
the galvanostatic electrolysis.

3.2. Anodic oxidation of BPA

Fig. 2a shows the trend of BPA decay as a function of elec-
trolysis time during the anodic oxidation of BPA (20 mg dm—3)
with BDD at three different applied current densities (Zapp1) rang-
ing from 14.28 to 35.7mA cm™2. As many researchers have
already been proved that oxidative degradation of organic pol-
lutants at BDD electrode only takes place in the potential region
of water decomposition [13,14], the lower value of applied cur-
rent was selected so as to attain the anodic potential higher than
2.3V vs. SCE. It is quite apparent that the complete degradation
as well as mineralization of BPA could always be achievable
due to the electrochemical decomposition of water molecules
on the BDD surface that leads to the concomitant generation
of hydroxyl radicals (*OH) according to the reaction (1). As
can be seen in Fig. 2a, the rate of BPA degradation is highly
dependent on the I,pp and becomes faster with increasing cur-
rent density. For example, nearly 100% degradation could be
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Fig. 2. (a) Effect of Ip on anodic oxidation of BPA with BDD (BPA,
20 mg dm™3; electrolyte, 0.1 M Na;SOy; pH 6; T, 25°C) (@) 14.28 mA cm™2,
(A)25mA cm~2 and (M) 35.7 mA cm 2. (Inset) Corresponding kinetic analysis
assuming a pseudo-first order reaction for BPA decay. (b) Decay of different
initial concentration of BPA by anodic oxidation with BDD at 35.7 mA cm >
(electrolyte, 0.1 M Na;SO4; pH 6; 7, 25 °C) (@) 10 mg dm™3, (W) 20 mg dm™3
and (A) 30 mgdm3.

accomplished at higher Iy,p; of 35.7 mA cm™2, after electrolysis
time of 4h, whereas it requires more than 10h of electroly-
sis time to achieve the complete degradation at low Ip of
14.28 mA cm™2. This indicates that under constant Lyppt, the
electro generation of *OH at BDD surface is uniform and it can
be greatly enhanced with increasing Iypp1. Also, it confirms that
ILypp1 value is lower than the limiting current density with higher
mass transfer rates which always maintain the flux of the pol-
lutant molecules towards the anode. The degradation results of
BPA were subjected to the analysis of kinetic equation of differ-
ent reaction orders and good fittings were found for pseudo-first
order reaction. The straight line thus obtained for three different
ILpp1 with an initial concentration of 20 mg dm™3, are presented
as inset in Fig. 2a. The pseudo-first order rate constants calcu-
lated are 5.6 x 1073,9.5 x 1075 and 12.8 x 1075 s~! for 14.28,
25 and 35.7mA cm™2, respectively. It could be observed that
the rate constants almost linearly increase with increasing Iopp,
at a constant initial concentration of BPA. These results are
consistent with the fact that degradation process is a bimolecu-
lar reaction between BPA and *OH with a constant generation
of *OH which is being approximately proportional to the Iyppi
value.

In order to have a concrete conclusion on kinetics of BPA
degradation reaction, electrolysis were carried out with three dif-
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ferent initial concentration of BPA viz., 10, 20 and 30 mg dm™3
at a fixed current density of 35.7mA cm™2 and the correspond-
ing results are shown in Fig. 2b. The degradation rate of BPA
was found to be decreased and having no proportional variations
with increase in the initial concentration. Also, as can be seen
in Fig. 2b there is no much difference observed in the degrada-
tion rate of BPA when increasing the concentrations from 20 to
30 mg dm~>. The decrease in rate of BPA degradation could only
lead to the possible fact that the competitive consumption of *OH
for oxidizing the intermediate compounds. The earlier study
[14] is suggested that the unspecific oxidation of all molecules
especially major intermediates with *OH that leads to the side
reactions and parallel consumption of *OH. The degradation
results of three different initial concentrations with electrolysis
time were subjected to kinetic analysis related to simple reaction
orders. It was found that BPA decay follows a complex kinet-
ics without following any reaction orders. This is because of the
competitive consumption of *OH at the BDD surface by parallel
oxidative reactions with intermediate compounds [14].

3.3. Mineralization of BPA and its current efficiency

The mineralization trend of BPA at BDD anode was exam-
ined, as a function of electrolysis time, with varying I, value
and initial concentration of BPA. As can be seen in Fig. 3a, the
rate of TOC removal is found to be faster, when I,pp increased
from 14.28 to 35.7 mA cm ™2, since the degradation reaction is
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Fig. 3. (a) TOC abatement with reference to electrolysis time at three different
Lypp1 for the mineralization of BPA with BDD anode (BPA, 20 mg dm~3; elec-
trolyte, 0.1 M Na»SO4; pH 6; T, 25°C) (@) 14.28 mA cm~2, (A) 25 mA cm—2
and (M) 35.7 mA cm 2. (b) TOC removal for three different initial concentra-
tion of BPA at constant Iypp 35.7 mA cm™2 (electrolyte, 0.1 M NaySOy; pH 6;
T,25°C) (@) 10mgdm~>, (M) 20 mg dm~> and (A) 30 mgdm~3.

not limited by diffusion of the organic molecules towards the
anode. As an example, a complete combustion of BPA from
aqueous electrolyte was achieved within the electrolysis time of
14h(Q=14Ah dm_3) at35.7 mA cm~2, when it requires about
24h (0=9.6 Ahdm™3) at lower Lpp 14.28 mA cm~2. These
results confirm that the *OH generation is accelerated when Iypp
increases, resulting a rapid destruction of BPA [19]. However, it
could also be noted that the specific electrical charge (Q) needed
for an equal amount of TOC removal is increased with I,p1. This
feature can be related to the fact that a part of electro generated
*OH is wasted at higher I, by parallel parasite reaction such
as Oy, peroxodisulfate (S,05%27)and hydrogen peroxide (H>O5)
formations as follows:

BDD(*OH) — BDD + 1/20,+H" e~ )
28042 — S,08% +2e” 3)
2°0OH — H;0, “@

Thus, increase in the Ipp will always lead to the sec-
ondary anodic reaction to some extent at the expense of organic
molecule degradation, which causes the less efficiency. These
facts are in agreement with the earlier study [20]. These inter-
mediated weaker oxidants (52082_, H»0O,) have found to be
no impact on mineralization of BPA and it will be separately
discussed in detail in Section 3.4.

Experiments were performed with three different initial con-
centrations of BPA viz., 10, 20 and 30 mg dm™3, at constant Tappi
35.7mA cm~2 and the results obtained are shown in Fig. 3b. A
considerable decline in TOC removal rate could be observed
with increasing initial concentration of BPA. It was found that
the rate of TOC removal is only varied up to reaching 80%
removal for all initial concentrations. Moreover, it is obvious
that a total mineralization requires almost an equal electrolysis
period 14h (Q =14 Ahdm~3). However, considering the quan-
tity (mgdm™3) of TOC removal, the mineralization efficiency
increases with increasing the initial concentration. For example,
at electrolysis time of 5h (Q =5 A hdm™?), the quantity of TOC
removed is 8.6, 12.7 and 17.6 mg dm™?3 for the initial concentra-
tions of 10, 20 and 30 mg dm ™3, respectively (data not shown in
figure). This is indicative of more pollutants make a possibility
of utilizing larger amount of *OH and avoiding O, evolution
reaction [19].

From the above findings, it can then be concluded that the
mineralization of BPA with BDD anode leads to the total destruc-
tion of the molecule and the formation of CO, as final product.
Thus the over all mineralization reaction can be written as fol-
lows:

Ci5H1602 +28H,0 — 15CO; + 72H' 472~ (3)

This reaction shows that 72 electrons are involved in inciner-
ating a BPA molecule completely into CO». Generally current
efficiency is an important issue in electrochemical treatment,
due to the relatively high costs of electric power. According to
the literature [19], the MCE at a given time for the above TOC
removal results of BPA can be comparatively calculated using
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Fig. 4. Dependence of mineralization current efficiency calculated from Eq. (6)
on specific electrical charge for the TOC removal results shown in Fig. 3a and b
(electrolyte, 0.1 M NazSOy; pH 6; T, 25 °C) [concentration of BPA, 20 mg dm™3
for I pp (@) 1428 mA cm~2, (A) 25mAcm~2 and (M) 35.7mA cm™2; Lappl,
35.7mA cm~2 for BPA concentration () 10 mg dm~3 and (A) 30 mg dm—3].

the following relation:

A(TOC) exper

MCE = [
A(TOC)[heor

} X 100 (®)
where A(TOC)exper denotes the experimental solution TOC
removal at time ¢ and A(TOC)eor is the theoretically calcu-
lated TOC removal considering that the applied electrical charge
(=current x time) is consumed to yield the reaction (5).

Fig. 4 shows the evolution of the MCE with specific electri-
cal charge passed as a function of I,y and initial concentration
of BPA. As can be seen, a sharp increase in MCE value was
found irrespective of the experimental conditions during the
initial phase of the electrolysis time i.e., up to the Q value of
1 Ahdm™3. This trend can be attributed to the initial formation
of propylene alcohol molecule from BPA molecule breaking
reaction. This aliphatic molecule can be mineralized into CO;
and water in higher rate comparing to aromatic oxidation prod-
ucts. Sires et al. [21] have also observed the similar trend and
justified that some oxidation products formed at initial stages,
are more rapidly degraded by hydroxyl radicals. In each case, a
similar and gradual decrease in MCE could be observed, indi-
cating a continuous fall in oxidizing ability of the process. This
behavior can be put down to the fact that progressively decreas-
ing the pollutant concentration with prolonging the electrolysis
time causes limiting the diffusion of organic molecules towards
the anode surface. It could also be attributed to the formation of
carboxylic acids, which are known to degrade more slowly com-
paring the other intermediate compounds. The current efficiency
was found to be decreased with increasing the Iyp and drops
down from 3.4% at 0.4 Ahdm™ t0 2.65% at 0.5 Ahdm ™ for
14.28 and 35.7 mA cm™2, respectively. At higher current densi-
ties, the O, evolution, which is an undesired parallel reaction,
is yielded in higher extent at the detriment of the main oxi-
dant *OH [18]. However, the MCE does not seem to vary much
between the higher current densities 25 and 35.7 mA cm™2, as
the concomitant generation of *OH greatly enhance in these
cases. It can also be observed that the MCE increases linearly

with increasing initial concentration of BPA at constant I,pp|
value 35.7mA cm™2. This is because the relatively higher con-
centration of organic pollutants making a possibility of utilizing
the larger proportion of *OH so as to minimize the evolution
of O, and weaker oxidants generation. These results allow to
conclude that MCE was influenced by Inpp1 and initial con-
centration of BPA and in particular, found to be a maximum
for high pollutant concentration and low I,pp value. The spe-
cific energy consumption for a solution containing 20 mg dm—3
of BPA with 100% TOC elimination was calculated as
28.67Whl™!.

3.4. Effect of electrolyte variables

The possible effect of electrolyte variables such as ini-
tial pH and supporting medium were studied at constant Z,pp;
35.7mA cm~2 of BPA concentration 20 mg dm ™ to clarify the
optimization of experimental conditions. Firstly, the electrolyte
pH was found to have strong influence on anodic oxidation of
BPA with BDD as shown in Fig. 5(a) and (b). It is very clear
that the concentration of BPA and TOC value decreased in higher
rate with electrolysis time at pH 10. However, the total miner-
alization was accomplished only at pH 6 with comparatively
lesser electrolysis time of 14 h. The trend observed for the reac-
tion rate at pH 10 could be explained with the pK, value of BPA
molecule. BPA molecule has two ionisable hydrogen atoms with
a pK, value of 9.59 and 10.20 and it exists predominantly in
the ionised form at pH 10. Therefore, it could be more readily
attacked by the electrophilic *OH and rapidly oxidized. At pH
10, the TOC removal rate becomes slower after 3 h of electrol-
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Fig. 5. (a) Degradation and (b) mineralization of BPA with respect to initial pH
of the electrolyte at BDD anode (BPA, 20 mg dm‘3; Lyppl, 357 mA cm_z; T,
25°C; electrolyte, 0.1 M Nap;SOy) (A) pH 2, (H) pH 6 and (@) pH 10.
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Fig. 6. Effect of supporting medium on BPA removal with BDD anode (BPA,
20mgdm™=3; Ipppl, 35.7mA cm™~2; pH 6; T, 25°C) (M) NapSO4, (A) NaNO3
and (@) NaCl.

ysis period. It could be justified that the fast removal of TOC
observed in the beginning stage up to 3 h electrolysis time at pH
10, only due to the rapid degradation of BPA molecule (anionic
form) rather than intermediate products. After 3 h of electroly-
sis time, the slow down rate reflects a slower mineralization of
the intermediate products. Also, this result seems to agree with
the phenomenon that the oxidative potential of *OH decreases
as the pH value increase [22]. In comparison, pH 2 shows low
efficiency for TOC removal since a part of the hydroxyl radicals
are neutralized as the concentration of H increases in the acidic
region. During the electrolysis a slight fall in pH was observed in
the experiment starting from the initial pH 6, as a result of short
chain aliphatic acid formation originated from BPA molecule
breaking and ring fission reactions [18]. The pH decay during
the electrolysis was found to be negligible at experiments start
with pH 2 and 10, since the electro generated aliphatic acids
were not strong enough to make the impact in these extreme pH
values.

As far as the role of the supporting electrolyte concerned, this
parameter seems to have a markedly influence on BPA removal
with BDD anode as shown in Fig. 6. As seen for the miner-
alization trend, almost no influence was observed between the
supporting electrolytes NapSO4 and NaNO3. It has been proved
in the literature [18,23], that electrolytes containing SO42~ will
lead to the generation of S,0g”~, which exists for longer time
and diffuses to the bulk of the electrolyte resulting a mediated
homogeneous reaction with organic pollutant. Conversely, no
such oxidants would be generated while the electrolyte solu-
tion containing nitrate ion. But in our case, the extent of TOC
removal was observed to be the same up to 3 h electrolysis time
for the experiments with NapySO4 and NaNOj3 as supporting
electrolyte. This confirms that the majority of the BPA and inter-
mediate molecules were oxidized by hydroxyl radicals formed
on the electrode surface rather by inorganic oxidizing intermedi-
ates such as $,052~ and H,O,. Similar behavior was observed
by Flox et al. [20] for the degradation of herbicides at BDD
anode. The quicker mineralization found at the initial period
when using NaCl, can be related to the existence of chlorine
(Clp) and hypochlorite (C10™), generated from the oxidation of

chloride ion at BDD according to the reactions:
2ClI" — Clp +2e~ @)
Cl +20H™ — CIO™ +ClI” +H0 8)

Obviously, these oxidants have been observed to be able to
degrade the organic pollutant effectively [24,25]. However, in
the present study, the mineralization efficiency became very slow
after 0.5h electrolysis time. This might be due to the forma-
tion of chlorinated organic intermediates which are less rapidly
degraded even with chlorine-based oxidizing reagents (Cl, and
CIO™). Although the Cl; and C1O™ are strong enough to degrade
the chlorine-free organic compounds, it fails to show the effec-
tive degradation for the chlorinated organic compound. It can
thus be concluded that the overall poor mineralization using
NaCl is due to the formation of chlorinated organic compounds.

3.5. A study on influence of the anodic materials

Electrolysis were carried out with solution containing con-
stant initial concentration (20 mg dm~3) of BPA under similar
experimental conditions (35.7 mA cm~2, 0.1 M NaySO0,) with
an equal surface area of Pt and GC each as anode, to compare the
corresponding oxidizing ability with BDD anode. As can be seen
in Fig. 7, the results are quite explicable in terms of the *OH gen-
eration behavior of anodes. It could be seen that the anodic oxi-
dation with BDD yields a continuous TOC removal up to the total
mineralization of BPA within electrolysis time of 14 h whereas
in the case of Pt as anode, hardly 20% TOC removal was obtained
under the similar experimental conditions. The better efficiency
of BDD with a comparison of Pt can be accounted for the larger
generation of oxidant *OH on its surface as it exhibits a “non-
active” behavior. The surface of the BDD has less interaction on
electrogenerated *OH, resulting in the larger generation of *OH
without forming as higher oxides. It is already well documented
in our previous study [16] on degradation of 173-estradiol at
BDD anode. Although, poor efficiency of TOC removal was
observed for Pt anode, the substrate compound (BPA) degrades
completely within 10 h of electrolysis time (data not shown). It
evidences the less but constant generation of the main oxidant
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Fig. 7. Comparative study of different anodic materials for mineralization of
BPA with equal surface area of 7 cm? (BPA, 20 mg dm_3; Lyppl, 35.7 mA cm_z;
electrolyte, 0.1 M NaySOy4; pH, 6; 7, 25°C) (l) BDD, (A) Pt and (@) GC.
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*OH at the surface of Pt anode. The earlier study on oxidation
behavior of SnO, and Pt electrodes proved that the former is
showing the better efficiency to degrade the organic pollutants
[26]. However, SnO, has major drawback of having lower elec-
trochemical stability and limited service life and it is proved to be
inferior to BDD anode for the degradation of dye molecules [27].
GC anode surface was found to be undergone severe deteriora-
tion during the electrolysis and not potent enough to mineralize
the BPA due to its less electrochemical stability.

3.6. Oxidation products and proposed reaction mechanism

To predict the reaction mechanism of BPA degradation
at BDD anode, a preparative electrolysis was performed at
35.7mA cm~2 of solution containing 20 mg dm—3 BPA in 0.1 M
NaySO4. The sample was siphoned out from the cell and satu-
rated with NaCl salt followed by a successive extraction (three
times) with diethyl ether. GC-MS analysis of the extracted
sample gave three main intermediates at different retention
time (#;) as follows: (a) phenol (m/e=94, t,=6.81 min), (b)
benzoquinone (m/e =108, t,=6.15min) and (c) hydroquinone
(mle=110, t,=7.66 min). According to the literature [28], the
reaction intermediates from the oxidation of phenolic compound
are expected to be mainly quinone products and short chain car-
boxylic acids. Based on the results obtained from galvanostatic
study and the three intermediate products, the possible degrada-
tion pathway is proposed as shown in Fig. 8. The oxidation of
BPA by *OH leads to the appearance of phenol and isopropylene
alcohol by breaking the bonds adjacent to the methyl bridge. Iso-
propylene alcohol molecule will undergo further oxidation by
*OH to give short chain carboxylic acid molecule. The hydrox-
ylation of phenolic ring might be having a possibility to form
catechol, resorcinol and hydroquinone compounds as mass spec-
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Fig. 8. Proposed reaction mechanism for the anodic oxidation of BPA with BDD
electrode.

trum shows a species at m/e = 110. However, itis only expected to
be hydroquinone from earlier investigations [29]. Subsequently
it forms as quinone by dehydrogenation reaction with *OH. All
these phenolic ring molecules can be oxidized and converted to
ring cleavage small fragmented products which would be even-
tually give short chain aliphatic acids (maleic, fumaric, oxalic,
acetic and formic acid) by *OH attack. The formations of all
these aliphatic acids were not identified but can be easily under-
stood bearing in mind that pH decay during the galvanostatic
electrolysis of BPA. Moreover, it is proved in the earlier stud-
ies [29], that aliphatic acids are formed in the final step prior to
CO; conversion, when phenolic compounds undergo the electro-
oxidation process. Finally, these short chain aliphatic acids were
destructed resulting in a complete oxidation of BPA.

4. Conclusions

The feasibility of BPA removal by anodic oxidation using
BDD electrode was studied in bulk electrolysis varying the
operating and electrolyte conditions. The voltammetric study
indicates that BPA gets oxidized at 1.2 'V vs. SCE and deposited
as polymer on the surface of the BDD anode, causes the decrease
of electrode activity. The experimental results suggest that the
initial concentration of BPA and applied current density (Zapp1)
could affect the mineralization efficiency especially in the ini-
tial phase of the reactions. Kinetic studies show that the BPA
oxidation reaction was a Ipp controlled process and faster at
higher current density. The complete mineralization of BPA was
always accomplished with all the experimental conditions stud-
ied, and the mineralization current efficiency was found to be
increased with increasing initial concentration and decreasing
Lyppi value, It was also observed that high initial concentration
and low I,p value were beneficial to remove BPA with less
energy consumption. The electrolyte pH has a significant role
on degradation rate of BPA, being faster at pH 10. No consid-
erable effect was observed between the supporting electrolytes
Na;SO4 and NaNO3 demonstrating that $,042~ is not able to
degrade the more resistant intermediate molecules. The overall
mineralization efficiency was found to be very poor when NaCl
was employed as supporting medium. It was speculated from the
HPLC analysis that this might be due to the formation of chlo-
rinated organic intermediates. A comparative study of different
anodic material (Pt and GC) confirms that the BDD anode is the
most effective electrode for BPA mineralization. Three inter-
mediate products, identified by GC-MS structural analysis and
the observation from the galvanostatic studies were allowed the
reaction pathway that the oxidation of BPA leads to the appear-
ance of phenol, isopropylene alcohol and quinonic compounds
and subsequently these organics are transformed into short chain
aliphatic acids and eventually this reaction completes with the
formation of CO, and water.

Acknowledgement
One of the authors, M. Murugananthan, is thankful to Satel-

lite Venture Business Laboratory of Utsunomiya University,
Utsunomiya, Japan, for the financial support of this work.



220 M. Murugananthan et al. / Journal of Hazardous Materials 154 (2008) 213-220

References

[1] C.A. Staples, P.B. Dorn, G.M. Klecka, S.T.O. Block, L.R. Harris, A review
of the environmental fate, effects and exposures of bisphenol A, Chemo-
sphere 36 (2002) 2149-2173.

[2] D.W. Kolpin, E.T. Furlong, E.M. Thurman, S.D. Zaug, L.B. Barber, H.T.
Buxton, Pharmaceuticals, hormones and other organic wastewater contam-
inants in U.S. streams, 1999-2000: a national reconnaissance, Environ. Sci.
Technol. 36 (2002) 1202-1211.

[3] T. Yamamoto, A. Yasuhara, H. Shiraishi, O. Nakasugi, Bisphenol A in
hazardous waste landfill leachates, Chemosphere 42 (2001) 415-418.

[4] A. Mantovani, Hazard identification and risk assessment of endocrine
disrupting chemicals with regard to developmental effects, Toxicology
181/182 (2002) 367-370.

[5] J. Ashby, J. Odum, H. Tinwell, P.A. Lefevre, Assessing the risks of adverse
endocrine-mediated effects: where to form here? Regul. Toxicol. Pharma-
col. 26 (1997) 80-93.

[6] K.L. Howdeshell, A.K. Hotchkiss, K.A. Thayer, J.G. Vandenbergh, F.
Vomsaal, Environmental toxin-exposure to bisphenol A advances puberty,
Nature 401 (1999) 763-764.

[7] G. Chen, Electrochemical technologies in wastewater treatment, Sep. Purif.
Technol. 38 (2004) 11-41.

[8] A.B. Boscoletto, F. Gottardi, L. Milan, P. Pannocchia, V. Tartari, M. Tavan,
Electrochemical treatment of bisphenol A containing wastewater, J. Appl.
Electrochem. 24 (1994) 1052-1058.

[9] S. Tanaka, Y. Nakata, T. Kimura, Yustiawati, M. Kawasaki, H. Kuramits,
Electrochemical decomposition of bisphenol A using Pt/Ti and SnO,/Ti
anodes, J. Appl. Electrochem. 32 (2002) 197-201.

[10] S. Tanaka, Y. Nakata, H. Kuramitz, M. Kawasaki, Electrochemical decom-
position of bisphenol A and nonylphenol using a Pt/Ti electrode, Chem.
Lett. (1999) 943-944.

[11] H. Kuramitz, M. Matsushita, S. Tanaka, Electrochemical removal of bisphe-
nol A based on the anodic polymerization using a column type carbon fiber
electrode, Water Res. 38 (2004) 2331-2338.

[12] I.Iniesta, P.A. Michaud, M. Panizza, G. Cerisola, A. Aldaz, C. Comninellis,
Electrochemical oxidation of phenol at boron-doped diamond electrode,
Electrochim. Acta 46 (2001) 3573-3578.

[13] M.A.Rodrigo, P.A. Michaud, I. Duo, M. Panizza, G. Cerisola, C. Comninel-
lis, Oxidation of 4-chlorophenol at boron-doped diamond electrode for
wastewater treatment, J. Electrochem. Soc. 148 (2001) D60.

[14] B. Boye, E. Brillas, B. Marselli, P.A. Michaud, C. Comninellis, G. Farnia,
G. Sandona, Electrochemical incineration of chloromethylphenoxy her-
bicides in acid medium by anodic oxidation with boron-doped diamond
electrode, Electrochim. Acta 51 (2006) 2872-2880.

[15] Y. Zhang, S. Asahina, S. Yoshihara, T. Shirakashi, Fabrication and
characterization of diamond quartz crystal microbalance electrode, J. Elec-
trochem. Soc. 149 (2002) 179-182.

[16] M. Murugananthan, S. Yoshihara, T. Rakuma, N. Uehara, T. Shi-
rakashi, Electrochemical degradation of 173-estradiol (E2) at boron-doped
diamond (Si/BDD) thin film electrode, Electrochim. Acta 52 (2007)
3242-3249.

[17] J. Iniesta, P.A. Michaud, M. Panizza, Ch. Comninellis, Electrochemical
oxidation of 3-methylpyridine at a boron-doped diamond electrode: appli-
cation to electroorganic synthesis and wastewater treatment, Electrochem.
Commun. 3 (2001) 346-351.

[18] P. Canizares, C. Saez, J. Lobato, M.A. Rodrigo, Electrochemical oxidation
of polyhydroxybenzenes on boron-doped diamond anodes, Ind. Eng. Chem.
Res. 43 (2004) 6629-6637.

[19] E. Brillas, B. Boye, L. Sires, J.A. Garrido, R.M. Rodriguez, C. Arias,
P.L. Cabot, C. Comninellis, Electrochemical destruction of chlorophenoxy
herbicides by anodic oxidation and electro-Fenton using a boron-doped
diamond electrode, Electrochim. Acta 49 (2004) 4487-4496.

[20] C. Flox, PL. Cabot, F. Centellas, J.A. Garrido, R.M. Rodriquez, C. Arias,
E. Brillas, Electrochemical combustion of herbicide mecoprop in aque-
ous medium using a flow reactor with a boron-doped diamond anode,
Chemosphere 64 (2006) 892-902.

[21] 1. Sires, P.L. Cabot, F. Centellas, J.A. Garrido, R.M. Rodriquez, C. Arias,
E. Brillas, Electrochemical degradation of clofibric acid in water by anodic
oxidation: comparative study with platinum and boron-doped diamond
electrodes, Electrochim. Acta 52 (2006) 75-85.

[22] A.M. Polcaro, A. Vacca, M. Mascia, S. Palmas, Oxidation at boron doped
diamond electrodes: an effective method to mineralize triazines, Elec-
trochim. Acta 50 (2005) 1841-1847.

[23] P. Canizares, J. Garcia-Gomez, C. Saez, M.A. Rodrigo, Electrochemical
oxidation of several chlorophenols on diamond electrodes. Part II. Influence
of waste characteristics and operating conditions, J. Appl. Electrochem. 34
(2004) 87-94.

[24] M. Murugananthan, G. BhaskarRaju, S. Prabhakar, Removal of tannins and
polyhydroxy phenols by electrochemical techniques, J. Chem. Technol.
Biotechnol. 80 (2005) 1188-1197.

[25] G.R.P. Malpass, D.W. Miwa, S.A.S. Machado, P. Olivi, A.J. Motheo, Oxi-
dation of the pesticide atrazine at DSA® electrodes, J. Hazard. Mater. B
137 (2006) 565-572.

[26] S. Stucki, R. Kotz, B. Carcer, W. Suter, Electrochemical wastewater treat-
ment using high overvoltage anodes. Part II. Anode performance and
applications, J. Appl. Electrochem. 21 (1991) 99-104.

[27] X. Chen, F. Gao, G. Chen, Comparison of Ti/BDD and Ti/SnO,—Sb,0Os5
electrodes, J. Appl. Electrochem. 35 (2005) 185-191.

[28] P. Canizares, J. Lobato, R. Paz, M.A. Rodrigo, C. Saez, Electrochemical
oxidation of phenolic wastes with boron-doped diamond anodes, Water
Res. 39 (2005) 2687-2703.

[29] B. Gozmen, M. A. Oturan, N. Oturan, O. Erbatur, Indirect electrochemical
treatment of bisphenol A in water via electrochemically generated Fenton’s
reagent, Environ. Sci. Technol. 37 (2003) 3716-3723.



	Mineralization of bisphenol A (BPA) by anodic oxidation with boron-doped diamond (BDD) electrode
	Introduction
	Experimental
	Materials
	Preparation of BDD electrode
	Electrolytic system
	Analytical techniques

	Results and discussion
	Voltammetric study of BPA on BDD
	Anodic oxidation of BPA
	Mineralization of BPA and its current efficiency
	Effect of electrolyte variables
	A study on influence of the anodic materials
	Oxidation products and proposed reaction mechanism

	Conclusions
	Acknowledgement
	References


