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Anodic oxidation of atenolol, known as B-blocker, has been investigated using boron-doped diamond
(BDD) and Pt electrodes. The mineralization trend of atenolol in the presence of NaCl, Na;SO4 and NaNO3
was followed using total organic carbon analyzer. The disappearance of chloride ions and generation of
active chlorine (Cl,, HOCI, OCl~) were analysed by argentometric and iodometric methods, respectively.
The BDD anode was found to be effective in the presence of Na,SO4 whereas Pt yields better removal in

Iéeywozds: ddi d the presence of NaCl. The initial concentration of NaCl and applied current density on the mineralization
A?ggglofpe lamon of atenolol were found to be significant for both BDD and Pt anodes. These results are explained in

terms of electrogenerated oxidants such as *OH, SO4°*~, S;0g%~, Cl, HOCI and OCI-. The evolution of
chlorine at BDD and Pt with respect to NaCl concentration was studied by means of cyclic voltammetric
technique. Though the rate of mineralization was observed to be initially higher in the presence of Pt
anode, the overall rate of mineralization is more or less similar beyond 15 h of electrooxidation. The slow
degradation at the later stages of electrooxidation was attributed to the presence of residual chlorinated
organic compounds which are very refractive. The complete mineralization was achieved in the presence

Hydroxyl radicals
Mineralization
Active chlorine species

of Na,S04 using BDD as anode.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The consumption rate of pharmaceutical compounds by human
beings and livestock is increasing day by day. The presence of phar-
maceutical compounds and its metabolites in surface and ground
drinking water has become potential health risk to human beings
[1]. The source of contamination includes excretion of ingested drug
and improper disposal of drugs by consumers [2]. Since the sewage
treatment plants are ineffective, some pharmaceutical compounds
continue to remain in water [3]. The 3-blocker compounds are
considered to be harmful even in low concentrations (ngL~! to
pgL-1). Atenolol is the B-blocker group of compound, frequently
used for the treatment of high blood pressure, anti-angina and car-
diovascular diseases. Its presence was reported in ground water
at concentrations up to 10 wgL~! [4]. The usage of B-blockers in
Europe alone is more than 3000 kg per year. These compounds are
present to the extent of 0.84-2.8 wg L~! in certain Spanish wastew-
ater [5]. Among the (3-blockers, atenolol is most toxic to humans
and aquatic organisms. Atenolol was reported to be very stable to
UV radiation and its half life in pure water was found to be higher
compared to other (3-blockers [3,6,7]. Also, atenolol is adsorbed
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by the human body only to the extent of 50% and the remain-
ing is excreted in faeces and urine [8]. Hence the degradation and
removal of atenolol is very essential. Atenolol removal by anodic
oxidation using BDD and electro-Fenton using Pt has been studied
and the efficiency of both the processes were compared [9]. How-
ever, the working concentration of atenolol studied was relatively
higher than the practical applications. Several conventional biologi-
cal methods have been tried to decontaminate the water containing
[3-blockers [10]. In general, the biological methods are limited as
they require longer treatment time and form the by-products which
are more resistant. Moreover, the biological methods are inefficient
in the presence of chloride ion (Cl~), because it affects the microbial
growth. Most of the pharmaceutical compounds are not amenable
to biological treatment as they form stable microbial metabolites
[11].

Recently, the boron-doped diamond (BDD) is receiving great
attention [12] particularly as anode for the oxidation of organic pol-
lutants in lower concentrations (between ng and .g) [13,14]. It has
been proved that anodic oxidation of organic pollutants above the
water decomposition potential (>2.3V) at BDD electrode involve
generation of greater quantity of adsorbed hydroxyl radical (*OH)
which can destroy/mineralize the organic pollutant molecules[15].
The electrooxidation technique was proved to be effective to miner-
alize the toxic compounds to CO, and H,0. However, the complete
conversion often depends on operating parameters such as nature
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of the electrolyte [13], applied current density and electrode mate-
rials employed. More specifically, the active electrolytes such as
NaCl and Na;S04 often influence the mineralization process. This
is due to the indirect electrooxidation that occurs in the bulk of the
electrolyte. In the presence of ClI~ and SO42, the oxidants such as
hypochlorous acid (HOCI), hypochlorite ion (OCI~), chlorine (Cl;),
peroxodisulfate (S;032~) and other free radicals (Cl*, Cl,*~ and
SO4°~) are generated in situ. These can act as indirect oxidants
for the destruction of organic pollutants. In electrochemical oxi-
dation, the influence of anion is very important. The chlorine based
oxidants are considered to be more effective especially for the min-
eralization of phenol [16] oxalic acid [17] and organic dyes [18].
However, it was observed that the mineralization of Acid black 210
in the presence of NaCl with BDD anode was incomplete mainly
due to chlorinated organics generated during the process [19]. In
our previous work, it was demonstrated that the chlorinated com-
pounds are formed at BDD anode [13,20], which are even more
hazardous than parent compound itself. It may be noted that the
chlorinated compounds are more toxic and persistent even with
*OH. Nevertheless, the exact role of NaCl and its initial concentra-
tion on the degradation of organic compounds is not very clear.
It is worthy to note that the formation of active chlorine species
varies with respect to the nature of the anode material employed.
There are many reports on the anodic degradation of organic pollu-
tants comparing BDD and Pt electrodes [20,21]. Since the Pt exhibits
a comparable efficiency with BDD, the mineralization behavior of
these electrodes in CI~ medium was studied for better understand-
ing of oxidation. The present study was aimed at the destruction
of atenolol by electrooxidation using BDD and Pt anodes in the
presence of active electrolytes.

2. Experimental
2.1. Materials

The atenolol powder obtained from Sigma-Aldrich was used
without further purification. Atenolol stock solution with a concen-
tration of 100 WM was prepared in distilled water free from total
organic carbon (TOC). The working solution of required concentra-
tion was obtained by diluting the stock solution. In this study, three
different electrolytes viz. NaCl, Na;SO4 and NaNO3 were used. The
pH of the aqueous solutions was adjusted by dilute H,SO4 or NaOH
solutions. The other chemicals used were of analytical grade and
procured from M/s Merck.

2.2. Preparation of BDD thin film electrode

BDD film was grown on p-Si (11 1) substrates by microwave-
assisted plasma chemical vapour deposition technique (Model
AX2115, AsTeX Corp.). The chemical vapour deposition was carried
out at a temperature and pressure of 540°C and 70 Torr, respec-
tively with a forward power of 1400 W. The details of the fabrication
process of BDD electrode was described elsewhere [22]. The carrier
gas was ultra pure hydrogen and the carbon source was a mixture of
acetone and methanol (9:1, v/v) having B, 03 for boron doping with
B/C ratio of 104 ppm. The deposition was usually carried out for 24 h
to obtain an average film thickness of 20 pm. After the deposition,
the film was sonicated in ethanol and deionised in water prior to
use. The ohmic contact between the electrode and the lead wire
was achieved using silver paste. The effective surface area of the
plate type electrode covered with BDD film was estimated to be
11.25cm?.
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Fig. 1. Influence of electrolytes on TOC abatement at BDD and Pt anodes; BDD:
continuous line, Pt: dotted line, atenolol - 2.25 WM, current density: 8.88 mA cm~2,
pH 6.0, and T: 25°C; (M J) NazSO4, (4 A) NaCl, (® O) NaNOs.

2.3. Electrolytic system

Electrochemical experiments were performed using a glass
container with a working volume of 250ml, placed in thermo-
regulated water bath with a magnetic stirrer. The electrolysis
experiments were conducted at a constant temperature of 25°C
using a potentiostat/galvanostat system (Model-KM064, K-Pas
Instronics Engineers, India). The BDD/Pt electrodes with the effec-
tive surface area of 11.25 cm? were used as working electrode and
the counter electrode was alternative of these two. Both BDD and
Pt electrodes were rectangle plates with an inter electrode gap of
10mm. Prior to every experimental run, the working electrode
BDD was polarized anodically for 5min with 0.1 M H,SO4 elec-
trolyte solution at constant current of 100 mA while Pt was soaked
in concentrated HNO5 for 10 min to remove any kind of deposi-
tion and/or impurities from the surface. The potential difference
was measured with respect to saturated calomel electrode (SCE).
Cyclic voltammetric experiments were carried out in unstirred
aqueous solution with a computer controlled Gill AC Bi-Stat ACM
potentiostat/galvanostat/frequency response analyzer. The refer-
ence electrode was SCE.

2.4. Analysis

During the experiment, the samples were drawn at different
time intervals and the mineralization of atenolol was determined
using TOC analyzer (Shimadzu VCSN/CPN Model). The standard
method suggested by American Public Health Association was
adopted for the analysis of active chlorine (iodometric) and Cl~
(argentometric) concentration measurement [23]. The solution pH
was measured with pH meter.

3. Results and discussion

3.1. Effect of supporting electrolytes on atenolol mineralization
with BDD and Pt

Mineralization of atenolol at BDD and Pt electrodes in the pres-
ence of NaCl, Na;SO4, and NaNOjs electrolytes was studied at a
constant atenolol concentration of 2.25 wM and applied current
density of 8.88 mA cm~2. From the experimental results presented
in Fig. 1, it is apparent that both BDD and Pt anodes are effective
for the mineralization of atenolol. The rate of TOC removal is bet-
ter at the initial stages of oxidation i.e., up to 5 h electrolysis time.
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In the presence of SO42-, around 70 and 50% of TOC was removed
within 9 husing BDD and Pt anodes, respectively. Beyond this point,
the removal is marginal and it took nearly 20 h to achieve further
TOC removal of 25%. The slow rate of mineralization at the later
stages may be attributed to mass transfer limitations [14]. Maxi-
mum removal of TOC was achieved using BDD in the presence of
Na;SOg4. About 96 and 84.6% of TOC removal was achieved using
Na, S04 as electrolyte with BDD and Pt anodes respectively. Since
the BDD has higher oxygen overvoltage than Pt [24], generation of
*OH and S,0g52~ will be in larger quantity. Generation of *OH at the
surface of the electrode can be represented as:

M(H,0) — M(*OH) + H* + e~ 1)

The *OH thus generated helps in the decomposition [25] of the
atenolol molecules. In the case of Na,SO4 as electrolyte, S;0g2~
and sulfate radical are generated as represented in the following
reactions:

25042~ — S,0%" +2e~ (2)
*OH + S042~ — SO4°*~ +OH~ (3)
S04*~ +504°~ — S;0g%~ (4)

Contrary to above, in some cases SO42~ was found to play no
role on degrading the organic pollutants using BDD anode [26]. In
the presence of NaCl, Pt showed a rapid TOC removal rate at ini-
tial stage of electrolysis compared to BDD. It clearly shows that no
accumulation of intermediate compounds took place using NaCl
with Pt anode during the initial electrolysis hours. However, the
overall performance of both the anodes is more or less similar by
extending the electrolysis periods. In particular, there is no TOC
removal beyond 15 h in the presence of NaCl either with BDD or Pt
anode. The poor mineralization at a later stage could be attributed
to formation of chlorinated organic intermediates. In the presence
of NaNOs, the performance of both the anodes was observed to
be less as there is no oxidants generation from the supporting elec-
trolyte [27]. Also, the mineralization rate of atenolol at BDD is lower
compared to Pt in the presence of NaNOs. It may be explained due
to fouling of electrode. The BDD anode is particularly susceptible
for fouling by the nitrate substituted intermediates which in turn
reduces the activity of the electrode.

3.2. Effect of NaCl concentration on the oxidation of atenolol

The mineralization of atenolol using BDD and Pt electrodes with
different NaCl concentrations was recorded at an applied current
density of 8.88 mA cm~2 and atenolol concentration of 2.25 M. The
measured potentials for BDD are 4.9, 4.3 and 3.9V at 0.01, 0.05 and
0.1 M NaCl respectively. The measured potentials for Pt were found
to be slightly less and it was 4.7, 4.2 and 3.85 at 0.01,0.05and 0.1 M
NaCl concentrations, respectively. A slight increase in the potential
was observed during the mineralization of atenolol and a maxi-
mum of 0.5V was found to be increased in the presence of 0.1M
NaCl. It may be due to the depletion in ionic concentration of Cl~
in the bulk of the electrolyte. The results presented in Fig. 2, clearly
indicate that the rate of TOC removal was significantly increased by
increasing the concentration of NaCl. The oxidation of atenolol in
the presence of NaCl could be attributed to the mediated oxidants
rather than the direct electron transfer reaction at the surface of
the anode. Cl~ is expected to oxidize at anode surface by direct
electron transfer reaction or by consuming *OH which are accu-
mulated in the vicinity of the electrode surface by physisorption at
nonactive BDD electrode and by chemisorptions at active Pt elec-
trode. The generation of active chlorine species is represented in
Egs. (5)-(11). The dominance of HOCl and OCI~ depends on the pH
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Fig. 2. Effect of initial concentration of NaCl on mineralization of atenolol at BDD
and Pt anodes; BDD: continuous line, Pt: dotted line, atenolol - 2.25 WM, current
density: 8.88 mAcm~2, pH 6.0,and T: 25°C; (M) 0.1 M, (a A)0.05M, (® O)0.01 M.

of the electrolyte. The overall results reveal that an increase of Cl~
concentration accelerates the TOC removal

2CI~ — Cly+2e” (5)
*OH + ClI~ — CIOH*~ (6)
CIOH*~ = CI* + H,0 (7)
Cl* + ClI~ > Cly*~ (8)
Cl*~ +°*0OH — HOCl + CI- 9)
Cly +H;0 — HOCl + H* +CI- (10)
HOCl — H* +0Cl~ (11)

irrespective of the anode materials. The mineralization of atenolol
using Pt anode during the initial stage was observed to be better
at 0.05M NaCl concentration. Also, the 60% of TOC removal was
achieved within 3 h of electrolysis period using Pt with higher NaCl
concentration. On the other hand, the mineralization rate is slower
at BDD than Pt with lower NaCl concentration. This trend could be
attributed to the better generation of active chlorine at Pt anode.
In order to explain the chlorine evolution at BDD and Pt, the cyclic
voltammetric experiments were conducted at corresponding NaCl
concentrations. From the results shown in Fig. 3, it is evident that
the evolution of chlorine on both BDD and Pt was proportionally
increased with the NaCl concentration. It is apparent that in the
case of BDD electrode, the evolution of current density peaks up to
8 mA cm—2 whereas it was increased to 40 mA cm~2 in the case of Pt
electrode under similar NaCl concentration of 0.1 M. Thus it could
be inferred that the chlorine evolution is comparatively high at Pt
anode. The appearance of a small shoulder in the presence of Pt at
around 1.4V vs. SCE reflects the Cl~ oxidation at the surface of the
electrode [28]. The chlorine evolution behavior is different at BDD
as no such oxidation peak was observed in the potential window
of —3 to +3V (data shown only from 0 to +3 V). The oxygen evolu-
tion potential for Si/BDD is 2.8V [29] and in the presence of NaCl,
it was slightly reduced as the chlorine evolution starts at around
1.9V prior to the water decomposition reaction. It may be noted
that by increasing the NaCl concentration, the peak was shifted to
less positive potential which further confirms the domination of
chlorine evolution rather than *OH/O, formation [29]. Further, the
difference of TOC removal rate is markedly higher at 0.1 M. In other
words, at the initial stage of electrolysis, the concentration of CI~ is
higher near to the electrode surface. Accordingly the generation of
active chlorine and the oxidation is high. However, the TOC removal
was hardly improved beyond 15 h. It may be due to the formation of
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Fig. 3. Cyclic voltammogram for chlorine evolution peak study at (a) Pt and (b) BDD
electrode; scan rate: 10mVs~1, initial pH 6.0, and T: 25°C.

refractory intermediates that resist oxidation. The main drawback
of the indirect oxidation mediated by active chlorine is the forma-
tion of chlorinated organic pollutants and some of them are more
refractive. The changes in the CI- concentration were measured
and the results are presented in Fig. 4. The Cl~ depletion exactly
reflects the quantity of Cl- oxidized at the anodic surface or with
*OH. It is very clear that the CI~ removal is more effective at Pt than
at BDD and a linear one as a function of electrolysis time. Although
chlorine based oxidants are continuously generated, the strength
of these oxidants is not enough to mineralize chlorinated aliphatic
compounds formed at the later stage of electrolysis [30].

3.3. Effect of current density on TOC removal in the presence of
NacCl

The effect of current density on TOC removal was studied
at three different applied current densities viz. 4.44, 8.88 and
13.3 mA cm~2 and the results obtained were plotted in Figs. 5 and 6.
The decrease in Cl- concentration during the electrolysis (Fig. 5)
clearly indicates the formation of active chlorine. Results shown in
Fig. 6 confirm that the applied current density has marked influ-
ence on TOC removal. The TOC removal was found to increase with
current density. However, it should be noted that the difference
of TOC removal between 8.88 and 13.3 mAcm~2 is very marginal
particularly with Pt. In general, if the applied current is more than
the limiting current, the oxidation will invariably undergo mass
transport control. Further, the oxidation of Cl~ is expected to occur
by direct electron transfer at the surface of the electrode and also
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Fig. 4. The change in Cl- concentration with respect to electrolysis time for the
different initial concentration of NaCl; BDD: continuous line (a), Pt: dotted line (0J),
atenolol - 2.25 uM, current density: 8.88 mAcm~2, pH 6.0, and T: 25°C.

by detriment of *OH formed at the electrode surface from H,O.
The Pt electrode is more favor for the former process because of
the lower O, overvoltage. Consequently, it promotes the oxida-
tion of Cl~ at its surface. However, at higher applied current, the
oxygen evolution dominates the Cl~ oxidation and as a result the
decrease in Cl~ concentration is less. From the results shown in
Fig. 5, it is evident that the rate of Cl~ oxidation at Pt electrode is
considerably reduced at higher applied current compared to BDD.
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Fig. 5. The change in Cl- concentration with respect to applied current densities
and electrolysis time; BDD: continuous line, Pt: dotted line, atenolol - 2.25 uM,
electrolyte: 0.1 MNaCl, pH6.0,and T: 25°C; (ao A)4.44mAcm2, (M) 8.88 mAcm2,
(®@(O)13.3mAcm2.
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Fig. 6. Effect of applied current density on mineralization trend of atenolol com-
pound using NaCl with BDD and Pt anodes; BDD: continuous line, Pt: dotted line,
atenolol - 2.25 wM, electrolyte: 0.1 M NaCl, pH 6.0, and T: 25°C; (o A)4.44mAcm2,
(m0)8.88mAcm2, (@ O)13.3mAcm2.

This may be the reason for the very marginal TOC removal at Pt
between the higher current densities of 8.88 and 13.3 mAcm—2.0n
the other hand, the proportional disappearance of Cl~ concentra-
tion is observed to be enhanced at higher applied current density of
13.3 mA cm~2. At the end of 25 h electrolysis period, the decrease in
Cl~ concentration is hardly 700 ppm at an applied current density of
8.88 mA cm~2, whereas it is more than 1600 ppm at 13.3mAcm 2.
At higher applied current, less effective oxidants such as chlorite,
chlorate and perchlorate are reported to be formed [31]. As a result,
the rate of TOC removal was decreased. Nevertheless, the efficiency
of the TOC removal (TOC removal vs. Q=AhL-1) is increased with
increasing applied current density (data not shown). As shown in
Table 1, the active chlorine generation was measured for both the
anodes at different time intervals. It is evident that the concentra-
tion of active chlorine is increased with applied current. The high
concentration of active chlorine in the bulk solution results in the
effective mineralization of atenolol.

The TOC removal was observed to be better at initial stage of
electrolysis irrespective of electrode material and applied current
density. It should be noted that the TOC removal beyond 5 h of elec-
trolysis period at a lower applied current density of 4.44 mA cm~2,
remain same even after 25 h of electrooxidation. In this case, the
rate of TOC removal is expected to be a linear one as the cor-
responding Cl~ depletion is progressive with electrolysis period.
It confirms that the mass transfer limitation is not applicable at
lower applied current density. At lower current density, the applied
current is utilized to oxidize the Cl~ instead of mineralization pro-
cess. Also, the aliphatic acid intermediates are expected to form at
lower applied current density which are refractory and difficult to
oxidize with active chlorine formed. Low mineralization can also
be explained due to the formation of chlorinated aliphatic inter-
mediates which resists oxidation by active chlorine and *OH [30].
Although, the mineralization of organics is slightly better at higher
applied current, many studies on the degradation of organic pol-

Table 1
The concentration of active chlorine as a function of electrolysis time for the exper-
iments given in Fig 6.

Electrolysis period (h)  4.44mAcm—2 8.88 mA cm—2 13.3mAcm2
Pt BDD Pt BDD Pt BDD
6 78.9 87.8 121.2 101.7 188.5 2283
12 1171 116.2 2283 178.4 322.7 376.8
25 242.8 2283 386.6 3254 483.3 565.2
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Fig. 7. Mineralization of atenolol with respect to initial pH of the electrolyte at BDD
anode; atenolol: 2.25 wM, T: 25 °C, electrolyte: NaySO4 (0.1 M), and current density:
8.8mAcm~2; (a) pH 3.0, (W) pH 6.0, (®) pH 9.0.

lutants using NaCl as electrolyte has revealed that the degradation
is restricted due to the chlorinated compounds [19,20]. From the
results, it could be concluded that the mineralization of atenolol is
effective at higher applied current densities when NaCl is present
in aqueous solutions.

3.4. Mineralization study of atenolol by BDD

Since the initial pH of the electrolyte is an important variable to
achieve the total mineralization, experiments were carried out in
three different initial pH conditions viz. pH 3.0, pH 6.0 and pH 9.0.
The effect of initial pH on TOC removal during atenolol mineraliza-
tion at BDD anode in the presence of Na;SO4 is shown in Fig. 7. The
TOC removal was observed to be relatively faster at pH 6.0. It could
be seen that the TOC removal gradually increased with the electrol-
ysis period and reached to a maximum of 95% at pH 3.0. However,
the rate of TOC removal was quite slower during the initial stage
of electrolysis i.e., up to 9h. In general, the pH of the electrolyte
mostly affects the indirect mediated oxidation and the direct oxi-
dation process remains almost unaffected during the electrolysis.
In alkaline condition, the evolution of oxygen is comparatively high
which prevents the diffusion of pollutant molecule to the electrode
surface [32]. The alkaline pH may favor the formation of inactive
hydroperoxide (HO,~) anion which act as a *OH scavenger as per
reaction (12).

HO,~ +°*OH — H,0 + 05~ (12)

It was also observed that the change in pH affects the solubility
of the oxygen [33] which in turn is expected to affect the generation
of free radicals and mediated oxidants in the bulk electrolyte. In the
present case, the pH of the electrolyte solution was shifted towards
neutral side when the experiment was carried out at alkaline pH
9.0. The final pH was shifted to 3.07, 7.2 and 6.87 from the initial
pH of 3.0, 6.0 and 9.0, respectively. It could be explained due to the
formation of carbonate and bicarbonate ions during the electrolysis.
The similar observation has been reported by Rajkumar et al. [34]
during the oxidation of phenol in chloride mediated solutions. In
view of the above, further experiments were carried out at an initial
pH of 6.0.

The complete mineralization of atenolol was observed at BDD
anode with NaySO,4 at pH 6.0. Experiments were carried out at
different applied current densities and the results are shown in
Fig. 8. The production of *OH from water decomposition at BDD is
generally believed to be largely responsible for atenolol mineral-
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Fig. 8. Effect of current density on the mineralization of atenolol using BDD anode
in the presence of Na;SO4 (0.1 M); atenolol: 2.25uM, pH 6.0, and T: 25°C; (a)
444mAcm2, (M) 8.88mAcm2, (®) 13.3mAcm 2.

ization. Also, the earlier studies [20] have proved that oxidation of
organics involve the in situ generated intermediate oxidants such
as SO4°~ and S,0g2~ which are likely to be generated from SO42~
by consuming the *OH as per reactions (2)—(4). An increase of TOC
removal was observed by increasing the applied current density
and it is more pronounced at 13.3 mAcm™2. It indicates that the
current densities employed are below the limiting current and the
oxidation process is under the current control regime [35]. Anodic
mineralization at higher applied current density is expected to aid
the production of *OH on surface of the anode which in turn leads
to total mineralization. The total mineralization of atenolol could
only be accomplished with an electrical charge (Q) consumption
of 12AhL-1 at a higher applied current density of 13.3mAcm™2.
It is also interesting to note that the Q required for achieving the
same quantity of organic load removal (70% of TOC removal) is
3.0, 2.84 and 2.76 AhL~! for 4.44, 8.88 and 13.3 mA cm~2, respec-
tively. The corresponding duration of electrolysisis 15,7.1and 4.6 h
respectively. The decrease of Q values with increasing applied cur-
rent density is advantageous. The total energy required for atenolol
mineralization is calculated to be 57.6 WhL-1.

Thus, it could be concluded that the complete mineralization of
atenolol can be achieved using Na;SO,4 media with BDD anode. The
overall mineralization reaction can be written as:

Cy4H»3N,03 +31H,0 — 14C02+2N03_+84H++826_ (13)

This reaction shows that 82 electrons are involved in mineral-
izing a atenolol molecule completely into CO,. The mineralization
current efficiency (MCE) was calculated with respect to the elec-
trolysis time according to the following relation (14):

A(TOC
( )exper:| %« 100

A(Toc)theor (]4)

MCE = |:

where A(TOC)exper denotes the experimentally observed TOC
removal at time t and A(TOC)yeor i the theoretically calcu-
lated TOC removal considering that the applied electrical charge
(Q=applied current x electrolysis time) is consumed to yield the
reaction (13). As shown in Fig. 9, the dramatic decrease of MCE
from the starting electrolysis point for 4.44 and 8.88 mA cm~2 may
be attributed to a larger accumulation of pollutants in the vicinity
of electrode surface during the initial stage of electrolysis. There is
no significant difference in MCE values beyond 2 Ah L~1. It confirms
that the coexistence of both sulfate based oxidants (SO4°~, S;052™,
etc.) and *OH during the mineralization of atenolol. It has been
reported that the halflife of sulfate based oxidants is longer thereby
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Fig. 9. Mineralization current efficiency with respect to specific electric charge for
the TOC removal results shown in Fig. 8; (o) 444mAcm~2 (M) 8.88 mAcm2 (®)
13.3mAcm—2.

it diffuses in to the bulk solution and degrades the pollutants [36].
In other words, oxidation reaction is not affected much by the mass
transfer limitation as the pollutant concentration is decreased. The
earlier researchers [20,21] observed that the MCE is reduced by
extending the duration of electrolysis and also with decrease in pol-
lutant concentration near the electrode surface. Hence, the results
reported here clearly shows that the mineralization reaction at BDD
could be occurred by both mediated (504°, S,05%7, etc.,) and direct
oxidation (reactive *OH).

4. Conclusions

e Mineralization of atenolol by electrooxidation using BDD and Pt
electrodes was studied. The nature of the electrolyte strongly
influences the anodic oxidation of atenolol. The mineralization
of atenolol at BDD with SO42~ medium is better whereas using
Pt was found to be effective in CI~ medium.

An increase in the concentration of NaCl, was found to increase
the generation of active chlorine, and in turn the mineralization
of atenolol. The chlorine evolution is more at Pt electrode than at
BDD.

An increase in applied current increases the generation of active
chlorine and in turn the TOC removal. The higher current density
was effective when the electrolyte contains Cl~. Further, at higher
current density, the TOC removal was better at BDD than at Pt in
the presence of NaCl. The energy required for the same quan-
tity of organic load is interestingly decreased with increasing the
applied current.

Despite Pt anode seem to have promoted the mineralization reac-
tion in presence of NaCl at pH 6.0, the total mineralization could
not be achieved due to the formation of residual chlorinated
organic compounds. On the other hand, atenolol is thoroughly
mineralized to CO, and H,0 at BDD in the presence of SO42~. The
total mineralization was accomplished at higher applied current
of 13.3mAcm~2, with the energy consumption of 57.6 WhL-1.
The calculated corresponding mineralization current efficiency
value shows that the mediated oxidants play a key role.

Acknowledgement

The authors are thankful to The Director, National Metallurgical
Laboratory for his encouragement and permission to publish this
work.



62 M. Murugananthan et al. / Separation and Purification Technology 79 (2011) 56-62

References

[1] B. Halling-Sorensen, S. Nors Nielsen, P.F. Lanzky, F. Ingerslev, H.C. Holten
Lutzhoft, S.E. Jorgensen, Occurrence, fate and effects of pharmaceuti-
cal substances in the environment - a review, Chemosphere 36 (1998)
357-393.

[2] C. Zwiener, S. Seeger, T. Glauner, F.H. Frimmel, Metabolites from the
biodegradation of pharmaceutical residues of ibuprofen in biofilm
reactors and batch experiments, Anal. Bioanal. Chem. 372 (2002)
569-575.

[3] N. Vieno, T. Tuhkanen, L. Kronberg, Elimination of pharmaceuticals in sewage
treatment plants in Finland, Water Res. 41 (2007) 1001-1012.

[4] M. Maurer, B.I. Escher, P. Richle, C. Schaffner, A.C. Alder, Elimination of {3-
blockers in sewage treatment plants, Water Res. 41 (2007) 1614-1622.

[5] J. Radjenovic, M. Petrovic, D. Barcelo, Fate and distribution of pharmaceuticals
in wastewater and sewage sludge of the conventional activated sludge (CAS)
and advanced membrane bioreactor (MBR) treatment, Water Res. 43 (2009)
831-841.

[6] Q.T. Liu, H.E. Williams, Kinetics and degradation products for direct photolysis
of B-blockers in water, Environ. Sci. Technol. 41 (2007) 803-810.

[7] A. Piram, A. Salvador, C. Verne, B. Herbreteau, R. Faure, Photolysis of beta-
blockers in environmental waters, Chemosphere 73 (2008) 1265-1271.

[8] J. Lienert, K. Gudel, B.I. Escher, Screening method for ecotoxicological hazard
assessment of 42 pharmaceuticals considering human metabolism and excre-
tory routes, Environ. Sci. Technol. 41 (2007) 4471-4478.

[9] L Sires, N. Oturan, M.A. Oturan, Electrochemical degradation of (3-blockers.
Studies on single and multicomponent synthetic aqueous solutions, Water Res.
44 (2010) 3109-3120.

[10] H.B. Lee, K. Sarafin, F.E. Peart, Determination of 3-blockers and [32-agonists
in sewage by solid phase extraction and LC-tandem mass spectrometry, J.
Chromatogr. A 1148 (2007) 158-167.

[11] T.A.Ternes, Occurrence of drugs in German sewage treatment plants and rivers,
Water Res. 32 (1998) 3245-3260.

[12] Y.V.Pleskov, Y.E. Evstefeeva, M.D. Kvotova, V. Laptev, Synthetic semiconductor
diamond electrodes: a study of electrochemical behavior of boron-doped single
crystals crown at a high temperature and high pressure, Electrochim. Acta 44
(1999) 3361-3366.

[13] M. Murugananthan, S. Yoshihara, T. Rakuma, N. Uehara, T. Shirakashi,
Electro chemical degradation of 17B-estradiol (E2) at boron-doped
diamond (Si/BDD) thin film electrode, Elecrochim. Acta 52 (2007)
3242-3249.

[14] C.A. Martinez-Huitle, S. Ferro, Electrochemical oxidation of organic pollutants
for the wastewater treatment: direct and indirect processes, Chem. Soc. Rev.
35 (2006) 1324-1340.

[15] A. Kapalka, G. Foti, Ch. Comninellis, The importance of electrode material in
environmental electrochemistry, formation and reactivity of free hydroxyl
radicals on boron-doped diamond electrodes, Electrochim. Acta 54 (2009)
2018-2023.

[16] Ch. Comninellis, A. Nerini, Anodic oxidation of phenol in the presence of NaCl
for wastewater treatment, J. Appl. Electrochem. 25 (1995) 23-28.

[17] C.A.Martinez-Huitle, S. Ferro, A. De Battisti, Electrochemical incineration in the
presence of halides, Electrochem. Solid-State Lett. 8 (2005) D35.

[18] M. Panniza, A. Barbucci, R. Ricotti, G. Cerisola, Electrochemical degradation of
methylene blue, Sep. Purif. Technol. 54 (2007) 382-387.

[19] C.R. Costa, F. Montilla, E. Morallon, P. Olivi, Electrochemical oxidation of acid
black 210 dye on the boron-doped diamond electrode in the presence of phos-
phate ions: effect of current density, pH and chloride ions, Electrochim. Acta
54 (2009) 7048-7055.

[20] S.Yoshihara, M. Murugananthan, Decomposition of various endocrine disrupt-
ing chemicals at BDD electrode, Electrochim. Acta 54 (2009) 2031-2038.

[21] L Sires, P.L. Cabot, F. Centellas, J.A. Garrido, R.M. Rodriguez, C. Arias, E. Bril-
las, Electrochemical degradation of clofibric acid, Electrochim. Acta 52 (2006)
75-85.

[22] Y. Zhang, S. Asahina, S. Yoshihara, T. Shirakashi, Fabrication and characteriza-
tion of diamond quartz crystal microbalance electrode, J. Electrochem. Soc. 149
(2002) 179-182.

[23] S.Lenore Clesceri, E. Arnold Greenberg, D. Andrew Eaton, Standard Methods for
the Examination of Water and Wastewater, 20th ed., American Public Health
Association, Washington, DC, USA, 1998.

[24] M. Wu, G. Zhao, M. Lj, L. Liu, D. Li, Applicability of boron-doped diamond elec-
trode to the degradation of chloride-mediated and chloride-free wastewaters,
J. Hazard. Mater. 163 (2009) 26-31.

[25] B. Marselli, ]. Garcia-Gomez, P.A. Michaud, M.A. Rodrigo, Ch. Comninellis,
Electrogeneration of hydroxyl radicals on boron-doped diamond electrode, J.
Eelectrochem. Soc. 150 (2003) D79-D83.

[26] X. Chen, G. Chen, Anodic oxidation of Orange II on Ti/BDD electrode: variable
effects, Sep. Purif. Technol. 48 (2006) 45-49.

[27] A. Ozcan, Y. Sahin, A.S. Koparal, M.A. Oturan, Propharm mineraliztion in aque-
ous medium by abodic oxidation using boron-doped diamond anode: influence
of experimental parameters on degradation kinetics and mineralization effi-
ciency, Water Res. 42 (2008) 2889-2898.

[28] S. Ferro, A. De Battisti, I. Duo, Ch. Comninellis, W. Haenni, A. Perret, Chlorine
evolution at highly boron-doped diamond electrodes, J. Electrochem. Soc. 147
(2000) 2614-2619.

[29] M. Murugananthan, S.S. Latha, G. Bhaskar Raju, S. Yoshihara, Anodic oxidation
of ketoprofen - an anti inflammatory drug using boron doped diamond and
platinum electrodes, ]. Hazard. Mater. 180 (2010) 753-758.

[30] M. Mascia, A. Vacca, A.M. Polcarro, S. Palmas, J.R. Ruiz, A. DaPozzo, Electrochem-
ical treatment of phenolic waters in presence of chloride with boron-doped
diamond anodes: experimental study and mathematical model, J. Hazard.
Mater. 174 (2010) 314-322.

[31] A.M.Polcaro, A.Vacca, M. Mascia, S. Palmas, J.R. Ruiz, Electrochemical treatment
of waters with BDD anodes: kinetics of the reactions involving chlorides, J. Appl.
Electrochem. 39 (2009) 2083-2092.

[32] L. Szpyrkowicz, C. Juzzolino, N.S. Kaul, S. Daniele, D.M. De Fareri, Electrochem-
ical oxidation of dyeing baths bearing disperse dyes, Ind. Eng. Chem. Res. 39
(2000) 3241-3248.

[33] K.B.Suresh, T.James, P. Jaidev, F. Karl, B.A. Deepak, C.G. Stephen, Wet oxidation
and catalytic wet oxidation, Ind. Eng. Chem. Res. 45 (2006) 1221-1258.

[34] D.Rajkumar, J.G. Kim, K. Palanivelu, Indirect electrochemical oxidation of phe-
nol in the presence of chloride for wastewater treatment, Chem. Eng. Technol.
28 (2005) 98-105.

[35] M. Panizza, P.A. Michaud, G. Cerisola, Ch. Comninellis, Anodic oxidation of 2-
napthol at boron-doped diamond electrodes, J. Electroanal. Chem. 507 (2001)
206-214.

[36] P. Canizares, ]. Garcia-Gomez, C. Saez, M.A. Rodrigo, Electrochemical oxida-
tion of several chlorophenols on diamond electrodes: part Il influence of waste
characteristics and operating conditions, J. Appl. Electrochem. 34 (2004) 87-94.



