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In this study, a lab-made PbO,/Sn,03-SnO,/Ti electrode was compared with commercial boron doped
diamond (BDD) and Pt anodes for Ce(1V) electro-regeneration and acetaminophen (AP) degradation.
The Ce(1V) was electrochemically regenerated from Ce(lll) in prepared and real spent Cr-etching
solutions produced in TFT-LCD manufacturing processes. The regenerated Ce(IV) was used in a
Ce(IV)-mediated electrochemical oxidation (MEQO) process to compare with the anodes for AP
degradation. The results show that 100% degradation of AP and p-benzoquinone (an intermediate of
AP degradation) was achieved on all the tested electrodes in 30 min. The AP degradation performance
of tested electrodes was in order BDD > PbO,/Sn,03-SnO,/Ti > Pt, while the order changed to
Pb0O,/Sn,03-SnO,/Ti > Pt > BDD for Ce(1V) electro-regeneration. The degradation of AP by Ce(IV)
oxidation increased with the increase of initial Ce(IV) concentration. When using Ce(IV) = 50 ppm
regenerated from a real spent Cr-etching solution, the AP degradation efficiency was comparable to
that of Ce(IV) = 200 ppm regenerated from prepared solutions. For 100% AP degradation, the
Pb0O,/Sn,03-SnO,/Ti and BDD electrodes required 15 min, but the Ce(IV) = 200 ppm case only
needed 5 min. On the other hand, the degradation of AP-derived p-benzoquinone on PbO,/Sn,0s-
SnO,/Ti reached 100% within 30 min, but that from Ce(lIV) oxidation only increased slightly.
Nevertheless, the abundant Ce(lIV) regenerated from real spent Cr-etching solutions is a good
candidate for being used in the MEO process for AP destruction. The prepared PbO,/Sn,03-SnO,/Ti
electrode is useful for both the electro-regeneration of Ce(IV) and the degradation of AP in aqueous
solutions.

Keywords: Acetaminophen, Ce(IV)-mediated electrochemical oxidation, Ce(IV) electro-regeneration,
Degradation.


http://www.electrochemsci.org/
mailto:huangkL@mail.npust.edu.tw

Int. J. Electrochem. Sci., Vol. 7, 2012 11192

1. INTRODUCTION

Recently, acetaminophen (AP) has received much attention because it is one of the most
common pharmaceuticals found in households [1, 2] and is usually present in the effluent of sewage
treatment plants and surface water [2-5]. In Taiwan, AP has been found to have high detection
concentrations (the highest = 100,433 ng L™) (with a relatively high frequency of detection (over 90
%)) in water samples collected from different sources [1]. AP is also concerned for their adverse
environmental effects [6].

Different methods have been reported for the destruction of AP, such as advanced oxidation
processes (AOPs). One of the widely used AOPs is the Fenton method which uses hydrogen peroxide
(H,0,) and ferrous ions (Fe?*) in the generation of hydroxyl radicals which can degrade and mineralize
a wide variety of pollutants [7-9]. However, the major disadvantage of Fenton process is the large
production of ferric hydroxide sludge during the neutralization stage of the process. The removal
efficiency of an AOP is generally a concern of researchers. A low AP removal efficiency (16.3%) was
reported using a modified (photo) Fenton process [10]. In a study, ozonation and H,O,/UV, two other
different AOPs, could only achieved partial mineralization of AP (30% and 40%, respectively) in the
pH range 2.0-5.5 [11]. Thus, it is greatly in need to develop more reliable processes for the treatment
of AP in water and wastewater.

During the past decade, electrochemical methods were proved to be efficient for destructing
biologically persistent organic pollutants in water and wastewater; furthermore, total organic carbon
(TOC) can be completely removed with high current efficiency [12]. Electrochemical techniques have
various advantages such as wide application, simple equipment, easy operation, low temperature
requirement, and no sludge formation [12, 13]. It is also attractive to use mediated electrochemical
oxidation (MEO) processes for the destruction of organic pollutants because the oxidation reactions
can be performed at ambient temperatures, the production of secondary waste is minimized, and
organics may be completely mineralized to carbon dioxide and water, without emission of any toxic
materials [14-18].

It is well known that the anode material plays an important role in the oxidation effectiveness,
degradation pathway, and reaction mechanism of electrochemical destruction of organic pollutants.
Nowadays, one of focuses on electro-oxidation technologies is the development of anode materials.
Among electrode materials, PbO, is widely used as a metal oxide electrode due to its advantages such
as low cost, effective oxidizing capacity, easy preparation, low electrical resistivity, relatively large
surface area, and high oxygen evolution over-potential [19-21]. To the best of our knowledge, the
Ce(IV) electrochemically regenerated in spent Cr-etching solutions generated from TFT-LCD
manufacturing processes has not yet been used in MEO approaches. Also, the comparison of
electrochemical and Ce(IV)-MEO degradation of AP is not available in the literature.

In this study, a PbO,/Sn,03-SnO,/Ti electrode was fabricated, and then compared with
commercial BDD and Pt anode materials for their performances of Ce(IV) regeneration (in terms of
Ce(1V) yield and current efficiency) and AP oxidation. The Ce(1V) electrochemically regenerated in
prepared and real spent Cr-etching solutions was used in a Ce(IV)-MEO process for AP oxidation. The
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efficiencies of AP and AP-derived p-benzoquinone degradation in the Ce(IV)-MEO process was
compared with those in the electrochemical approach.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials

Cerium(I11) nitrate hexahydrate, p-benzoquinone, and tin(ll) chloride were obtained from Alfa
Aesar (UK). Cerium(IV) Sulphate 4-hydrate was provided by Panreac Quimica (EU). Lead(ll) nitrate,
ammonium iron(ll) sulfate hexahydrate, and sodium sulfate were from SHOWA Co. Ltd. (Japan).
Aceton and acetonitrile were purchased from ECHO Chemical Co. Ltd. (Taiwan). Sulfuric acid (98%)
and nitric acid (65%) (Scharlau, Spain) were used as received without further purification.
Acetaminophen (AP) was purchased from Sigma (USA).

The stock solutions of AP (1000 mg L™) and p-benzoquinone were prepared by dissolving the
chemicals into deionized distilled water (DDW), and then stored at 4°C. The boron doped diamond
(BDD) electrode was purchased from CONDIAS GmbH (Germany) (substrate: Niobium; BDD coating
thickness: 2.0 mm).

2.2. Preparation of PbO,/Sn,03-SnO,/Ti electrode

Commercially pure titanium plates were used as the substrate for the coating of tin oxides and
lead dioxide. The titanium sheets (1.0 mm thickness, 99.5% purity) were mechanically polished using
abrasive papers with successively finer roughness and then rinsed in two 15-min steps in ultrasonicated
acetone and deionized distilled water (DDW). Acid pickling was done in a solution containing sulfuric
acid 25% at 85°C for 2 hr. The titanium sheets were dipped in a 0.5 M SnCl, solution at 85°C for 2 hr
to produce SnO, coating on the substrate and then the Ti plate is dried in a far-infrared drier for 15 min
and followed by calcinations in muffle furnace at 400°C for 60 min. Electro-deposition is employed for
the preparation of PbO, coating on SnCl,-treated titanium sheets. Experiments were conducted using a
two-electrode electrochemical cell, in which the titanium sheet was used as the anode and a copper foil
of similar size was used as the cathode. The gap between anode and cathode was fixed at 2 cm. The
solution was agitated with a magnetic mixer at 200 rpm during the electroplating. The electroplating
solution was made up of 0.5 M Pb(NO3),, 0.1 M Cu(NOs3),, and 0.025 M NaF dissolved in 0.1 litter of
DDW. Nitric acid was used to adjust the pH of electrolyte to be 1. The PbO, layer was generated in the
above mentioned solution at 80 mA c¢m™ for 40 min at 65°C. A scanning electron microscope (SEM)
(S-3000N, Hitachi, Japan) with energy-dispersive X-ray spectroscopy (EDS or EDX) (HORIBA EX-
200) was used to examine the surface morphology and compositions of coatings on the prepared
electrode, respectively. X-ray diffractometry (XRD) (Geigerflex 3063, with Ni-filtered Cu Ka
radiation) was used for the analysis of specimen crystalline phases. The detector scanned over a range
of angles (20) from 20° to 80°, at a step size of 0.01° and a dwell time of 0.15 second per step (4° (26)
min™). The crystalline phases of tin and lead oxides were determined by comparing intensities and
angles of peaks in the XRD patterns with those listed in the Joint Committee on Powder Diffraction
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Standards (JCPDS) data files. Besides, the measurement of electrode electrochemical characteristic
was performed using a CHI-660B potentiostat. A conventional three-electrode cell assembly consisting
of the working electrode, an Ag/AgCl reference electrode, and a Pt wire counter electrode were used
for the electrochemical measurements.

2.3. AP Electrolysis

The electro-oxidation of the AP aqueous solution was performed in a divided thermostatted
cell. The anolyte (100 mL) was AP (10 ppm) in 4.8x10™ M H,SO4+ 1 M Na,SO, while the catholyte
was only 4.8x10* M H,SO,+ 1 M Na,SO,. The anode and cathode compartments were separated by a
Nafion 212 ion-exchange membrane separator. Prior to use, the Nafion 212 was heated at 65°C in 1 M
(~3%) H,0, for 1 h to remove organic impurities. Then, the membranes were washed three times with
DDW and stored in DDW.

The oxidation of aqueous AP was carried out under constant current density, temperature, and
AP initial concentration. BDD, Pt, or PbO,/Sn,03-SnO,/Ti was used as the anode whereas a stainless
steel plate (SS 304) acted as the cathode for the electrolysis/degradation of AP. These anodes had the
same geometric working surface areas (1cm?). All the electrolytic experiments were performed using a
DC power supply (Good Will Instrument CO., LTD GPS-2303). The cell voltage and current were
monitored with time based on the readings of DC power supply. The anode potential was recorded
using a digital multimeter which connected the anode with an Ag/AgCI reference electrode at a fixed
location close to the anode.

Samples were taken at intervals during the electrolysis for 30 min. The concentrations of
residual AP and AP-derived p-benzoquinone in samples were analyzed by a high performance liquid
chromatography (HPLC) instrument (Hitachi chromaster 5420). The separations were performed on a
RP-C18 column (250 mmx4.6 mm, particle size, Spm). The mobile phase was acetonitrile/water
(45:55, viv), with a flow rate of 1mL min™. The injection volume was 20 pL and the working
wavelength for quantitative analysis was 245 nm. The identification of each compound was based on
the retention time of its standard. A personal computer equipped with a Hitachi chromaster system
manager for LC systems was used to acquire and process chromatographic data.

2.4. Ce(lV) electro-regeneration

The Ce(IV) electro-regeneration was carried out using a divided electrochemical cell under
constant current density. The anode and cathode compartments were separated by an ion-exchange
membrane separator (AMI-7001). Both electrolytic cells used a BDD, Pt, or PbO,/Sn,03-SnO,/Ti
electrode as the anode and a stainless steel plate (SS 304) as the cathode (1 cm?). The anolyte (100
mL) was 0.2 M Ce(l1l) in 4 M HNO3 while the catholyte was only 4 M HNOg3. For the Ce(IV) electro-
generated from a real spent Cr-etching solution, both anolyte (100 mL) and catholyte (100 mL) were
real spent Cr-etching solutions. All the electrolytic experiments were performed under constant current
electrolysis using a DC power supply (Good Will Instrument CO., LTD GPS-2303) at constant
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temperature (25°C). The cell voltage and current were monitored with time based on the readings of
DC power supply. The anode potentials were recorded using a digital multimeter which connected the
anode with an Ag/AgCl reference electrode at a fixed location close to the anode.

Samples were taken at intervals during the electrolysis for 240 min. A redox potential titrator
(Metrohm 702 SM Titrino) was used to quantitatively determine the Ce(1V) concentrations of samples
by ferrous ammonium sulfate dissolved in 1 M nitric acid [22]. The concentrations of total cerium
were analyzed by inductively couple plasma atomic emission spectrometry (ICP-AES) (Perkin Elmer
optima 2100 DV).

The theoretical production of Ce(IV) amount (m;) at electrolysis time t can be calculated as
follows [23].

m¢ = MIt/zF (1)

where M: molecular weight of Ce, I: current, z: electrons transferred per Ce(lll) ion (z =1 in Ce(lll) >
Ce(IV) + ), and F: the Faraday’s constant. The current efficiency is calculated based on the following
equation

Current efficiency (CE) = (me/m¢)x100% (@)
where me is the Ce (IVV) amount obtained experimentally. The Ce(1V) percent yield is calculated using
Yield (%) = (Ce(1V)a/Ce(1V)1)x100% (3)

where Ce(IV)a is the actual amount of Ce(lIV) generated in electrolysis for a period of time and
Ce(IV)r is the theoretical amount of Ce(1V) that can be generated. In this study, Ce(IV)t = Electrolyte
volume x ([Ce(IIDJinitia + [Ce(IV)]iniia) = Electrolyte volume X ([Ce(IIl)]iniiar) because the
[Ce(IV)]initial = O.

2.5. Ce(IV)-MEO degradation of AP

The batch Ce(IV)-MEO degradation studies were carried out by adding different amount of
Ce(lV) into 100 mL solution which initially contained 10 ppm AP in an undivided reactor. The
solution was thoroughly mixed by a magnetic stirrer and tested under room temperature. Samples were
taken at intervals with immediate addition of excess ferrous ions during the degradation of AP by
Ce(IV) oxidation to prevent the AP from subsequent oxidation by residual Ce(lV). Again, the
concentrations of residual AP and AP-derived p-benzoquinone in samples were analyzed by the HPLC
analyzer (Hitachi chromaster 5420).
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3. RESULTS AND DISCUSSION

3.1. Characterization of the prepared PbO,/Sn,03-SnO,/Ti electrodes

Figure 1 shows the XRD patterns of crystalline phases of metal oxides.
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Figure 1. XRD patterns of crystalline phases of lead and tin oxides.
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Figure 3. EDS analysis of the coating surfaces of (a) Sn,03-SnO,/Ti, (b) PbO,/Sn,03-SnO,/Ti.
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Obviously, the PbO, crystalline phases were dominated by -PbO, which was preferred when
PbO, was used as electrode material because the conductivity is greater for B-PbO, than for a-PbO,
[24]. The peak at 20 = 71° (asterisk-marked) possibly refers to that of Ti, SnO,, or Sn,0s, because the
XRD analysis is not straightforward, due to the superposition of different diffraction peaks
corresponding to mixtures of Sn,O3-SnO,/Ti. The surface of Sn,03-SnO, layer chemically deposited
on the Ti plat exhibited a layered texture (Figure 2(a)),whereas that of PbO; film on the Sn,O3-SnO,/Ti
had a relatively homogeneous appearance (Figure 2(b)), corresponding to the tetragonal morphology of
B-PbO, [24, 25] and supporting the result of XRD analysis. It was also observed that the B-PbO, layer
could well cover the Sn,03-SnO, layer. The B-PbO, layer consisted of tightly packed and angular
crystals. The average size of the B-PbO, crystals was about 1 um. Despite of the large crystal size of
the surface B-PbO, layer, no obvious cracks were observed. This is helpful for improving the electrode
stability [25]. The EDS analyses of Sn,O3-SnO,/Ti and PbO,/Sn,03-SnO,/Ti shown in Figure 3 also
support the observation of SEM.

3.2. Effect of anode material on Ce(lV) electro-regeneration

In this study, the prepared PbO,/Sn,03-SnO,/Ti electrode and two commercial available anode
materials (Pt and BDD) were tested and compared for their performance on Ce(lll) oxidation. In
general, the Ce(lIV) yield is associated with the operating anode potential and Ce(lll) oxidation
potential, while the current efficiency (CE) is also related to the oxygen evolution potential on
electrode. At 0.15 A cm™, the performance of anodes for Ce(lV) electro-regeneration was in order
Pb0O,/Sn,03-SnO,/Ti > Pt > BDD in terms of Ce(IV) yield and CE in 4 M HNO3 (Figure 4), consistent
with their operating anode potentials but inconsistent with their oxygen evolution potentials (typically
BDD > PbO, > Pt (Figure 5)).
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Figure 4. Effect of anode material on current efficiency and Ce(1V) yield in the divided cell (anolyte:
0.2 M Ce(lll) in 4 M HNOs, catholyte: 4 M HNOs, separator: AMI-7001, anode: 2 cm?,
stainless steel cathode: 1 cm? and 1 = 0.3 A).
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According to the CV measurements of these three electrode in 4 M HNO3 containing 0.1 M
Ce(1I1), although the redox peak currents of Ce(IV)/Ce(lll) were greater on BDD than on Pt, the
Ce(111) oxidation peak potentials for BDD and Pt were 1.746 and 1.591 V, respectively; the formal
potential (average of redox peak potentials) of Ce(111)/Ce(IV) was more positive on BDD (1.42 V)
than on Pt (1.30 V), while the peaks of Ce(1V)/Ce(lll) redox reactions could not be clearly identified
for PbO,/Sn,03-SnO,/Ti (Figure 5). The apparent rate constants for Ce(lll) oxidation on the
PbO,/Sn,03-Sn0,/Ti, Pt, and BDD anodes were 2.31x10™, 1.77x10™, and 1.29x10™* s, respectively,
with corresponding apparent mass transfer coefficients of 1.15x107%, 7.86x107, and 6.64x10™ cm s™,
respectively. For the Ce(lll) oxidation at 0.88 A cm™ in the real spent Cr-etching solution on
Pb0O,/Sn,03-SnO,/Ti, the Ce(lV) yield at 150 min was over 90%, and reached 100% at 240 min
(Figure 6); therefore, the PbO,/Sn,03-SnO,/Ti anode is suitable for Ce(lV) electro-regeneration in real
spent Cr-etching solutions (pH < 0).
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Figure 5. Cycl:lic voltammograms of 0.1 M Ce(l1l) in 4 M HNO; for tested electrodes (scan rate = 100
mV s™).
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Figure 6. Ce(1V) regeneration in the real spent Cr-etching solution (Ce(l11): 0.39 M, separator: AMI-
7001, PbO,/Sn,03-SnO,/Ti anode: 1 cm?, stainless steel cathode: 1 cm?, and | = 0.88 A).
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3.3. Electrochemical characterization of AP and p-benzoquinone on tested anode materials

The electrochemical properties of AP at different anode materials were investigated using
cyclic voltammetry in 1 M Na,SO, solutions. Figures 7a to d show the cyclic voltammograms (CV)
recorded at a sweep rate of 100 mV s™ in 100 ppm AP solutions for different tested electrodes. (The
potential reported hereafter for CV analysis are all vs. Ag/AgCl.) The CV tests were performed
initially using a glassy carbon (GC) electrode to verify the peaks of AP oxidation and vice-versa. On
the GC electrode, the voltammogram of AP shows an oxidation peak and a corresponding reduction
peak at 0.557 and 0.460 V, respectively (Figure 7a); the anodic and cathodic peaks correspond to the
conversion of AP to N-acetyl-p-benzoquinone-imine (NAPQI) and vice-versa [26, 27]. This
phenomenon was also observed on Pt, but its peak potential separation was greater than that on GC
(Figure 7b).
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Figure 7. Cyclic voltammograms of 100 ppm AP, 100 ppm p-benzoquinone and background
electrolyte (1 M Na,SO,) for tested electrodes (scan rate = 100 mV s™) (a) GC, (b) Pt, (c) BDD
and (d) PbO,/Sn,03-SnO,/Ti.

Although the oxidation peak of AP appeared in the CV of BDD, its corresponding reduction
peak could not be clearly identified (Figure 7c¢). For the CV of prepared electrode (PbO,/Sn,0s-
SnO,/Ti), no peak of AP oxidation was seen in the working potential window, because when using the
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solution containing AP, the oxidation and reduction peaks displayed in Figure 7d were all similar to
those (possibly corresponding to the oxidation and reduction of Pb(I1V)/Pb(11)/Pb(0) couples [28]) for
the background electrolyte.

P-benzoquinone is one of important intermediates that may be formed in the process of AP
electro-oxidation (see more discussion in section 3.6). Therefore, the electrochemical characteristics of
p-benzoquinone at different anode materials were also investigated using CV in 1 M Na,SO, solutions.
Again, the CV of GC shows the peaks of p-benzoquinone oxidation and corresponding reduction at
0.263 and 0.168 V, respectively (Figure 7a), reflecting the transformation of p-benzoquinone to lower
aliphatic acids and vice-versa [29]. However, the peak potential separation was greater on Pt than on
GC (Figure 7b). On both BDD and PbO,/Sn,03-SnO,/Ti, no peak of p-benzoquinone oxidation was
observed in the working potential window (Figures 7c and d). (Note that the oxidation and reduction
peaks displayed in Figure 7d when using the solution containing p-benzoquinone were all similar to
those of the background electrolyte.)

3.4. Effect of anode material on AP degradation

It is well known that the anodic oxidation of organics is strongly dependent on anode material.
In this study, Pt, PbO,/Sn,03-Sn0O,/Ti, and BDD anodes were tested to compare their performance in
AP electro-oxidation/degradation at a galvanostatic condition (500 mA cm™) (initial AP concentration
= 10 ppm). As shown in Figure 8, the abatement of the AP obtained by anodic oxidation dramatically
depends on the nature of the anode material. After 6 min constant current electrolysis, no residual AP
was detected (AP degradation efficiency = (1- (C/C,))*x100 = 100%) when BDD was used as the
anode. At the same electrolysis time, however, the degradation efficiency of AP was only about 50 %
on the Pt or PbO,/Sn,03-Sn0O,/Ti anode. To achieve 100% AP degradation, the Pt and PbO,/Sn,03-
SnO,/Ti anodes needed 15 min. This phenomenon is attributed chiefly to anode potential and hydroxyl
radical (-OH) associated with the direct anodic oxidation of AP.

During electrolysis, the magnitude of anode potentials of tested electrodes followed the order
BDD > PbO,/Sn,03-Sn0,/Ti > Pt. A higher anodic potential may generate a greater electron trapping
activity, favorable to organic oxidation [30] and -OH production (from water electrolysis) [31] on the
anode surface. Accordingly, the magnitude of acetaminophen (AP) degradation efficiency was in order
BDD > PbO,/Sn,03-SnO,/Ti > Pt. BDD was also reported to be better than Pt in the electrochemical
degradation of bisphenol A [32]. Some researchers also indicated that BDD electrodes were superior to
Pt and PbO, anodes for the electro-oxidation of bisphenol A [33, 34]. Furthermore, the regressions of
AP degradation data were all linear (the inset of Figure 8), revealing that the AP degradation kinetics
could be regarded as pseudo-first-order. The apparent rate constants were 8.06x107, 1.94x10, and
1.59x10 s at BDD, PbO,/Sn,03-SnO/Ti, and Pt, respectively. On the other hand, the potentials of
oxygen evolution were similar on BDD and PbO,/Sn,03-SnO,/Ti, ~1.6 V vs. Ag/AgCl, which was
about 0.3 V higher than that on Pt (Figure 7), suggesting that the current efficiency of AP degradation
was greater on BDD or PbO,/Sn,03-SnO,/Ti than on Pt.
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Figure 8. Variation of AP C/C, with time for tested anodes (surface area =1 cm?) at 0.5 A ([AP], = 10
ppm, electrolyte: 4.8x10™* M H,SO4 + 1 M Na,SO,, temperature = 25 °C, and cathode: Ti
1cm?); inset: In(C/C,) against time.

3.5. Ce(IV)-MEO degradation of AP

For comparison, the degradation of AP was also carried out in a simple undivided type reactor
by a mediated electrochemical oxidation (MEQ) process using the Ce(IVV) mediators regenerated from
prepared and real spent Cr-etching solutions. When using regenerated Ce(IV) = 10 ppm from the
prepared solution, the degradation of AP was fast during the initial 1 min, slower within 1-5 min, and
then almost negligible from 5 to 30 min; however, the AP degradation efficiencies of 1, 5, and 30 min
were only 40.2%, 49.4%, and 51.7%, respectively (Figure 9). Similar trends of AP degradation were
found when increasing initial Ce(IV) concentration, but the AP degradation efficiency was noticeably
improved. For Ce(IVV) = 50 ppm, the 1, 5, and 30 min AP degradation efficiencies reached 77.1%,
89.8%, and 98.3%, respectively; at Ce(IV) = 100 ppm, the corresponding values were 90.6%, 93.8%,
and 98.6%, respectively. For Ce(IV) = 200 ppm, the AP degradation efficiency achieved 99.1% at 1
min and 100% at 5 min. This behavior of AP degradation by Ce(1V) oxidation is similar to those of
organics degradation by Ce(IV) or other mediators in MEO processes [14, 35]. At the point of quick
AP degradation in short time and for simplification, the apparent rate constants obtained from the
regressions of AP degradation data were 2.48x10°-3.62x107 s™* (increasing with the increase of initial
Ce(IV) concentration), assuming that these reactions were all pseudo-first-order.

When using Ce(IV) = 50 ppm regenerated from the real spent Cr-etching solution, the 1, 5, and
30 min AP degradation efficiencies were 90.6%, 93.8%, and 98.6%, respectively; these data were in
between those of Ce(IV) = 100 and 200 ppm, and noticeably higher than those of Ce(IV) = 50 ppm
regenerated from the prepared solution (Figure 9). This phenomenon is related to the fact that the real
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spent Cr-etching solution contained other oxidizing species such as Cr,0;* (0.27 M) and NO3™ (8.36
M) [36] which resulted in additional degradation of AP. Therefore, although the pseudo-first-order
apparent rate constant of this case was 3.62x107 s, its reaction is more complicated and further study
is necessary to identify the reaction order.
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Figure 9. Effect of Ce(IV) concentration on AP degradation ([AP],= 10 ppm); inset: In(C/C,) against

time).

Nevertheless, the result shows that it is optimistic to use the regenerated real spent Cr-etching
solution containing abundant Ce(1V) (0.39 M) [36] in the Ce(IVV)-MEO process for AP destruction.

3.6. Electrochemical vs Ce(IV)-MEO degradation of AP

In general, the AP degradation was faster by Ce(1V) oxidation than by electro-oxidation in this
study, particularly for that at reaction time <5 min. At 1 and 5 min, the AP degradation efficiencies
were 15.0% and 47%, respectively, on PbO,/Sn,03-SnO,/Ti, and 3.2% and 38.9%, respectively, on Pt,
significantly lower than those of Ce(IV) = 10 ppm case (40.2% and 49.4%, respectively). The AP
degradation efficiency of BDD at 1 min (41.7%) was also significantly lower than that of Ce(IV) =50
ppm case (77.1%). The time required for 100% AP degradation at Ce(IV) = 200 ppm (5 min) was only
one-third that at PbO,/Sn,03-SnO,/Ti and BDD electrodes (15 min). On the other hand, the
degradation of p-benzoquinone (an intermediate from AP electro-degradation) on PbO,/Sn,03-SnO,/Ti
reached 100% within 30 min (Figure 10(a)), but that from Ce(IV) oxidation only increased slightly in
the same time period (Figure 10(b)). (Note that the peaks at retention time = ~2.3 min might be
referred to intermediates (e.g., lower aliphatic acids [29])) from p-benzoquinone oxidation, because the
variation of these peaks was opposed to that of p-benzoquinone. Therefore, further study is necessary
to try if more degradation of p-benzoquinone can be achieved using the Ce(1V)-MEOQ approach.
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Figure 10. LC chromatograms for acetaminophen degradation: (a) electro-oxidation on PbO,/Sn,03-
SnO,/Ti electrode; (b) Ce(1V)-MEO at 200 ppm Ce(1V) ([AP], = 10 ppm).

4. CONCLUSIONS

In this study, the performance of anodes for Ce(lV) electro-regeneration was in order
Pb0O,/Sn,03-SnO,/Ti > Pt > BDD in terms of Ce(IV) yield and CE in 4 M HNOs. AP can be
completely removed using the tested anodes and its kinetics follows a pseudo-first-order reaction. The
apparent rate constants for Ce(lll) oxidation on the PbO,/Sn,03-SnO,/Ti, Pt, and BDD anodes were
2.31x10%, 1.77x10™, and 1.29x10™ s™, respectively, with corresponding apparent mass transfer
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coefficients of 1.15x10%, 7.86x10°, and 6.64x10° cm s™, respectively. The Ce(lV) yield reached
100% at 240 min when using PbO,/Sn,03-SnO,/Ti in both the prepared and real spent Cr-etching
solutions. On Pt and BDD, the peaks of AP oxidation could be observed in CV analysis, but those of p-
benzoquinone (an intermediate from AP degradation) oxidation were not so clearly shown within the
working potential window.

The magnitude of AP degradation efficiency was in order BDD > PbO,/Sn,03-SnO,/Ti > Pt.
The pseudo-first-order apparent rate constants of AP electro-degradation were 8.06x1073, 1.94x107,
and 1.59x10° s at BDD, PbO./Sn,0s-Sn0,/Ti, and Pt, respectively, while those by (prepared) Ce(IV)
oxidation were in the range 2.48x10°-3.62x10 s, increasing with the increase of initial Ce(IV)
concentration (50—200 ppm). When using Ce(IV) = 50 ppm regenerated from a real spent Cr-etching
solution, the AP degradation efficiency was comparable to those of Ce(IVV) = 200 ppm regenerated
from the prepared solution.

Although the AP degradation was faster by Ce(IV) oxidation in the Ce(IV)-MEO process than
by electro-oxidation, particularly for that in the initial stage of reaction (<5 min), the degradation of p-
benzoquinone on PbO,/Sn,03-SnO,/Ti reached 100% within 30 min while that from Ce(IV) oxidation
at Ce(IV) = 200 ppm only increased slightly in the same time period. Nevertheless, the Ce(IV)
regenerated in real spent Cr-etching solutions is a good candidate to be used in the Ce(IV)-MEO
process for AP destruction. The prepared PbO,/Sn,03-SnO,/Ti electrode is suitable for the electro-
regeneration of Ce(IV) in real spent Cr-etching solutions and the degradation of AP in aqueous
solutions. Both techniques tested in this study have a good potential to be applied for organic pollutant
destruction in agueous solutions.
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