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A graphene interlayer was introduced into a Ti/SnO2-Sh,O3/PbO. electrode by electrophoretic
deposition and electro position methods to form a Ti/SnO2-Sh20s/graphene/PbO- electrode (G/PbO).
In comparison to the Ti/SnO2-Sh,03/PbO; electrode (PbO>), the surface of the G/PbO- electrode was flat
with fewer surface cracks, and smaller crystal sizes. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) results showed that the G/PbO> electrode had a large electrochemically
active surface area and more active sites. The accelerated lifetime of the G/PbO: electrode was 72 h,
which was longer than that of the PbO- electrode (40 h). In addition, the graphene interlayer improved
the ability to generate OH®. The real electrochemical oxidation abilities of the G/PbO, and PbO;
electrodes were also studied using doxycycline (DC) as a model pollutant. After 150 min of electrolysis,
the DC, total organic carbon (TOC) removal rate and instantaneous current efficiency (ICE) of the
G/PbO; electrode were 98.5%, 32.3% and 1.80%, respectively, which was higher than those of the PbO,
electrode (93.6%, 28.7% and 1.60%, respectively). Furthermore, six intermediate products were
identified based on HPLC-MS, and oxidation pathways were proposed.
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1. INTRODUCTION

Antibiotics have been widely used in animal husbandry and for medical treatment because they
can inhibit or kill many bacteria [1, 2]. However, most of these antibiotics are not fully utilized and are
discharged into bodies of water in the form of prototypes or as metabolites through urine, feces and other
ways [3, 4]. Because they cannot be completely absorbed by animals and human beings, these antibiotics
have been considered pseudo persistent organic compounds due to their degradation resistance [5]. The
continuous and wide use of antibiotics has a great impact on water environments. For example, several
antibiotics have been detected in groundwater [6], surface water [7-9] and drinking water [10, 11] in
many parts of the world. The existence of these compounds not only enhances the antibiotic resistance
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of bacteria but also threatens human health [3, 12]. Therefore, how to effectively remove antibiotics is
currently a focus of research.

Doxycycline, as a semisynthetic tetracycline antibiotic, is utilized to prevent and treat gram-
positive and gram-negative bacterial infections. The long-term persistence of doxycycline in water is
harmful to aquatic ecosystems and human health. Traditional biological and physical methods cannot
effectively remove doxycycline from water due to the nature of its molecular structure [6].
Electrochemical advanced oxidation processes (EAOPs) can produce hydroxyl radicals with high
oxidation potential (E°= 2.8 V) for doxycycline degradation without needing additional oxidants. Due
to their simple operation and environmental friendliness, this method has attracted great attention, but
the electrochemical oxidation efficiency is highly dependent on the electrode materials [6]. Various
materials, such as RuO; [6], IrO2 [13], boron-doped diamond (BDD) [14], and PbO- [11], have been
used as electrode materials for antibiotic removal [15]. Among them, RuO and IrO; can effectively
remove antibiotics, but their removal rates of COD and TOC are low, additionally, they are expensive
owing to the presence of precious metals [16]. BDD electrodes can effectively remove antibiotics, COD
and TOC, but their high price and complicated manufacturing process limit their large-scale application
in industry [17]. In contrast, a PbO- electrode with a low cost, good conductivity, stable performance,
and high oxygen evolution potential has been considered one of the best materials. In previous research,
various efforts have been made to improve the stability and performance of PbO2-based electrodes,
including metal element doping (Al [18], La [11], Co and Bi [19]), forming composites (carbon
nanotubes [20]), adding intermediate layers (SnO2-Sh>03[21] and a-PbO2 [22]), etc.

Graphene is a two-dimensional carbon nanomaterial that has been widely applied as an additive
in anode materials due to having excellent electrical conductivity while also having a high surface area
(2630 m?-g’) and an effective resistance to reduction [23]. Li et al. [6] reported a RuO2-TiOz/Nano-
graphene anode for electrochemical degradation of ceftriaxone sodium. In comparison to RuO2-TiOg,
TiO2/Nano-G and Nano-G, RuO»-TiO2/Nano-graphene showed a higher specific surface area and an
improved electrochemical oxidation performance, where the removal rate of ceftriaxone was increased
from 76.6% to 90.3% within 100 min. Information regarding a graphene interlayer in a PbO; electrode
is limited, and it is possible to improve the electrochemical performance and stability of the PbO>
electrode by adding a graphene interlayer.

In this study, we attempt to introduce a graphene interlayer into a Ti/SnO2-Sb203/PbO; electrode
to form a Ti/SnO2-Sh.Oz/graphene/PbO> electrode (named G/PbO.). Scanning electron microscopy
(SEM), X-ray diffraction (XRD), cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and accelerated service life tests were used to clarify the effect of the graphene interlayer on the
surface morphology, structure, electrochemical performance and stability of the fabricated PbO>
electrode. In addition, the fabricated electrode was applied to electrochemical oxidation of doxycycline.

2. MATERIALS AND METHODS

2.1 Chemicals

Doxycycline, Pb(NOz)2, NaF, HNOg3, SnCl4-5H,0, ShCls, sodium dodecylbenzene sulfonate and
Na>SO4 were purchased from Sinopharm Chemical Reagent Co., Ltd., China. Graphene was purchased
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from Chengdu Organic Chemistry Co., Ltd., Chinese Academy of Sciences, China. All solutions were
prepared with deionized water.

2.2 Electrode preparation and characterization

A Ti substrate (TA2, 10 x10 x 1 mm) was first etched by 10% oxalic acid for 2 h at 80°C to
remove the oxide layer on the surface. After pretreatment, the bottom layer of SnO2-Sh,0O3 was prepared
by a thermal deposition method. A 10 mL mixed solution of isopropanol and hydrochloric acid
(isopropanol:HCI = 9:1, v/v) containing 2 g SnCls-5H,0 and 0.2 g SbCls was used as the coating solution.
The Ti substrate was coated with the prepared coating solution using a dip-coating method. After that,
the Ti substrates were dried at 120°C for 10 min in an oven and then sintered at 500°C for 15 min in a
muffle furnace. The above operations were repeated 8 times, and the last sintering time was 1 h. The
graphene interlayer was fabricated by using an electrophoretic deposition method. An aqueous solution,
to use for deposition, contained 0.5 g-L* graphene and 0.05 g-L* sodium dodecylbenzene sulfonate and
was first ultrasonically vibrated for 0.5 h. Graphene was then electrophoretic deposited onto the Ti/SnO,-
Sh»03 electrode at 30 V for 20 min in a 100 mL beaker, where a Ti plate, with the same dimensions as
above, was used as the cathode. The distance between the anode and cathode was 2 cm. After
electrophoretic deposition, the sample was dried at 120°C for 20 min. Then, the PbO> layer was
electrodeposited onto the obtained electrode at 65°C and 15 mA-cm™ by using a solution consisting of
0.5 M Pb(NO3)2, 0.1 M HNOsand 0.1 g-L™* NaF. The electrode with the graphene interlayer was denoted
as G/PbO., while the electrode without the graphene interlayer, which was prepared by the same method,
was denoted as PbOs.

Surface morphologies and elemental contents of the fabricated electrodes were characterized by
an S-4800 scanning electron microscope (Hitachi, Japan) equipped with an EX-250 energy-dispersive
X-ray spectroscopy (Horiba, Japan). The crystal structures of the fabricated electrodes were determined
using an XRD-7000 X-ray diffractometer (Shimadzu, Japan) using Cu-Ka radiation as an X-ray source.

The electrochemical performance of the fabricated electrodes was characterized using a series of
electrochemical tests, which included cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The above analyses were performed using a CHI660E electrochemical workstation
(Chenhua, China) with a three-electrode setup. The fabricated PbO. electrodes, a saturated calomel
electrode (SCE), and a Pt wire were used as the working, counter and reference electrodes, respectively.

The accelerated lifetime of the fabricated electrodes was tested using 2 M H>SOj4 at a current
density of 1 A-cm and a temperature of 65°C. When the cell voltage rapidly increased above 5 V from
the initial value as time increased, it was regarded as anode failure, and the accelerated lifetime was
obtained. The actual service lifetime of the electrodes was calculated by Eq. 1 [24]:

t,= tz('i—Z)z (1)

where i1 and i are the applied current density and accelerated current density, respectively, and t; and t>
are the actual service lifetime and accelerated lifetime, respectively.



Int. J. Electrochem. Sci., Vol. 15, 2020 4355

The amount of OH* radicals produced during the electrochemical oxidation experiment was
measured by fluorescence spectrometry using terephthalic acid as the fluorescence probe. The
production of OH® was measured with a current density of 30 mA.cm?, and the fabricated PbO;
electrodes and Ti plates of the same size were used as the anode and cathode, respectively. One hundred
milliliters of an aqueous solution containing 0.5 mM terephthalic acid, 0.25 M NazSO4 and 0.4 g-L*
NaOH was used as the electrolyte. During the experiment, samples were drawn every 5 min and diluted
10 times with deionized water; then, they were analyzed by an F-7000 fluorescence spectrophotometer
(Hitachi, Japan). Fluorescence spectra were obtained using an excitation wavelength of 315 nm and
recorded in a range of 370-520 nm.

2.3 Electrochemical oxidation of doxycycline

Electrochemical oxidation of doxycycline was carried out in a 100 mL beaker, which contained
50 mg-L™ DC and 0.1 M NazSQ4 as a supporting electrolyte, at a temperature of 25°C and with magnetic
stirring. The fabricated PbO. electrode and Ti plate were used as the anode and cathode, respectively.
The applied current density was 50 mA-cm2, and the distance between the two electrodes was 2 cm.

2.4 analysis

Doxycycline content was detected by ultraviolet spectroscopy at a wavelength of 370 nm
(Agilent Cary 60 UV-vis) [25]. The intermediate products were analyzed by HPLC-MS (LCT premier
XE, Waters, USA). A Liqui Il TOC analyzer was used to measure the TOC change during the

experiment. The instantaneous current efficiency (ICE) at each time point was calculated by Eq. 2:
ICE = 2.67(TOC,-TOC,)xFxV

(2)
81t x1000
where TOCo and TOC; are the total organic carbon (g-L™?) at time 0 and t (s), respectively, F is the
Faraday constant (96478 C-mol™), V is the solution volume (L), and I is the current (A).

3. RESULTS AND DISCUSSION

3.1 Characterization of the electrode surface morphologies

As shown in Figures. 1a and 1b, the surface of the SbO.-Sh2O3 bottom layer had irregular crystal
grains that were coarse and dispersed and presented a cauliflower-like morphology. However, under the
action of an electric field, graphene was stacked on the bottom layer of SbO,-Sb20s, and the surface of
the electrode became rough and wrinkled. This phenomenon was observed in other literature, for
instance, electrophoretic deposition of graphene on a steel mesh [26]. EDS was used to measure the
elemental content in the different electrodes. Figures. 1¢c and 1d show the EDS spectra of the Ti/SnO,-
Sb203 and Ti/SnO.-Sh20s/graphene electrodes. As shown in Table 1, after electrophoresis of the
graphene interlayer, the C content increased from 1.66% to 34.34% (C peak of Ti/SnO2-Sh,0s electrode
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comes from the conductive adhesive), concluding that graphene covered the Ti/SnO,-Sb>O3 bottom layer.
Furthermore, Ti, Sn, and Sb elements were also found in Ti/SnO,-Sbh>Os/graphene because X-rays
penetrated the graphene interlayer and reached the bottom layer of SbhO2-Sh.Os.

Figure 1. SEM morphologies of (a) Ti/SnO2-Sh20s/graphene and (b) Ti/SnO2-Sb,Os; EDS spectra of
(c) Ti/SnO2-Sh20s/graphene and (d) Ti/SnO2-Sh20:s.

Table 1. Elemental content analysis of the different electrodes, as calculated from the EDS results

Ti/Sn0»-SboOs/graphene Ti/SnO,--Sb203
Element wt% at% wt% at%
C 34.34 61.60 1.66 3.95
O 37.37 30.13 34.69 58.44
Ti 18.02 5.86 40.12 31.47
Sn 9.26 2.23 21.90 5.76
Sb 1.01 0.18 1.64 0.38

Figures. 2a and 2b show the SEM morphologies of the G/PbO2 and PbO; electrodes. It is clear
found that the surface of the PbO: electrode was rough with many cracks (Figure. 2b). However, after
the introduction of the graphene interlayer, the electrode surface became smooth, and the number of
cracks was greatly reduced (Figure. 2a). The smooth surface of G/PbO: can effectively prevent O, and
electrolyte diffusion into the interior of the electrode, which can improve its stability and prolong its
service life.
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Figure 2. SEM morphologies of (a) G/PbO; and (b) PbO»; EDS spectra of (¢c) G/PbO, and (d) PbO..

The smooth surface of G/PbO; can be explained by the PbO; electrodeposition process [16], as
shown in the following formula:

H,O0—> H"+ e +OH" 3)
Pb* + OH* — Pb(OH)* (4)
Pb(OH)** + H,0 — Pb(OH),” + H" +¢ (5)
Pb(OH),* — PbO, + 2H* (6)

In the initial stage of PbO> crystal formation, due to the large specific surface area of graphene,
a large amount of OH*® generated from formula (3) was adsorbed on the surface of the graphene interlayer
[20, 27]. As a result, more PbO: crystal nuclei were formed through formula (3-6), while the growth of
crystal nuclei was inhibited, thus leading to a smooth PbO, layer [20]. With an extended
electrodeposition time, there was no significant difference between the carbon content of G/PbO. and
PbO: (Table 2), indicating that the graphene interlayer was completely covered by PbO> crystals (C peak

comes from the conductive adhesive).

Table 2. Elemental content analysis of the different electrodes, as calculated from the EDS results

G/PbO; PbO,
Element wt% at% wt% at%
C 6.44 25.60 6.45 25.59
0] 17.30 55.42 19.24 57.32

Pb 76.72 18.98 74.31 17.10
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The influence of the graphene interlayer on the structure of the PbO. electrode was studied by
XRD. Figure. 3 shows the XRD patterns of PbO. and G/PbO.. The main diffraction peaks observed at
20=25.4°,31.9°, 36.7°, 49.0°, 52.1°, 58.8°, 62.4°, and 74.4° can be ascribed to the (110), (101), (200),
(211), (220), (310), (301) and (321) planes of B-PbO., respectively. This agrees well with the standard
data of the JCPDS card (number: 76-0564). In addition, it can be found that the intensity and the half-
widths of G/PbO; are increased, which means that the degree of crystallization of the PbO, crystal
increases and the crystal size decreases due to the introduction of the graphene interlayer. The same
phenomenon is also observed in other modified electrodes [28]. The average crystal sizes of the G/PbO>
and PbO: electrodes are estimated by the Scherrer equation with the strongest diffraction peak at 26 =
25.4° [29]. The results are shown in Table 3. The crystal size of the G/PbO; is 39.5 nm, which is smaller
than the 47.9 nm of PbO> and the values of other electrodes [20, 21, 30]. This may be due to the graphene
interlayer providing more PbO> crystal nuclei, while the growth of the crystals is inhibited, thus
decreasing the crystal size. The small crystalline grain means more active sites, which is beneficial for
improving the pollutant degradation performance of the electrodes.

P —— G/PbO,
S ——Pbo,
2>
B
o
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Figure 3. XRD patterns of G/PbO2 and PbO..

Table 3. Crystalline grain diameters of the G/PbO2 and PbO:..

Electrode Half-height width (110 plane)  Average size (nm)
G/PbO> 0.204 39.5
PbO2 0.168 47.9
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3.2 Electrochemical performance test

The electrochemical performance is related to its electrochemical active surface area and the
number of active sites [16, 31], both of which can be indirectly evaluated by voltammetric charge
quantity (g*). A large g* indicates a higher electrochemical performance [30]. The g* for our electrodes
are evaluated using Eq. 7, as reported in the literature [20, 30]:

@) = ()" + kv (7)

where g is the theoretical electrochemical active surface area, v is the scan rate, and Kk is a
constant. Figures. 4a and 4b show the CV curves of the G/PbO; and PbO; electrodes performed in a 0.5
M H,SOs solution at a scan rate of 10-50 mV-stand a potential range of 0-2 V (vs. SCE). g* was
calculated by an integration of the CV curves. Figure. 4c shows the relationship between g* and scanning
rate. The g* value of G/PbO2 were larger than those of the PbO; electrode, which indicates that the
G/PbO2 electrode had a larger active surface area and more active sites.
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Figure 4. (a) , (b) Cyclic voltammograms of G/PbO2 and PbO: in a 0.5 M H2SO4 solution at a scan rate
of 10-50 mV-S* and in a potential range of 0-2 V (vs. SCE); (c) relationship of g* versus the
square root of the scan rate; and (d) Nyquist plots of G/PbO; and PbO> with an equivalent circuit
diagram (insert).
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EIS was used to further investigate the effect of the graphene interlayer on the electrochemical
performance of the electrode. Figure. 4d displays the Nyquist plots obtained for G/PbO. and PbO at the
open-circuit voltage in a 0.5 M H2SOg4 solution over a frequency range of 0.1 Hz to 10 kHz with an
alternating signal of 5 mV. An equivalent circuit expressed as Rs(Qdl(RctZw)), as shown in the inset of
Figure. 4f, was utilized to fit the EIS results, and the values of each circuit component are shown in
Table 4. Rs is the solution resistance, Rct is the charge transfer resistance, Qdl is introduced to replace
the electric double layer capacitor, and Zw is the solution diffusion into PbO>. The Rct of the G/PbO.
electrode was 0.86 Q-cm, which was lower than that of the PbO2 electrode (1.04 Q-cm) and indicated
that G/PbO- had faster charge transfer and higher oxygen evolution reaction activity [16, 20]. Based on
the reaction mechanism of oxygen evolution on the PbO; electrode, the number of active sites determines
the oxygen evolution activity of the PbO- film. When there are more active sites, the reaction activity of
the film is increased [16]. Hence, the low Rct of the G/PbO> electrode further illustrated that G/PbO-
had more active sites. A higher Zw value means a higher resistance of diffusion transmission, which
inhibits the electrolyte from reaching the electrode surface and extends the life of the electrode. These
results indicated that the introduction of a graphene interlayer can not only enhance the charge transfer
but also improve the life of the electrode.

Table 4. Simulated values of each circuit component

Electrode  Rs (Q-cm?) Qdl (Q-cm™ S™) n Ret (Q-cm™) Zw (S 8% -cm?)
G/Pb0O; 0.26 1.034 0.97 0.86 12.86
PbO, 0.25 1.028 0.96 1.04 0.71

Accelerated lifetime is another important factor for evaluating the practical application of
electrodes. The accelerated lifetimes of the G/PbO: and PbO: electrodes were 72 h and 40 h, respectively
(Figure. 5). According to Eq. 1, the actual service lifetime of G/PbO,was 28800 h, which was 1.8 times
that of the PbO: electrode and other PbO> electrodes, such as 21400 h for porous Ti/SnO2-Sh203/PbO;
[16], 18300 h for Ti/SnO2-Sh,0s/PbO.-PVDF (1.0 wt%) [32] and 230 h for a Ti/PbO; electrode [33].
The above results showed that the graphene interlayer effectively improves the service lifetime. The
improved accelerated lifetime can be explained by the small number of cracks and smooth surface of
G/PbO2, which effectively inhibit the electrolyte and O, from diffusing to the substrate and forming
nonconductive TiOo.
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Figure 5. Accelerated lifetime test of the G/PbO- and PbO..
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Figure 6. Fluorescence spectra observed during the electrochemical oxidation processes using the (a)
G/PbO2 and (b) PbO..

Pollutants are mainly degraded by the -OH radicals generated in the electrochemical oxidation
process using the PbO- electrode [20, 33]. Hence, the ability to generate OH® can more accurately reflect
the electrochemical properties of the electrode materials. Terephthalic acid as a -OH radical scavenger
can react with -OH radicals to produce 2-hydroxyterephthalic acid with high fluorescence, and the
fluorescence intensity of 2-hydroxyterephthalic acid is approximately equal to the number of generated
OH?* radicals. As shown in Figure. 6, the fluorescence intensity of 2-hydroxyterephthalic acid at 425 nm
for the fabricated electrode increased with increasing electrolysis time, indicating that -OH radicals were
constantly generated in the electrochemical oxidation process. Comparing the fluorescence intensity of
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G/PbO2 and PbOy, it is found that the fluorescence density was higher than that of PbO>, which indicated
that G/PbO> had higher electrocatalytic activity and could oxidize pollutants more effectively. This may
be due to its smaller crystal size and larger active surface area, thus providing more active sites for the
generation of OH* radicals.

3.3 Electrochemical oxidation of doxycycline

3.3.1 Cyclic voltammetry analyses
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Figure 7. Cyclic voltammetry curves of the different electrodes: (a) G/PbO2, (b) PbO2 in 0.1 M Na>SO4
and 0.1 M Na,SO4 + 50 mg-L* DC.

The electrochemical characteristics of DC oxidation with the G/PbO; and PbO. electrodes were
investigated by using cyclic voltammetry. As shown in Figure. 7, after 50 mg-L™ DC was added, no
additional oxidation peaks were found in the CV curves of both G/PbO, and PbO.. Therefore,
doxycycline was indirectly oxidized by hydroxyl radicals generated by the electrochemical oxidation in
this experiment.

3.3.2 Doxycycline oxidation experiments.

To further evaluate the effect of the graphene interlayer on electrode performance, experiments
on the electrochemical oxidation of doxycycline were carried out using the fabricated electrodes. After
150 min, the removal rate of doxycycline by G/PbO, was 98.5%, while that of PbO, was only 93.6%
(Figure. 8a).
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Figure 8. (a) Doxycycline removal rate, (b) kinetic analysis curves, (c) TOC removal rate, and (d) ICE
of G/PbO; and PbO: at different times (experimental conditions: 0.1 M NaxSQOa, current density
of 50 mA-cm?, and initial DC concentration of 50 mg-L™1).

In addition, as shown in Figure. 8b, it is found that the oxidation of DC on the G/PbO_ and PbO>
electrodes followed pseudo-first-order kinetics, as shown in Eqg. 8:

Ln(C,/C,) = kt (8)

where Cq is the initial DC concentration (mg-L™?), C; (mg-L™?) is the DC concentration at time t
(min), and k (mint) is the pseudo-first-order rate constant. The reaction rate constant (k) of G/PbO; was
0.0273 min, which is 1.53 times greater than that of PbO2 (0.0179 min™). This indicated that DC could
be oxidized more rapidly with the G/PbO> electrode.

The reduction of TOC during the experiment can reflect the mineralization ability of the electrode
to the pollutant. As shown in Figure. 8c, the TOC removal rate of G/PbO, was 32.3% within 150 min,
faster than the 28.7% with the PbO, electrode. In addition, the ICE was calculated according to the
obtained TOC value (Figure. 8d). The ICE values of G/PbO, and PbO, were 1.80% and 1.60%,
respectively, indicating that G/PbO2 had a higher doxycycline degradation efficiency with a lower energy
consumption than the PbO; electrode. In addition, Table 5 shows the DC removal efficiencies studied
by other scholars and the experimental results of this work. Compared with this work, Ti/lrO> is
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expensive and has poor degradation efficiency. Fenton oxidation displayed excellent degradation
efficiency. However, it needs additional H-O, and Fe** and requires acidic conditions and complex
operations, which limits its large-scale application. Photocatalyst degradation shows worse removal
efficiency with a long processing time and requires an extra auxiliary light source. As a result, the
G/PbO: electrode is more suitable for DC removal.

Table 5. Comparisons of the removal efficiencies in this work and other relevant research

Method Material Condition Reaction Remo Ref
time val
(min) rate
Electrochemical G/PbO> Applied current density: 50 mA-cm?, 150 98.5% this
oxidation volume:100 mL, electrode size: 1 cm x wor
1 cm, DC concentration: 50 mg-L™* K
Electrochemical  Ti/lrO; Applied current density: 15 A, 6h 99.4% [13]
degradation volume: 500 mL, electrode size: 150
mm x 50 mm, DC concentration: 100
mg-L*
Heterogeneous  Magnetic Catalysts: 0.1 g, volume: 200 mL, 120 96.0% [34]
Fenton-like FesO4 chitosan concentration: 50 mg-L™t, H20.: 10
microspheres ~ mM, pH=3
Fenton oxidation H20, and Fe?*  Volume: 200 mL, DC concentration: 120 98.9% [35]
100 mg-L1, Fe?": 25 mg-L 1, H,02: 611
mg-L*
Photocatalyst Span60- Catalysts: 20 mg, volume: 100 mL, DC 120 89.5% [36]
degradation assisted concentration: 20 mg-L*, 300 W Xe
preparation of lamp
BiOV4
Photocatalyst Magnetic Catalysis: 0.5 g, volume: 200 mL, DC 6h 76.5% [37]
degradation polymer-ZnO  concentration: 25 mg-L?, 30 W UV-C
composite lamp
Photocatalyst Multiwalled Catalyst: 50 mg, volume: 50 mL, DC 120 91% [1]
degradation carbon concentration: 10 mg-L?, 150 W Xe
nanotubes lamp
(MWCNTSs)/a-
Bi20O3
nanosheets

3.4 ldentification of products and degradation pathways

To further elucidate the degradation mechanism of DC and possible reaction pathways, the
intermediate products during DC oxidation were determined by HPLC-MS. The main intermediate
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products include mass to charge ratios of m/z = 475, 448, 414, 405, 402, 375, 349 and 306, and the
proposed degradation mechanism was proposed by combining previous reports, as shown in Figure. 9
[34, 38-41].

H;C CH3

~.

CHj OH N
OH
@ggﬂ NH,
OH
OH 0 OH 0 0

m/z 444
0
HyC J
OH - N

CH;

/ ‘
CH, OH HN CH,
OH
O"‘ NH; O“‘ N
oH
OH OH
OH 0 OH o o OH 0 OH 0 0
iz 414 111/'1475
CH; OH NH, CHj OH 0
0
O“‘ N, NH,
OH OH OH OH
oH s} oH 0 0 OH 0 OH 0 0
m/z 402 m/z 448
CH; OH 0
0
OH
OH OH
OH 0 OH 0 OH 0 OH 0
m/z 375
l m/z 405
CH; OH CHy OH 0
OH
OH
ol o OH OH 0 OH
m/z 306 m/z 349

Figure 9. Proposed reaction pathway for the electrochemical oxidation of DC.

Pathway 1: OH* attacked the double bonds at the C2-C3 position, and demethylation reactions
caused by oxidation of the amino group form m/z = 414 [41]. Afterward, the acylamido group at the C2
position was replaced by a hydroxyl group. The C=C at C16-C17 was destroyed by OH®, and
demethylation processes formed m/z = 402. As the continuous proceeding of oxidation, OH*®
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continuously attacked the ester groups at the C1-C2 position, and ring-opening reactions occurred,
resulting in the intermediate product of m/z = 306 [40]. Pathway 2: m/z = 475 was due to one methyl of
the amino group oxidizing to an aldehyde group, and the C=C at the C16 position was attacked by the
hydroxyl radical [34, 38]. Then, OH* attacked the amino group at the C4 position, producing a ketone
group, and the C=C at the C16 position forms m/z = 448 [39]. Afterward, OH* attacked the acylamido
group at C2 and form m/z = 405. OH* continuously attacked the ester groups at the C1 and C3 positions,
and ring-opening reactions occurred, resulting in the intermediate product of m/z = 349. Ultimately, as
the electrochemical oxidation process proceeded, the above intermediate products were eventually
converted into CO2 and H20, which was inferred by the TOC analysis.

4. CONCLUSION

In this study, we successfully prepared a Ti/SnO2-Sh20s/PbO> electrode (G/PbO2) with a
graphene interlayer by electrophoretic deposition and electro position methods. The obtained G/PbO>
showed a smoother surface area with fewer cracks and smaller crystal sizes compared to those of the
PbO: electrode. In addition, the electrochemical performance test results indicated that the G/PbO>
electrode had a larger voltammetric charge quantity (q*) and a lower charge transfer resistance (Rct).
The accelerated lifetime of the G/PbO: electrode was 72 h, which was longer than that of the PbO>
electrode (40 h). In addition, the graphene interlayer could further increase the ability to generate OH®.
The results of the electrochemical oxidation experiments showed that G/PbO. exhibited excellent
doxycycline degradation activity. After 150 min of electrolysis, the doxycycline and TOC removal rates
as well as the ICE of the G/PbO electrode were 98.5%, 32.3% and 1.80%, respectively, higher than the
93.6%, 28.7% and 1.60% of the PbO- electrode. All the results indicated that the graphene interlayer
could effectively improve the performance of the PbO: electrode. Finally, the possible electrochemical
oxidation pathways were proposed based on the six detected intermediate products during the oxidation
process.
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