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ABSTRACT: To realize efficient electrocatalytic degradation of organic compounds in alkaline wastewater, an Sb-doped SnO,/Ti
electrode was fabricated and employed for the removal of Rhodamine B (RhB), and the electrocatalytic oxidation performance of
this electrode was assessed in an alkaline medium. In an alkaline solution (pH 11), the complete fading of S0 mg-L™" RhB could be
achieved after 150 min of degradation, the removal efficiency of the chemical oxygen demand reached 56.1% at 300 min, and the
degradation process of RhB followed the pseudo-first-order kinetic model very well. Under the attack of hydroxyl radicals, partial
RhB was degraded to low-molecular-weight organic acids through N-demethylation and the destruction of the conjugated
chromophore. Various techniques including scanning electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and
cycle voltammetry were used to examine the changes in the morphology and structure, as well as the activity of the Sb-doped SnO,/
Ti electrode before and after use. The Sb-doped SnO,/Ti electrode could be reproduced in batches, and each electrode was reused
up to eight times without a significant decrease in degradation ability; the leaching amount of antimony was significantly lower than
the national emission standard. The electrocatalytic oxidation of the dye wastewater sample was also performed with the desired
results, indicating that electrochemical oxidation is a very promising technology for the treatment of alkaline dye wastewater using a

Sb-doped SnO,/Ti electrode.

1. INTRODUCTION a great challenge to completely remove them and meet the
treatment standards.”” Therefore, efficient and sustainable
treatment technologies are needed to purify organic dye
wastewater for environmental protection. Due to high
efficiency, fast reaction, and broad adaptability, the advanced

Industrial wastewater originating from various production
activities, such as printing and dyeing, pharmaceutical, coking,
and petrochemical, has high chroma, pH value and toxicity,
and poor biodegradability.' Among them, organic dye
wastewater with aromatic ring structure and xenobiotic
properties has attracted more attention in the past decades,
since they are noxious, highly carcinogenic, and nonbiode-
gradable. Organic dyes can not only hinder the self-purification
of water but also bring toxic effects on the food chain by

oxidation processes (AOPs) can effectively degrade organic
dyes and even completely mineralize them by using the
generated active species.” As an “environment-friendly” AOP,
electrocatalytic oxidation technology has the advantages of

directly poisoning aquatic organisms or disrupting biological Received: October 24, 2023
processes through light infiltration, even at very low Revised: ~ November 16, 2023
concentrations.” However, the traditional wastewater treat- Accepted: November 22, 2023

ment methods, such as adsorption,” coagulation,” and Published: December 6, 2023

membrane separation,” merely transfer these organics to a
solid phase or result in secondary pollution, which brings about
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simple equipment and operation, high efficiency without
secondary pollution, and easy automation and combination
with other treatment methods. Based on the excellent ability to
generate reactive oxygen species, such as hydroxyl radical
(OH) on an anode surface, electrocatalytic oxidation
technology has been identified as an efficient and potential
method to remove organic dyes from wastewater.”"’

As a typical organic dye, Rhodamine B (RhB) can color the
water even at very low concentrations (approximately 1.0 mg:
L™"), thus hindering the photosynthetic processes of aquatic
organisms.'" Moreover, RhB has been found to have potential
carcinogenicity, teratogenicity, and mutagenicity, and is
difficult to degrade in the natural environment.'”~"* In recent
years, many studies have used RhB as the representative
pollutant to investigate the treatment of organic dyes in
wastewater and various anodes have been developed by boron-
doped diamond (BDD),"® dimensionally stable anodes
(DSA),'*'7 PbO,,"**° Sn0,,'*'™** and several new
materials.”> ™% In these studies, the effectiveness of electro-
oxidation for the degradation of RhB has been proven, but it
should be noted that these electrocatalytic oxidation processes
usually run under neutral or weakly acidic conditions and the
degradation performance of RhB in alkaline medium is not
satisfactory. Liu et al.”® reported that the removal efficiency of
RhB was only 10% at the initial pH of 9, which is significantly
lower than 96% in acid medium (pH 3) using the carbon
nanotubes (CNTs)/agarose (AG) membrane on the ITO
(indium tin oxide) electrode. Afterward, a similar phenomenon
was also found in the study of Wu et al,'” and they prepared a
PbO,/Sb-Sn0O,/TiO, nanotube arrays electrode to degrade
RhB, and the removal efficiency of RhB in alkaline medium
(pH 11) was 66.8%, corresponding to that of 99.7% in neutral
medium. However, alkaline organic wastewater is ineluctable.
In addition to the dye wastewater, some coking wastewater and
pharmaceutical wastewater are also alkaline. Adjusting the
initial pH before electro-oxidation treatment will consume a
large amount of acid and increase the salinity of wastewater,
which is neither economical nor technically feasible. Moreover,
the pH of the aqueous phase can significantly affect the
degradation of pollutants, the selectivity of reactions, and the
stability of electrodes.””” Therefore, it is of great significance
to improve the degradation efficiency of RhB in an alkaline
medium by electrocatalytic oxidation technology.

The practical feasibility of electro-oxidation technology for
wastewater treatment requires the development of low-cost
anodes with enough activity and stability. Compared with
expensive BDD and gold electrodes, the lead-leaching risky
PbO,-based electrode, and complicated composite electrodes,
the anode based on SnO,—Sb is considered as the most
promising alternative with the advantages of low cost, simple
preparation, and high ability to generate hydroxyl radicals.”**
Based on the above considerations, we studied the electro-
catalytic degradation of RhB in alkaline medium using Sb-
doped SnO, coated on a titanium mesh electrode (Sb-doped
SnO,/Ti electrode). The degradation kinetic of RhB, the role
of hydroxyl radicals in RhB elimination, the chemical oxygen
demand (COD) removal, and the possible degradation
pathways in the alkaline medium were investigated. The
morphology and structure of this electrode before and after use
in RhB degradation were characterized by various techniques
and its electrochemical performance and stability in an alkaline
degradation system were also examined. Moreover, the
potential application of the Sb-doped SnO,/Ti electrode for

the degradation of the alkaline dye wastewater was
demonstrated.

2. MATERIALS AND METHODS

2.1. Regents and Materials. All reagents and chemicals
were of analytical grade unless stated otherwise. Rhodamine B
(RhB), antimony oxide, stannous chloride dihydrate, and 2,5-
dihydroxybenzoic acid were purchased from Adamas Reagent
Co., Ltd., China. Acetic acid and methanol (HPLC grade)
were supplied by Sigma-Aldrich (USA), and other reagents
were purchased from Chengdu Kelong Chemical Reagent Co.,
China. All solutions were prepared with deionized water. RhB
stock solution (500 mg-L™") was prepared in deionized water,
and stored at 4 °C in the dark. The reaction solutions were
freshly prepared by diluting the stock solution with deionized
water. The initial pH of the reaction solution was adjusted by
either 0.1 M HCI or 0.1 M NaOH when necessary. The
titanium mesh with 1 mm thickness (>99.6% purity) was
purchased from Shengyuan Co. Ltd., China, and was processed
into the specification of 5 cm X S cm with a tail for
electrochemical test.

2.2. Fabrication of the Sb-Doped SnO,/Ti Electrode.
The preparation of the Sb-doped SnO,/Ti electrode using a
triethanolamine-assisted method has been described in our
previous work.”” Briefly, the titanium mesh was burnished with
sandpaper (120 mesh), cleaned with ultrapure water, and then
sonicated in 1.0 M NaOH solution for 30 min to remove
organic-like substances and oxides. Second, the treated Ti-
mesh was soaked in 10% oxalic acid solution at 80 °C until the
convex-concave structure appeared on the plate surface and
then stored in methanol for oxidation resistance. Sb,0; (6.0 g)
was first dissolved in 25 mL of 0.3 M HCI to form SbCl,
solution, and then 300 mL of triethanolamine (TEA) was
added and stirred at room temperature (25 + 2 °C).
Subsequently, 600.0 g of SnCl,-2H,0 was mixed with the
above solution and stirred for 3 h to obtain a white viscous
solution. Finally, the viscous solution was mixed with 62.0 mL
of a 34% Na,SiO; solution and 10.0 mL of a 1.0 M NaOH
solution to form the precursor. To fabricate the Sb-doped
SnO,/Ti electrode, the precursor was sprayed uniformly onto
the Ti mesh and immediately transferred into a furnace. The
coated Ti-mesh was calcined at 450 °C for 10 min, and then
cooled to the room temperature. The aforementioned
treatments were repeated for three times, and the last
calcination process was performed for 1 h.

2.3. Characterization of the Sb-Doped SnO,/Ti
Electrode. The surface morphology, elemental composition,
phase analysis, and structure of the Sb-doped SnO,/Ti
electrode before and after use were characterized by scanning
electron microscopy (SEM, Zeiss supraSS, Germany), energy
dispersive spectrometry (EDS, Oxford X-max 80, Britain), X-
ray diffraction (XRD, Bruker D8 Advance, Germany) and X-
ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250Xi, USA), respectively.

The electrochemical performance of the Sb-doped SnO,/Ti
electrode was assessed by a three-electrode cell system
connected to an electrochemical workstation (CHI660E,
Chenhua Co., Ltd., China). The Sb-doped SnO,/Ti electrode,
Ti-mesh (5 cm X 5 cm), and Hg/HgO electrode were used as
the working electrode, auxiliary electrode, and reference
electrode, respectively. During the test, 10 mg-L™' RhB
solution (pH 11) was employed for cyclic voltammetry (CV)
analysis with a sweep rate of S0 mV-s™' and a scan range from
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Figure 1. Variations of RhB removal efficiency (a) and COD removal efficiency (b) during the electrochemical oxidation (the inserts indicate the
degradation kinetic curves of RhB and COD by using the Sb-doped SnO,/Ti electrode) (the initial concentration of RhB: 50 mg-L ™", the initial pH

of the reaction solution: 11).

—1.50 to 1.50 V. The stability of the Sb-doped SnO,/Ti
electrode was investigated by the current—time (i—t) mode.
The i—t curve was obtained in a NaOH solution (pH 11) for
14 h at an applied voltage of 10.0 V.

2.4. Performance for the Degradation of RhB. The
schematic diagram of the electrochemical degradation device is
shown in Figure S1 (Supporting Information). Five hundred
milliliters of RhB solution (pH 11) was added into a 600 mL
electrolytic cell, and then the Sb-doped SnO,/Ti electrode (5.0
cm X 5.0 cm) and Ti-mesh (5.0 cm X 5.0 cm) were inserted
into the electrolytic cell with a distance of 1 cm and served as
the anode and the cathode, respectively. The electrochemical
degradation of RhB was carried out at a constant voltage of 5.0
V at room temperature. The reaction solution (1 mL) was
collected at a certain time interval for RhB detection, and the
removal efficiency was calculated according to the concen-
tration change of RhB.

2.5. Degradation of Real Dye Wastewater. The indigo
production wastewater was collected from Huacai Chemical
Industrial Co., Ltd. (Chongqing, China) and was used as real
dye wastewater for the electrochemical degradation by an Sb-
doped SnO,/Ti electrode. The indigo production wastewater
had been pretreated by the sewage treatment station in the
factory, and its color was yellow-brown. The pH of this
wastewater was 10, and the COD concentration was about 700
mg-L™". The pH and COD concentration of this wastewater
are both higher than the values (pH 6—9, COD 80 mg-L™") set
in the discharge standards of water pollutants for dyeing and
finishing of the textile industry of China (GB 4287-2012).
Five hundred milliliters of dye wastewater sample was added
into the electrolytic cell, and then the electrochemical
degradation was carried out according to Section 2.4.

2.6. Sample Analytical Methods. The concentration of
RhB was measured by a UV—vis absorption spectrometer
(UV1800, Persee, China) at 555 nm. The chemical oxygen
demand of the reaction solution was determined with a COD
measurement apparatus (ET99722 Lovibond, Germany). The
degradation products of RhB were identified by a liquid
chromatography—mass spectrometry instrument (LC-MS, LC-
2020, Shimadazu, Japan) with ShimNex HE C,g column (250
mm X 4.6 mm, S ym, Shimadazu, Japan). Mobile phases A and
B were acetonitrile and 0.1% formic acid, respectively. The
gradient elution program was used as follows: 0 — 10 min,

mobile phase A 5%; 10 — 30 min, A 5% — 60%; 30 — 45
min, A 60% — 95%; 45 — 50 min, A 95% — 5%. The
separation was carried out at the column temperature of 40 °C
with a flow rate of 1 mL-min™, and the injection volume was
10 pL. The MS spectra were monitored by full scan mode and
operated by using an electrospray ion source in negative and
positive ion modes. The capillary voltage was 4.5 kV, and high-
purity nitrogen was used as the collision gas, cone gas, and
atomizing gas.

The concentration of hydroxyl radical was calculated
according to the product (2,5-dihydroxybenzoic acid) amount
by using salicylic acid (SA) as a probe. 2,5-Dihydroxybenzoic
acid (2,5-DHBA) was determined by high-performance liquid
chromatography (HPLC, LC-20A, Shimadazu, Japan) with an
Inertsil ODS-SP column (250 X 4.6 mm, 5 pum, Shimadazu
GL-science, Japan) at 30 °C. Mobile phases consisted of
methanol and 0.05% phosphoric acid (40:60, V/V) with a flow
rate of 1 mL-min~', isocratic elution. The injection sample
volume was 20 yL, and the UV detection wavelength was 320
nm.

3. RESULTS AND DISCUSSION

3.1. Electrocatalytic Degradation Performance of RhB
in Alkaline Medium. To investigate the electrocatalytic
degradation performance of RhB in an alkaline medium, 50
mg-L™" RhB was degraded in the simulated alkaline waste-
water, and the obtained results are shown in Figure la. It can
be found that the removal efficiency of RhB can reach 68.9% in
60 min and achieve nearly 100% in 150 min with the Sb-doped
SnO,/Ti electrode, while they are only 56.1% and 10.0% in
300 min with the nondoped SnO,/Ti electrode and Ti-mesh
electrode, respectively. These results demonstrate that Sb
doping in the active layer can significantly improve the
electrocatalytic activity of the SnO,/Ti electrode. In order to
provide a more comprehensive description of the electro-
catalytic process of RhB, COD removal was used as the
evaluation index to investigate the mineralization effect (Figure
1b). Different from the significant increase in RhB removal
observed in the first 60 min, the COD removal shows a
relatively gentle declining trend and reaches 56.1% after 300
min. The reason may be that the intermediate products
compete with RhB for hydroxyl radicals, ultimately reducing
the mineralization efficiency of RhB.
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Figure 2. Effect of salicylic acid (a) and the initial pH (b) on RhB degradation (the initial concentrations of RhB and SA: 25 mg-L™").

Using the Sb-doped SnO,/Ti electrode, the removal
processes of RhB and COD followed the pseudo-first-order
reaction kinetic equation, and the kinetic curves are shown in
the insets of Figure lab. The results indicate that the
degradation processes of RhB follow this model very well (R* >
0.98), implying that diffusion played a dominant role during
the degradation process.”* The removal rate constants of RhB
and COD can be calculated as 0.0258 and 0.0027 min™},
respectively. Compared with other electrodes (Table SI,
Supporting Informations), the removal efficiencies and rate
constants of RhB by Sb-doped SnO,/Ti electrode are higher
than those by PbO, electrodes,'”*’ NiCo,0, electrode*® and
particle electrode,”” but lower than those with BDD
electrode,” TiO, nanoclusters/Sb-SnO, electrode,”” porous
Au electrode,”® and CNTs/AG membrane on ITO electrode.”
In this work, we degraded RhB in alkaline medium; however,
other studies degraded RhB usually in a neutral or acidic
medium, and the removal efficiency of RhB in alkaline medium
involved in these studies is lower than that of our work.
Considering the electrode materials, electrode preparation, and
degradation performance, the Sb-doped SnO,/Ti electrode has
good application potential in the treatment of alkaline dye
wastewater.

3.2. Role of Hydroxyl Radicals in the Electrocatalytic
Degradation of RhB. Electrocatalytic degradation of organic
compounds can be accomplished through both direct and
indirect oxidation. Direct oxidation refers to the fact that
organic molecules are adsorbed on the electrode surface and
then directly oxidized with a low reaction rate, not involving
anything other than electrons. In indirect oxidation, organic
molecules are oxidized by electro-generated reactive species
(e.g, OH, S,04°7, CIO~ and O, ”), which does not require the
addition of oxidant and can increase the mineralization
efficiency of the organic pollutant.”” In addition to ‘OH, the
formation of other reactive s?ecies was related to the nature of
the supporting electrolyte.”* In this work, no supporting
electrolyte was used and no other reactive species were
generated in the reaction system except ‘'OH, so the oxidation
of RhB caused by other reactive species can be neglected.
Based on the strong ability of salicylic acid (SA) to capture
‘OH and the stability of its hydroxylation product (2,5-
DHBA),*® 25 mg-L™" SA was used as the scavenger to evaluate
the role of ‘OH in RhB degradation, and the obtained results
are shown in Figure 2a. It can be found that the removal
efficiencies of 25 mg-L_1 RhB are 76.2, 94.8, 97.1, and 98.6% at
30, 60, 90, and 120 min in the absence of SA, whereas those

48483

are 43.8, 55.3, 589, and 62.0% in the presence of SA,
respectively. These results indicate that partial -OH radicals are
captured by SA, which can obviously inhibit the degradation of
RhB, suggesting that ‘OH plays the main role in the
electrocatalytic degradation of RhB.

The amount of reactive species generated in the electro-
chemical process can be controlled by many factors, including
the treatment technique, electrode, the pH of the reaction
solution, etc.’”* The variations of RhB removal in different pH
solutions can indirectly reflect the electrocatalytic oxidation of
RhB by 'OH radicals in this system. As shown in Figure 2b, the
removal efficiencies of RhB are 47.4, 81.2, 99.9, and 95.6% at
the initial pH of 7, 9, 11, and 13 at 120 min, respectively. It
should be noted that the maximum removal efficiency is
obtained in a pH 11 solution at 90 min. Under alkaline
conditions, the electrode surface becomes negatively charged,
which induces a significant number of hydroxyl ions to be
adsorbed on the tight layer of the double electric layer.””
During the electrocatalytic degradation of RhB, hydroxyl ions
are oxidized by the reactive oxygen species within the metal
lattice and cause the transfer of outer layer electrons, thereby
promoting the generation of hydroxyl radicals and enhancing
RhB degradation.

As an active free radical, ‘'OH can not only have strong
oxidation ability in the electrolytic process but also oxidize
organic molecules into CO, and H,O. Therefore, as the ‘OH
scavenger, excess SA was added separately to the electro-
catalytic oxidation system to assess the 'OH generation
capability of the Sb-doped SnO,/Ti electrode, and the -OH
concentration can be calculated through 2,5-DHBA concen-
tration based on the stoichiometric relationship between SA
and 'OH. As the time increases, the amount of 2,5-DHBA
gradually increases (Figure S2, Supporting Information),
demonstrating that ‘'OH radicals are generated gradually with
the increase of reaction time. The generation rate of ‘OH can
be represented by the slope of the linear fitting curve of the
"OH concentration versus the reaction time, which was 0.3776
mol-L™"min~".

3.3. Morphological and Structural Changes of the Sb-
Doped SnO,/Ti Electrode before and after Use. The
surface morphology of the Sb-doped SnO,/Ti electrode before
and after use was characterized by SEM, and it is shown in
Figure 3. It can be seen that the surface of the Sb-doped SnO,/
Ti electrode before use is compact and exhibits a flat and
lamellar morphology, and the coatings of the partial area
display a multilayer structure and cluster structure (Figure 3a),
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Figure 3. SEM images of Sb-SnO,/Ti before (a) and after use (b).

likely due to the multiple spraying and pyrolysis. After the
electrochemical degradation in alkaline medium for 7 h, the
used electrode shows a similar surface morphology to the
freshly prepared one with no obvious “crack-mud” structure
(Figure 3b), indicating that the coatings have good adhesive
properties to the Ti substrate, and the relatively intact and
dense oxide coatings possibly improve the corrosion resistance
of the electrode, thus prolonging its service life.”®

The XRD patterns of the Sb-doped SnO,/Ti electrode and
the Ti mesh are shown in Figure 4a. Apparently, no diffraction
peaks corresponding to titanium are observed in the XRD
pattern of the Sb-doped SnO,/Ti electrode, which proves that
the active coatings uniformly and densely cover the Ti
substrate, and can effectively prevent the formation of the
TiO, passivation layer during the electrocatalytic process.’”
The results of the EDS analysis (Figure S3, Supporting
Information) also confirm this conclusion. A series of
diffraction peaks of the Sb-doped SnO,/Ti electrode are
observed at 26.60°, 33.84°, 37.95° 51.74°, 54.73°, 61.85°,
64.68°, 65.93° and 78.60° (20), assigned to the (110), (101),
(200), (211), (220), (310), (112), (301), and (321) crystal
planes of SnO,, respectively.’ These peaks are consistent with
the standard data in PDF card No. 41-1445 of SnO,,
demonstrating that the surface coatings on Ti mesh are
primarily composed of SnO, crystals with a tetragonal
structure.”' Particularly, the diffraction peaks at 26.60°,
33.84° and 51.74° are sharp and strong, indicating that
Sn0, is polycrystalline with three dominant crystal planes.*”
No diffraction peaks corresponding to Sb and its oxide are
observed in the XRD pattern of the Sb-doped SnO,/Ti
electrode, but the EDS results proved the presence of Sb
(Figure S3, Supporting Information), indicating that the
surface coating is primarily composed of SnO, crystal, while
Sb does not form a separate phase. Due to a similar ionic
radius with Sb>* (0.61 A) and Sn** (0.71 A), Sb>* could enter
into the crystal lattice of SnO, as an ion form to replace Sn*" at
high temperatures.”” Compared with the freshly prepared
electrode, the main peaks and their intensities are nearly
identical, and no additional diffraction peaks are detected in
the XRD pattern of the used electrode, indicating that the
crystal structure of SnO, remains unchanged after use and the
Sb-doped SnO,/Ti electrode exhibits good stability.

The chemical composition and oxidation state of each
element on the electrode surface were examined by XPS
(Figure 4b). The results confirm the existence of Sn, Sb, N, C,
and Cl in the Sb-doped SnO,/Ti electrode before and after
use. The small amount of Cl detected on the electrode surface
likely originates from SbCl; and SnCl,-2H,O, and the presence
of C and N elements may be mainly attributed to the addition
of triethanolamine during the electrode preparation process. A
comparison of the Sn 3d spectra of the electrode before and
after use is shown in Figure 4c. The two strong and asymmetric

peaks of Sn 3d correspond to the binding energy positions of
486.9 and 495.3 eV, with a gap of approximately 8.4 eV
between them, which are consistent with the reported data of
spin—orbit splitting, demonstrating that Sn is in +4 valence
state and exists in the form of SnO,.*>** The Sn 3d binding
energy of the freshly prepared electrode is slightly higher than
that of the electrode after use, which may be attributed to the
different bonding environments of Sn atom at the interface of
Sn0O,, indicating that the average electron density around Sn**
in the freshly prepared electrode is lower than that of the
electrode after use.”” The XPS spectra of Sb 3ds, and O 1s are
overlapped, showing the mixed spectra after the peak splitting
treatment of the electrode before and after use in Figure 4d,e.
The binding energy position at ~530.8 eV corresponds to the
characteristic peak of Sb 3ds,,, demonstrating the presence of
Sb**, which can provide plenty of free electrons to narrow the
band gap of SnO, and improve its conductivity, leading to
more hydroxyl radicals physically adsorbed.**™* The O 1s
peak consists of two peaks with binding energy values at
~530.4 and ~531.7 eV, respectively. The former is attributed
to the lattice oxygen Oy, originated from the metal oxide
(Sn0O,), while the latter is referred to as the adsorbed oxygen
(O,4s) associated with the adsorbed hydroxyl oxygen species
(Sn—OHs) and/or hydrated species.”” ™" 0,4 can participate
in the generation of reactive oxygen species at the electrode—
solution interface, and play an important role in the
electrocatalytic oxidation process.”” Figure 4d,e show that
the percentages of O,4, and Oy, on the electrode surface have
changed obviously before and after use. The intensity change
of the Oy, peak exhibits an increasing trend, while the intensity
of the O,y peak decreases after the electrode use, which may
be due to the participation of the adsorbed hydroxyl in the
electrocatalytic oxidation of RhB."*

3.4. Electrochemical Performance Change of the Sb-
Doped SnO,/Ti Electrode. Figure 4f shows the CV curves of
the Sb-SnO,/Ti electrode in 10 mg-L™" RhB solution (pH 11).
The current density initially decreases and then partially
recovers with the increase of scanning times, suggesting that
the freshly prepared electrode shows much better electro-
catalytic oxidation activity and then slightly decreases with the
continuous run. This is likely due to the interaction between
the surface-adsorbed hydroxyl groups and the unstable Sn
atoms formed by the dissolution of SnO, lattice under alkaline
conditions, resulting in the formation of the nonconducting
Sn—OH, which can impair the electrochemical activity of the
electrode to some extent. However, the generation of hydroxyl
radicals during the electrolytic process causes the trans-
formation of Sn—OHs into SnO,, thereby reinforcing the
activity and stability of the electrode.”® The high oxygen
evolution potential (OEP) of the electrode is critical for the
generation of hydroxyl radical, which can facilitate free radical
production and reduce the current loss due to the oxygen
evolution reaction during electrochemical oxidation. Corre-
spondingly, changes in the OEP during electro-oxidation were
also observed. In the beginning, the OEP of electro-oxidation
of RhB is around 1.52 V (vs RHE) but shifts to 1.66 V (vs.
RHE) after scanning 500 cycles. The increase of OEP
demonstrates that the Sb-doped SnO,/Ti electrode prefers
to generate 'OH for the oxidation of RhB rather than
converting into O, at the same potential, and thus the
electrocatalytic activity of the electrode is partially restored.”*
After scanning 500 cycles, the appearances of the oxidation
peaks at —0.02 and 1.40 V, and the reduction peaks at —0.14
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Figure 4. XRD patterns (a), XPS spectra (b), high-resolution XPS spectra of Sn 3d (c), high-resolution XPS spectra of O 1s and Sb 3d (d and e) of
the Sb-doped SnO,/Ti electrode before and after use, and CV curves (f) of the Sb-SnO,/Ti electrode in RhB solution (pH 11).

and 0.98 V on the blue curve indicate that the valence state of

Sn or Sb on the electrode surface has changed, which can

promote the production of ‘OH.>®

3.5. Degradation Mechanism of RhB by the Sb-

Doped SnO,/Ti Electrode. The UV—vis absorption spectra

and discoloration effects during RhB degradation were
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detected, and the results are shown in Figure Sa,b, respectively.
Because the absorption of RhB is mainly due to the large
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Figure 5. UV—vis spectra (a) and discoloration effects (b) of RhB
solution during the electrochemical oxidation (the initial concen-
tration of RhB: 50 mg-L ™", and the initial pH of the reaction solution:
11).

conjugated chromophore, the characteristic absorption peak
intensities of RhB at 261, 354, and 555 nm gradually decrease

with the degradation of RhB, indicating that large conjugated
chromophores are attacked by hydroxyl radicals. The
predominant absorption peak at 555 nm determines the
chroma of RhB, and the weakening of the peak intensity at 555
nm leads to the decolorization of the sample solution.
Moreover, the weakening of the absorption peak intensity at
354 nm indicates that the accumulation of highly toxic quinone
compounds is not observed.” It is noteworthy that a new
strong absorption peak appears around 207 nm at 30 min,
which is attributed to the formation of more aromatic
compounds during RhB degradation. Combining the removal
results of RhB and COD, we speculate that the skeleton
structure of xanthene and some functional groups, such as
multiple conjugated chromophores by carbon—carbon double
bonds, are destroyed during RhB degradation.

The degradation intermediate products of RhB were
identified by HPLC-MS, and the obtained results are presented
in Table S2 (Supporting Information), and the possible
degradation pathways of RhB are proposed in Figure 6. The
first step of RhB degradation is the N-de-ethylation. The p-
type electron orbital of N is bound to the benzene ring, making
the ethyl group at the N-position easily attacked due to
electron delocalization. Therefore, hydroxyl radicals produced
in the electrocatalytic oxidation first cause the N-de-ethylation
of RhB to form product I (CysH,,N,05", m/z = 415), product
11 (C,,H,3N,05%, m/z = 387), product III (CyH;sN,05", m/z
= 331)."*°° Subsequently, hydroxyl radicals attack the N-de-
ethylation products to induce denitrification and decarbox-
ylation reactions, thus forming product IV (C,0H;sNO;, m/z =
318) and product V (CoHsNO, m/z = 274).”" Then,
hydroxyl radicals continue to attack the structural center of
RhB, leading to the destruction of the conjugated xanthene
structure, e.g., the cleavage and ring-opening of product V form
product VI (C;3H,0, m/z = 181) and small molecule organic

Product I, m/z=415

Product IV, m/z = 318

o (

OH
0.
CH; HO

o OH

Product VI, m/z =181 Product VII, m/z = 154

Figure 6. Possible Electrochemical Degradation Pathways of RhB.

Product VIIL, m/z = 122
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Figure 7. Schematic illustration of the electrocatalytic oxidation mechanism of RhB.

acids, such as product VII (C,H¢O,, m/z = 154) and product
VI (C,H4O,, m/z = 122).%°

Combining the analysis of the degradation pathways and
UV—vis absorption spectra, the degradation mechanism of
RhB using the Sb-doped SnO,/Ti electrode was speculated,
and the schematic illustration is shown in Figure 7. During the
electrocatalytic oxidation of RhB, a great number of ‘OH
radicals are generated on the surface of the Sb doped-SnO,/Ti
electrode. 'OH radicals can attack RhB and its oxidation
products, causing the N-de-ethylation of RhB and cleavage of
chromophore groups, and then, the cleavage products of
chromophore groups can be oxidized to low-molecular-weight
organic acids through ring opening and eventually be
converted into CO, and H,O through further mineralization.

3.6. Characteristics of the Sb-Doped SnO,/Ti Elec-
trode. The reproducibility, reusability, and stability of the Sb-
doped SnO,/Ti electrode deserve careful attention for the real
applications. A low RSD of removal efficiency (3.8% for S0 mg-
L' RhB) was obtained by three electrodes prepared in one
batch. Batch-to-batch reproducibility was investigated by the
electrodes prepared in six batches, among which the RSD of
removal efficiency was 5.2% for 50 mg-L_1 RhB, further
implying that the Sb-doped SnO,/Ti electrode can be
prepared repeatedly. The reusability was investigated by
repeating RhB degradation for eight cycles using the same
electrode, and the results are shown in Figure S4a (Supporting
Information). It can be observed that the removal efficiency of
RhB exhibits a slight decline with the increase of cycle number
of the electrode and is still up to 93.2% after eight cycles, which
maintains 94.1% of the initial removal efficiency. Furthermore,
the i—t curve of the Sb-doped SnO,/Ti electrode was tested
under an applied voltage of 10.0 V in NaOH solution (Figure
S4b, Supporting Information). It can be seen that the current
remains at ~250 mA, even though the electrochemical reaction
lasts for 840 min, showing that the electrolytic performance of
the electrode does not change significantly. Combined with the
results of the repeating experiments and i—t curve, the Sb-
doped SnO,/Ti electrode has high stability.

In order to evaluate the safety of the reaction solution after
electrolysis, Sb concentrations in the degradation system were
measured at 4 and 24 h by ICP-MS. No Sb ion was detected at
4 h degradation, while the dissolved Sb (0.004 mg-L™") was
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detected at 24 h degradation, which is significantly lower than
the discharge standards of water pollutants for dyeing and
finishing of textile industry of China (<0.1 mg-L™!, GB 4287-
2012) and emission standards of pollutants for stannum,
antimony and mercury industries of China (<0.3 mg-L™!, GB
30770-2014). These results indicated that the Sb-doped SnO,/
Ti electrode has good reusability, high stability, and low
antimony-leaching risk and meets the requirements of RhB
degradation.

3.7. Application to the Treatment of Real Dye
Wastewater. In order to assess the practicability of the
proposed method, an indigo wastewater sample (pH 10, COD
~ 700 mgL™') was degraded by the Sb-doped SnO,/Ti
electrode, and the obtained results are shown in Figure S5
(Supporting Information). It can be observed that the
wastewater becomes colorless after 12 h degradation, and the
removal efficiency of COD reaches 90.1% with its concen-
tration below the discharge standard value of China (<80 mg:-
L™', GB 4287-2012). After 24 h degradation, the COD
concentration is below the detection limit (<4 mgL™"),
indicating that most of organic compounds in this wastewater
have been converted into CO, and H,0. Therefore, the Sb-
doped SnO,/Ti electrode is a promising anode to efficiently
remove of dye in real wastewater.

4. CONCLUSIONS

In this work, an Sb-doped SnO,/Ti electrode was used to
degrade RhB in an alkaline medium. The removal efficiency of
50 mg-L™' RhB in alkaline solution (pH 11) reached 99.1%
after 150 min of degradation, and the degradation process
followed the first-order reaction kinetic model very well. This
electrode displayed high stability in alkaline medium based on
the morphological and structural changes and i—t curves before
and after use. Hydroxyl radicals (OH) played a very important
role in RhB degradation, which could destroy the stable
chemical structure of RhB and realize effective mineralization.
The electrode showed high reusability, stability, and safety
during the degradation of RhB in alkaline medium, and has
been successfully applied to the treatment of real dye
wastewater. Electrocatalytic degradation is a promising
technology to treat alkaline dye wastewater by the Sb-doped
SnO,/Ti electrode.
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