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Preface

This scientific work focuses its research efforts on wastewater treatment technologies, with

a particular emphasis on the development and optimization of novel catalysts designed for the

effective removal of both organic and inorganic pollutants from wastewater. The scope of the research

encompasses a variety of catalysts’ synthesis and modification, including precious metals, modified

electrodes, magnetic activated carbon particles, and nanomaterials. These catalysts are utilized

in different wastewater treatment processes, such as electrochemical oxidation, Fenton reactions,

and photoelectrocatalysis. The purpose of these studies is to provide new insights and develop

cost-effective and more efficient methods for pollutant removal. This research aims to improve

the feasibility and acceptability of wastewater treatment by introducing innovative catalysts and

technologies, thereby mitigating environmental pollution and safeguarding ecosystems. The list of

authors who contributed to this Special Issue, arranged in alphabetical order, is as follows: Banglong

Wan, Bo Jia, Changan Yang, Dan Shao, Donggi Wang, Duowen Yang, Fanxi Zhang, Fuqiang Liu,

Guilu Xu, Guodong Chai, Guodong Wang, Haiqin Lu, Hang Ma, Hao Xu, Haochen Yan, Haojie

Song, Heyun Yang, Hongxiang Zhu, Hui Jin, Jia Wu, Jiali Yu, Jianhua Xiong, Jiaxin Hou, Jin Yang,

Jinna Zhang, Kai Chen, Lei Feng, Lihai Lu, Lijun Wang, Lin Xie, Lu Gan, Lu Qin, Meshack Appiah

Ofori, Mingyu Li, Minrui Li, Naiyun Gao, Peiguo Zhou, Peng Xi, Qiang Tian, Qing Feng, Qiongfang

Wang, Ruicheng Li, Shangyuan Xu, Shihu Shu, Shirong Zong, Shuangfei Wang, Siyuan Guo, Sizhe

Wang, Tianyu Lu, Wangtong Hu, Wei Qian, Wei Yan, Wenchang Zhao, Wenjing Yang, Wentian Zheng,

Wenyu Hu, Xiaodan Yang, Xiaohua Jia, XiaoliangLi, Xin Ru, Xing Xu, Xinwei Lu, Xuanqi Kang, Xue

Wang, Yanbiao Liu, Yanping Zhu, Yishan Lin, Yishi Qian, Yizan Gao, Yong Li, Yongyi Wu, Yuanyuan

Zhang, Yuling Dai, Yunhai Wang, Yuru Wang, Zenghui Diao, Zhen Wei, Zhi Long, Zhicheng Xu,

Zhifei Jiang, Zihuan Li, Zongbiao Dai. Compiling these research findings into a single publication

creates a centralized repository of knowledge on the latest wastewater treatment technologies for

the academic community, industry professionals, and policymakers. The target audience for this

scientific compilation includes environmental scientists and engineers, academic researchers and

students, investors, and entrepreneurs. We extend our gratitude to the journals, their editors, and all

the authors who contributed to this Special Issue, as well as to all the funding bodies and institutions

that supported the associated scientific work.

Hao Xu and Yanbiao Liu

Editors
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Abstract: To achieve low-carbon and sustainable development it is imperative to explore water
treatment technologies in a carbon-neutral model. Because of its advantages of high efficiency,
low consumption, and no secondary pollution, electrocatalytic oxidation technology has attracted
increasing attention in tackling the challenges of organic wastewater treatment. The performance of an
electrocatalytic oxidation system depends mainly on the properties of electrodes materials. Compared
with the instability of graphite electrodes, the high expenditure of noble metal electrodes and boron-
doped diamond electrodes, and the hidden dangers of titanium-based metal oxide electrodes, a
titanium sub-oxide material has been characterized as an ideal choice of anode material due to its
unique crystal and electronic structure, including high conductivity, decent catalytic activity, intense
physical and chemical stability, corrosion resistance, low cost, and long service life, etc. This paper
systematically reviews the electrode preparation technology of Magnéli phase titanium sub-oxide
and its research progress in the electrochemical advanced oxidation treatment of organic wastewater
in recent years, with technical difficulties highlighted. Future research directions are further proposed
in process optimization, material modification, and application expansion. It is worth noting that
Magnéli phase titanium sub-oxides have played very important roles in organic degradation. There
is no doubt that titanium sub-oxides will become indispensable materials in the future.

Keywords: electrocatalytic oxidation; anode materials; Magnéli phase; titanium oxide; wastewater treatment

1. Electrocatalytic Oxidation Technologies

The rapid development of modern industries in various fields directly brings about
growing pollution and ever-increasing refractory and toxic substances in the different liquid
effluent. Traditional wastewater treatment methods have difficulty meeting the environ-
mental requirements for such organic wastewater [1]. Advanced oxidation technology has
developed rapidly in recent years as a practical approach to constructing a carbon-neutral
treatment mode and realizing the green development of wastewater treatment technologies.
Electrocatalytic oxidation technology is a promising way of removing organic pollutants. It
is a green chemical technology that adopts electrodes with favorable catalytic performance
to generate hydroxyl radicals (or other radicals and groups) with strong oxidation ability
and react with the organic pollutants in the solution to decompose them into H2O and
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CO2 [2,3]. Compared with traditional water purification technologies, it has drawn signifi-
cant interest thanks to its advantages, such as strong oxidation capacity, with no chemical
agents added, and clean and mild conditions [4–6].

1.1. Technique Principle

As shown in Figure 1, the principle of electrocatalytic oxidation technology can be
divided into direct oxidation and indirect oxidation [7,8]. Direct oxidation refers to the
process in which the pollutant is adsorbed directly on the anode surface and oxidized
by losing its electron. It can be oxidized to substances easily for less toxic biochemical
treatment, or can even be directly and deeply oxidized to H2O and CO2 to achieve the
purpose of removing organic pollutants from wastewater. Kirk et al. [9] studied the anodic
oxidation process of aniline and believed that aniline was oxidized through an electron
transfer reaction, which was a typical direct anodic oxidation process.
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Figure 1. Schematic diagram of direct oxidation (a) and indirect oxidation (b) of electrocatalytic
oxidation technology.

Indirect oxidation refers to strong oxidizing free radicals from an anode reaction
(• OH [10], O2 •, • HO2, etc.), or products from an intermediate reaction (such as a
chlorine-active substance) that are generated in the electrode surface or spread to the
aqueous solution for pollutants oxidation, ultimately achieving the degradation of organic
pollutants. Taking hydroxyl radicals as an example, the reaction processes are as follows:

H2O→ ·OH + H+ + e− (1)

R + 2·OH→ RO + H2O (2)

2 ·OH→ H2O +
1
2

O2 (3)

In most actual electrocatalytic oxidation processes, there is no definite sharp boundary
between direct oxidation and indirect oxidation. However, the above two processes are
usually both included [11]. Li et al. [8] studied removing azo dyes from water by oxidation
using different kinds of electrodes. They found that the oxidation process was mainly
determined by direct oxidation for some active electrodes (Ru and IrO2). In contrast, both
direct oxidation and indirect oxidation of active radicals influenced the oxidation process
of inactive electrodes (BDD and PbO2).

1.2. Anode

The electrocatalytic oxidation system is a composite system, mainly including an
anode, cathode, power supply, electrolytic cell, and other supporting equipment [12].
Electrode material is the key point of electrocatalytic technology because any research on
electrocatalytic technology must be based on a certain electrode material with superior
performance [13–15]. The electrode not only maintains the conductive process (i.e., conduc-

2



Catalysts 2022, 12, 618

tivity) but also activates the reactants (i.e., catalytic activity), increases the electron transfer
rate, and performs the promotion and selection functions for electrochemical reactions. In
addition, to meet the requirements of practical use, electrode materials are also supposed
to have satisfactory properties in stability and economic performance.

The active substances with oxidizing ability produced by the anode play an essential
role in the removing of organic pollutants. At the same time, side reactions (such as oxygen
evolution reactions) can also occur at the anode, which will burden the reaction energy
consumption of the system. Therefore, selecting electrode materials (especially anode
materials) in the electrocatalytic oxidation system is crucial. The electrode materials used
in academic research and engineering practice mainly include graphite electrodes (graphite
electrode and BDD electrode), noble metal electrodes (Pt electrode), and titanium-based
metal oxide electrodes.

Graphite electrode refers to the electrode composed of carbon, which is usually used for
dye decolorization studies due to its high adsorption and larger specific surface area [16–18].
Its strong adsorption can also incur adverse effects for the spread of the intermediate, caus-
ing the accumulation of the products on the electrode surface and covering the active site
to impair the electrode, resulting in a loss of catalytic activity, which extensively limited its
widespread application. Common noble metal electrodes are Pt, Ru, Au, etc. [19,20]. This
electrode has good corrosion resistance and high oxygen evolution potential, while the
high expenditure restrains its use in the industrial field of electrocatalytic oxidation. The
BDD electrode is considered competent in electrocatalytic oxidation to organic matters with
superior performance, which has good electrical conductivity, high oxygen evolution poten-
tial, strong corrosion resistance, and good stability [21]. However, its preparation process
is relatively complex with high costs. The electrode surface can form more thin-polymer
film in the degradation process, leading to electrode passivation, which cannot be ideally
used in practical engineering [22,23]. Titanium-based metal oxide electrode uses a titanium
sheet as the substrate and is covered with one or more metal oxide coatings, also known
as a dimension stable anode (DSA). Common metal oxide coatings on DSA electrodes
mainly include Sb-SnO2 [24–27], IrO2 [28], RuO2 [29], and PbO2 [30–34]. At present, there
are many investigations on the doping modification methods of the Ti/PbO2 electrode,
mainly including the doping ion [35–37], introducing the intermediate layer [38], doping
nanoparticles [39,40] and regulating the micro-morphology of electrode materials [41,42].
Compared with the instability of graphite electrodes and the high price of noble metal
electrodes and boron-doped diamond electrodes, titanium-based metal oxide electrodes
have attracted great attention and are widely applied in practice because of their relatively
low-price and simple preparation as well as easy functionalization and modification [43].

Nonetheless, there are still many obstacles when using titanium-based metal oxide
electrodes in the practical application of the electrocatalytic oxidation system, mainly focus-
ing on the following four aspects, namely safety, catalytic activity, economy, and stability:

(1) Potential safety hazards: Due to intrinsic properties, traditional titanium-based metal
oxide electrodes (including the PbO2 electrode, Sb-SnO2 electrode, and Ir/Ru/Ta
series electrode) have an issue of surface metal element dissolution in reactions, which
will last during the entire life cycle of the electrode, resulting in a significant risk of
secondary pollution [44]. In addition, there is a significant scaling phenomenon on the
cathode surface in the engineering practice of electrocatalytic oxidation technology.
Once the scale layer thickens and results in the connection between anode and cathode,
the anode surface layer will be penetrated and corroded, seriously impairing the safe
and stable operation of the system [45,46];

(2) Inadequate catalytic capacity: The yield of the hydroxyl radical on the surface of the
Sb-SnO2 electrode and Ir/Ru/Ta electrode is not sufficient. Although the hydroxyl
radical yield of the PbO2 electrode is higher than that of the former two, it is mainly
in the adsorption state [47] and incompetent for effective degradation, bringing its
oxidation capacity even lower than that of the Sb-SnO2 electrode [48,49];
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(3) Poor economy: Although it is relatively cheap compared with the noble metal elec-
trode and BDD electrode, the titanium-based metal oxide electrode still requires the
use of noble metal salt to prepare a brush coating solution in the preparation pro-
cess, resulting in high cost and vulnerability to fluctuations in noble metal market
price [50,51];

(4) Stability to be improved: The above-mentioned PbO2 electrode, Sb-SnO2 electrode,
and Ir/Ru/Ta series electrode all have a surface-active element dissolution, surface
oxide layer loss, and titanium base passivation in the use process (especially with F−

ion or high concentration Cl− ion), which leads to the irreversible inactivation of the
electrode [52,53]. Thus, the stability needs further improvement.

The above discussion demonstrates many problems in the practical application of the
anode materials currently used. Hence, it is urgent to develop new electrode materials to
meet the requirements of electrocatalytic oxidation technology.

1.3. Magnéli Titanium Sub-Oxides Material

Titanium is a metal material with abundant storage (only second to iron) and excellent
biosafety performance. However, it was used as the substrate material for electrodes
because of the easy formation of an insulating oxide layer on its surface [54]. However,
when the valence state of titanium is lower than Ti3+, its properties will be completely
different from those of traditional titanium oxides [55,56], which have attracted widespread
attention since its discovery.

1.3.1. Crystal Structure of Titanium Sub-Oxides Material

Magnéli titanium sub-oxide is a general term for a series of non-stoichiometric titanium
oxides, whose generic formula is TinO2n−1 (4 ≤ n ≤ 10) [57], including a series of titanium
oxides, such as Ti4O7, Ti5O9, and Ti6O11.

The crystal structure of Magnéli titanium sub-oxides can be regarded as a network
structure composed of a two-dimensional chain of titanium dioxide with multiple titanium
atoms at the center and oxygen atoms at the apex in an octahedral structure [58]. For
example, as shown in Figure 2a, the Ti4O7 crystal is composed of three regular octahedral
TiO2 layers and one TiO layer due to the vacancy of an oxygen atom in every four layers
and the apparent shear plane of the crystal structure. The TiO layer forms a shared edge
perpendicular to the surface due to the vacancy of oxygen atoms, resulting in titanium
atoms closer together to form a conductive band. In contrast, a TiO2 layer on both sides of
the TiO layer can wrap the conductive band of titanium sub-oxides, which determines the
strong corrosion resistance of Ti4O7.

1.3.2. Physicochemical Properties of Titanium Sub-Oxides Material

The unique lattice structure makes titanium sub-oxide materials possess unique physi-
cal and electrochemical properties, such as high conductivity, superior chemical stability,
and a wide electrochemical stability potential window [59]. The conductivity of titanium
sub-oxides is in the same order of magnitude as carbon rods. As shown in Table 1, the
conductivity of Ti4O7 material is the highest, which can reach 1500 S·cm−1, about twice
that of graphite (727 S·cm−1).

Recent research shows that Ti4O7 is exceptionally stable in a strong corrosive solution
and an alkali environment. As shown in Table 2, the mass loss of Ti4O7 in the fluorine-
containing acidic electrolyte is only 0.29% after 350 h. In a high concentration HF/HNO3
electrolyte, the mass loss is only 12.7%, far better than that of metal Ti. Some studies
have also stated that the expected half-life of Ti4O7 is 50 years in 1.0 M H2SO4 at room
temperature [60].
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Table 1. Electrical conductivity of each phase of titanium sub-oxides at 298 K [58].

TinO2n−1 (s) Electrical Conductivity (σ/S cm−1) Lg (σ/S cm−1)

Ti3O5 630 2.8
Ti4O7 1035 3.0

Ti4O7 * 1995 3.3
Ti5O9 631 2.8
Ti6O11 63 1.8
Ti8O15 25 1.4

Ti3O5 + Ti4O7 410 2.6
Ti4O7 + Ti5O9 330 2.5
Ti5O9 + Ti6O11 500 2.7

* Another preparation method was used to prepare Ti4O7.

Table 2. Comparison of corrosion resistance between Ti4O7 and Ti [58].

Sample Electrolyte 150 h Quality Loss/% 350 h Quality Loss/%

Ti
HF

22 100
Ti4O7 0.017 0.29

Ti
HF/HNO3

100 100
Ti4O7 0.56 12.7

In addition, Figure 2b illustrates that the difference between the oxygen evolution
potential and hydrogen evolution potential of Ti4O7 is nearly 4 V in a 1.0 m H2SO4 solution,
which exhibits a promising application prospect in the field of electrocatalytic oxidation [61].

Furthermore, the titanium sub-oxide material can be considered a low-cost material,
and the properties of the titanium-based material make it intrinsic for electrode safety.
Therefore, titanium sub-oxide is suitable as electrode material in electrocatalytic degra-
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dation, with superior properties meeting the requirements for selecting electrodes in the
electrocatalytic oxidation system [62–64].

As a kind of conductive material, titanium sub-oxide material has the advantages of
high conductivity, decent catalytic activity, strong physical and chemical stability, high
corrosion resistance, low cost, and long service life, etc., which is considered a kind of
catalytic electrode with great development potential. At present, many domestic and
foreign studies have used titanium sub-oxide material to treat various types of refractory
organic wastewater, highlighting the unique advantages of titanium sub-oxides in the field
of electrocatalytic oxidation.

According to the classification of different electrode forms, a great deal of work was
summarized on the preparation and application of titanium sub-oxide electrodes. Then, the
existing technical problems and challenges were also put forward, with further prospects
for the future development direction.

2. Preparation Methods of Titanium Sub-Oxides Electrode

At present, there are three types of titanium sub-oxide materials used in the elec-
trocatalytic oxidation wastewater systems, including a coated electrode, integrated elec-
trodes, and composite electrodes. Different kinds of electrodes have their own advantages
and disadvantages. Many researchers have made many contributions in optimizing the
preparation process and improving the performance of electrodes, which is conducive to
broadening the application prospect of titanium sub-oxides electrodes.

2.1. Preparation of Titanium Sub-Oxides Powder

As the primary raw material for electrode preparation, titanium sub-oxides powder
has been used in many processes. Current synthesis methods of titanium sub-oxides
powder focus on reducing of titanium dioxide at a high temperature between 600 and
1000 ◦C [65–67]. In addition, there are also studies on the preparation of titanium sub-
oxides powder using metallic titanium, organic titanium, inorganic titanium, and other raw
materials as precursors [68–70]. Briefly, titanium dioxide is used as a prevalent raw material
due to its abundant reserves and relatively low cost [71]. Table 3 lists the principles and
process comparisons of the three methods of carbothermal reduction, hydrogen reduction,
and metallothermic reduction using titanium dioxide as the precursor.

Table 3. Synthesis methods of titanium sub-oxides powder with TiO2 as precursor.

Synthesis Method Principle Process Condition and Results References

Carbothermal reduction nTiO2(s) + C(s) = TinO2n−1(s) + CO(g) C-Ti4O7 was obtained at 1025 ◦C in
N2 gas flow. [72]

Hydrogen reduction nTiO2(s) + H2(g) = TinO2n−1(s) + H2O(g) Ti4O7 was obtained at 1050 ◦C in
H2 gas flow. [73]

Metallothermic reduction
nTiO2(s) + Me(s) = TinO2n−1(s) + MeO(s)

Ti4O7and Ti6O11 were obtained by
mechanical activation of Ti and
TiO2 powder and annealing at

1333–1353 K in Ar gas flow for 4 h.

[74]

(2n−1) TiO2(s) + Ti(s) =
2TinO2n−1(s)(n = 1,2,3 . . . )

With silicon as reducing agent and
calcium chloride as additive, TiO2
powder was reduced to various

mixed phases of titanium sub-oxide
under different

experimental conditions.

[75]

2.2. Titanium Sub-Oxides-Coated Electrode

Titanium sub-oxides-coated electrode refers to the preparation of titanium sub-oxides
powder by reduction and other methods, which is then coated or deposited on the anode
substrate, which is adopted as a catalytic electrode. The preparation methods of coating
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electrodes mainly include the coating methods, magnetron sputtering methods, the elec-
trodeposition method, and the sol–gel method, etc. As shown in Figure 3, the performance
of the electrodes prepared vary depending on the preparation processes.

2.2.1. Coating Method

The coating method includes coating, spraying, and powder curing technology, among
which plasma spraying is a new kind of multipurpose spraying method with relative
maturity and precision. Thanks to its characteristics of ultra-high temperature, fast jet
particles, compact coating density, high bond strength, inert gas as the working gas, and no
easy oxidation of spraying material, etc., it is widely used in the preparation of titanium
sub-oxides electrodes. Teng et al. [76] coated titanium sub-oxides powder on titanium
mesh and titanium plate by plasma spraying technology, which successfully prepared a
Ti/Ti4O7 electrode. The preparation process and characterizations are shown in Figure 3a,b.
Ti4O7 powder was approximately spherical and uniformly and compactly covered on a Ti
matrix, providing a large surface area and more active sites for the electrochemical reaction.
The electrode had high conductivity and low oxygen evolution potential, presenting fair
oxidation activity to sulfadiazine. Soliu et al. [77] also prepared a Ti/Ti4O7 electrode by
plasma spraying technology, which was employed for the electrocatalytic degradation of
amoxicillin. In the plasma spraying system, 20–60 µm of Ti4O7 particles were sprayed on
the surface of the pretreated titanium plate under the conditions of a 700 A current, argon,
and with hydrogen-mixed gas (19.6% H2) as the carrier at 2 rpm.

Al, carbon cloth, and other conductive substrates are also alternatives for the matrix
and the coating on a titanium base. Han et al. [78] successfully coated Ti4O7 ceramic
particles on an Al substrate by plasma spraying. The system was operated under the
condition of a 10 V spray voltage in a nitrogen atmosphere, and the accelerated life of the
prepared electrode was 69.6% longer than that of the commonly used titanium-based SnO2
electrode. The current efficiency and energy consumption were increased by 5.59% and
16.2%, respectively, with electrochemical performance greatly improved. Geng et al. [79]
impregnated a layer of TiO2 on a porous Al2O3 matrix by the coating reduction method.
The as-prepared electrode was aged at room temperature for 2 h, dried at 100 ◦C for 1 h,
and sintered in air at 800 ◦C, which was all repeated two to eight times, and it was finally
reduced in the H2 atmosphere at 1050 ◦C to obtain the Ti4O7 layer. The conductivity
of the prepared electrode is more than 200 S cm−1, with the particle size of the coating
in the 200–300 nm range and the average pore size being 350 nm, exhibiting superior
electrochemical properties.

This technology pretreated the substrate and coated the anode surface with a dense
and uniform Ti4O7 particle coating, which has the advantages of simple operation, low
equipment maintenance cost, and flexible regulation performance. However, there are
still technical problems, such as the weak adhesion between the substrate and the coating,
which impairs the stability of the electrode.

2.2.2. Magnetron Sputtering Method

Magnetron sputtering is a physical vapor deposition method with the advantages of
easy control, a large coating area, and strong adhesion. In Ar + O2 plasma, Wong et al. [80]
deposited a series of TiOx(0 < x ≤ 2) films with different O/Ti ratios on silicon substrates
by reactive magnetron sputtering and discussed the effects of the oxygen flow rate and
substrate temperature on the structural properties, mechanical properties, and electrical
properties of the films, respectively. The results showed that the titanium, Ti(-O) solid
solution, TiO, Ti2O3, Magnéli, rutile, and anatase TiO2 phases appeared successively with
the increase of the oxygen flow rate. The conductivity decreased with the rise of oxygen
content but increased with the elevation of the deposition temperature. The hardness of
the films changed in the order of TiO > Ti2O3 > Ti4O7. Titanium sub-oxides films with high
performance can be obtained at the deposition temperature of 500 ◦C. These thin films
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possessed properties in terms of a small crystal diameter, the proper crystal structure of
defects and grain boundaries, and good electrocatalytic oxidation performance.

Li et al. [81] also explored the magnetron sputtering method to deposit titanium
sub-oxide on MGO-ZrO2 plasma electrolytic oxidation (PEO) coating at different lining
temperatures. XRD results shown in Figure 3e demonstrate that the relative content of
titanium sub-oxide in the coating is relatively high at a higher temperature, while the
content is almost zero at room temperature. Therefore, the temperature of the lining greatly
influences the composition of the coating.

This technology is easy to control, with a stable prepared electrode morphology and a
strong coating adhesion. In contrast, the composition is relatively impure, and is greatly
affected by various preparation factors.

2.2.3. Electrodeposition Method

Ertekin et al. [82] successfully prepared titanium sub-oxide thin-film electrodes by
the electrochemical deposition of titanium peroxide solution on indium tin oxide-coated
glass with acetonitrile and hydrogen peroxide as supporting electrolytes. This study also
confirmed the feasibility of the electrochemical deposition of crystalline TinO2n−1 film, a
preparation method with an electrochemical application prospect. SEM characterization in
Figure 3c shows that the surface of the film electrode was porous and granular. Figure 3d
XRD results confirm that different potentials and temperatures greatly influence the crys-
tallinity of the film. At different electrochemical deposition potentials and temperatures,
TinO2n−1 was Ti3O5, Ti4O7, and Ti5O9, among which there was a low content of the Ti4O7
phase with the best performance.

This method is simple to operate with a relatively low cost. However, much the same
as magnetron sputtering, the biggest problem of this technology is that the coating compo-
sition is not easy to control, which will have a significant influence on the performance of
the electrode.
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2.2.4. Sol–Gel Method

The sol–gel method can reduce the temperature required for titanium sub-oxide
electrode preparation. Sasmita et al. [60] used synthetic titanium dioxide powder dispersed
in an aqueous solution of polyacrylic acid as a raw material, with the addition of monomer
(MAM) and a crosslinking agent (MBAM) to the slurry in a ratio of 4:1. Next, 0.01 wt% APS
was added to the mix for 6 h. The slurry was injected into a Teflon mold by adding 10 mL
of TEMED to the slurry for catalytic polymerization. Polymerization took place within
5 min, and the pellets were cast. After drying at 50 ◦C, gel-cast electrodes were prepared by
sintering for 6 h in a tubular furnace at 1050 ◦C.

Perica Paunovic et al. [83] used the Magnéli phase instead of a carbon-based carrier
material as a catalyst carrier for the hydrogen/oxygen evolution electrocatalyst. Magnéli
phase raw materials were pulverized by a ball mill at 200 rpm of acceleration in a dry ball
mill for 4, 8, 12, 16, and 20 h, respectively. The sol–gel method deposited the Co (10 wt%)
metal phase on the Magnéli matrix. With the extension of mechanical treatment time,
the size of the Magnéli phase decreased and the catalytic activity of the corresponding
electrocatalyst increased. However, due to the low surface area of the Magnéli phase, its
activity is not as good as that of corresponding electrocatalysts deposited on other support
materials, such as multi-walled carbon nanotubes.

This method is flexible because of the low cost required for preparation. However, the
catalytic activity of the electrode could be affected to a certain extent due to the doping of
complex coagulant aids.

2.3. Titanium Sub-Oxides-Integrated Electrode

The methods of preparing integrated electrodes mainly include compression reduc-
tion, powder sintering, and membrane preparation by hydrothermal reduction, etc. The
preparation diagrams of different processes are shown in Figure 4.
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2.3.1. Compression Reduction Method

As shown in Figure 4a, TiO2 powder is first pressed, molded, and then calcined
in a reducing atmosphere to produce a titanium sub-oxides-integrated electrode. Rego-
nini et al. [84] mixed titanium dioxide particles with polyethylene glycol as binder under
pressure, sintered them into spheres, and then reduced them into titanium sub-oxide elec-
trodes under the protection of Ar gas at 1300 ◦C. As shown in SEM images of Figure 5a,
compared with titanium dioxide, the prepared electrode had conspicuous furrows to pro-
vide more active sites but did not form porous particles. The XRD results in Figure 5b also
reveal different kinds of titanium sub-oxide phases such as Ti4O7, Ti5O9, and Ti6O11 in the
integrated electrode due to the reduction after pressing. Difficulty in controlling the reduc-
tion degree and an insufficient internal reduction degree resulted in the composite structure
of different layers. The TiO2 layer remaining in the inner layer generated the internal
barrier layer capacitor (IBLC) effect, significantly weakening the electrode performance.

2.3.2. Powder Sintering Method

The powder sintering method can effectively avoid the disadvantages of the com-
pression reduction method. The technical route is shown in Figure 4b, where titanium
sub-oxides powder is prepared before compression sintering. Lin et al. [85] first synthesized
Ti4O7 nanopowder by reducing titanium dioxide nanopowder at 950 ◦C in a H2 atmosphere.
Then, the prefabricated Ti4O7 nanopowder was mixed with polyacrylamide/polyvinyl
alcohol binder to form slurry, and spray dried to small ceramic particles (40–80 mesh, water
volume 5%). After the ceramic particles were loaded into the mold and fully vibrated,
the prefabricated ceramic parts were pressed for 5 min by a 60 MPa static press. The
macroporous Ti4O7 ceramic-integrated electrode was successfully prepared by drying the
ceramic preform and sintering it for 11 h in a vacuum at 1350 ◦C. The average pore size
of the electrode surface was 2.6 µm, and the porosity was 21.6%. The electrode had excel-
lent electrochemical performance, including ultra-high oxygen evolution potential, decent
electrochemical stability, high electroactive surface, and weak adsorption performance.

In addition, Lin et al. [86] studied a new spark plasma sintering (SPS) process, in
which a pulse current was directly applied between powder particles to heat and sintering.
Firstly, 2g performed Ti4O7 powder was put into a graphite mold and vacuumed to less
than 1 Pa. Start sintered at 1100 ◦C for 40 min, then rapid cooling in the vacuum to below
60 ◦C with maintaining sintering pressure is 5 MPa. Finally, the Ti4O7-integrated electrode
was prepared. The characteristics of this process can be evenly heated with a high heating
rate, low sintering temperature, and time, which could avoid the electrode surface cracks
to improve the stability of the electrode.

Sasmita et al. [60] also successfully adopted the powder sintering method to success-
fully produce a titanium sub-oxides-integrated electrode. They mixed Ti4O7 powder and
paraffin oil, pressed and formed under the action of a hydraulic press, and sintered at
1050 ◦C for 6 h in a H2 atmosphere. As shown in Figure 5c,d, the electrode surface is porous
and granular, and the component is still Ti4O7.

The binder selection varies in different studies, but the principle is that the selected
binder will volatilize entirely as far as possible in the operation process of high-temperature
reduction. To sum up, a pure, stable, and uniformly integrated titanium sub-oxides elec-
trode can be prepared by the powder sintering method; however, its application is limited
to the shape and size. The cost is relatively high because the integrated titanium sub-oxides
electrode with a large volume is not accessible to press and sinter.
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2.3.3. Membrane Preparation by Hydrothermal Reduction Method

A tubular titanium dioxide membrane can also be used to synthesize a titanium sub-
oxides electrode, where titanium dioxide will be reduced to Ti4O7 after hydrothermal
treatment. The specific path is shown in Figure 4c. Guo et al. [85] used a tubular titanium
dioxide ultrafiltration membrane and reduced it to Ti4O7 by a hydrothermal method in a
tubular furnace at 1050 ◦C in a H2 atmosphere. With different treatment times, the main
composition of the membrane also changed, and the phase change from Ti6O11 to Ti4O7
occurred from 30 h to 50 h. Based on this, Liang et al. [86] designed a set of tubular electrode
assembly reactors using titanium oxide thin film, in which stainless steel tubes (SSP) were
used as cathodes, and tubular titanium oxide film was placed in the center of the tubes as
anodes, making full use of advantages such as the good stability and low internal resistance
of thin-film electrodes. The optimal conditions for the catalytic degradation of methylene
blue are as follows: the removal rate was close to 100% when the current density was
9 mA·cm−2 for 90 min.

Besides, Mitsuhiro et al. [87] further studied the preparation of Ti4O7 film by the
gradual oxidation of titanium foil. Ti4O7 films with a thickness of 3 µm were success-
fully prepared on the surface of titanium foil by annealing in air and heating to 1173 K
at low-oxygen partial pressure. The surface of the electrode was characterized by four
layers of several hundred nanometer-sized equiaxed particles. The thin film has excellent
electrocatalytic oxidation performance and can absorb light in visible and near-infrared
regions, making it have specific application prospects in photocatalysis.

2.4. Titanium Sub-Oxides Composite Electrode

The composite electrode is also a recent research hotspot for electrode performance
improvement. It can be mainly divided into titanium sub-oxides modified by other kinds
of electrodes and titanium sub-oxides doped with other metals.

2.4.1. Titanium Oxide-Doped Composite Electrode

By doping Magnéli phase Ti4O7, the electrocatalytic activity and the stability and con-
ductivity of specific electrode materials can be increased to some extent. Zhang et al. [88]
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prepared a Ru@Pt-type core–shell catalyst containing Ti4O7 (Ru@Pt/Ti4O7) by microwave
pyrolysis. In this method, the mixture of the ruthenium precursor and TiO2 was heat-
treated in a H2 atmosphere, Ru nuclei were obtained on the Ti4O7 carrier, and platinum
shells were generated by microwave radiation. The characterization results showed that
the catalytic material had a core–shell structure of Ru core and Pt shell, which significantly
improved PT-Ru’s durability. Zhao et al. [89] synthesized a MoS2/Ti4O7 composite HER
electrocatalyst by the hydrothermal method. Under the condition of 0.5 M H2SO4, the
hydrogen evolution activity of the MoS2/Ti4O7 composite catalyst was significantly im-
proved. The results presented that, with the addition of conductive carrier Ti4O7, the HER
activity of MoS2 could be significantly enhanced by the formation of an interface SeO-Ti
bond, thus improving the electrochemically active surface area fast charge transferability.

Wang et al. [90] compared the morphology, structure, and electrochemical properties
of Ti4O7-modified LiNi0.8Co0.15Al0.05O2 (NCA) with the original NCA. Compared with the
original one, the Ti4O7 modified NCA electrode exhibited better cycling performance and
specific capacity thanks to its improved stability and conductivity. At the current density
of 2000 mA·g−1, the electrode with 0.5 wt% Ti4O7 had a capacity of 159 mA·g−1, higher
than the original electrode with a capacity of 94 mA·g−1. After 50 cycles, the capacity
retention rate increased to 88% at 40 mA·g−1. Guo et al. [91] studied the morphology,
crystal structure, electrochemical properties, electrocatalytic oxidation performance, and
stability of a PbO2 electrode modified with different doses of Ti4O7 by the electrochemical
deposition method. The results showed that Ti4O7 modification could significantly improve
the surface morphology of the electrode, improve the current response of the electrode,
and reduce the impedance of the electrode. Under 1.0g·L−1 as the best deposition amount,
the decolorization rate of dye wastewater can reach 99%, and the TOC removal rate can
reach 65%, in 180 min. The accelerated lifetime of the electrode was 175 h, 1.65 times longer
than that of the PbO2 electrode (105.5 h). The above studies indicate that the composite
electrode doped with Ti4O7 has a good application prospect.

2.4.2. Metals-Doped Composite Titanium Sub-Oxides Electrode

In addition, there are many types of research on the modification of titanium sub-
oxides electrodes doped with other metals. For example, Linet et al. [86] doped a Ce3+

electrode preparation by the powder sintering method. Compared with the electrode before
doping, the increased oxygen evolution potential and the reduced internal resistance of
the charge transfer of the prepared electrode could be obtained, and the degradation effect
of perfluorooctane sulfonic acid (PFOS) was further improved because the doping of Ce3+

resulted in more active sites on the electrode surface, which improved the rapid transfer
of charge. Huang et al. [92] studied the effects of loaded crystalline and amorphous Pd
on titanium sub-oxides electrodes prepared by plasma spraying technology. The results
showed that the performance of electrodes doped with Pd was greatly improved. The
effect of amorphous Pd was more obvious due to the disordered atomic arrangement of
amorphous metals and the unsaturated coordination of amorphous metals. The amorphous
metal formed a stronger interaction with the substrate, and this electron-metal interaction
support (EMSI) enhanced electron transfer, which ultimately promoted the oxidation
kinetics of the electrode. The above study demonstrated that doping Pt, Ce, Pd, and other
active substances positively affects the performance of the titanium sub-oxides electrode,
which means it is of further research interest.

3. Application of Titanium Sub-Oxides Electrode in Electrocatalytic Oxidation Wastewater

Compared with other commercial electrodes, including commercial graphite, stainless
steel, and dimensional stability anode (DSA) electrodes, the electrochemical oxidation rate
of the Ti4O7 anode was reported to be higher than that of other electrodes. Table 4 lists
the performance comparison of several common electrodes with the Ti4O7 anode. The
Ti4O7 anode has superior electrocatalytic activity, high oxygen evolution overpotential, and
stable material properties that make it suitable for the electrochemical treatment of many
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pollutants, such as drugs, dyes, and phenolic organic matter (Table 5 lists the effects of
titanium sub-oxide anode treatment on different organic matters).

Table 4. Performance comparison of several common electrodes with Ti4O7 anode.

Type Oxygen Evolution Potential
(OEP V vs. Ag/AgCl) Accelerated Life * (h) Type

Graphite 1.0 - [93]
Pt 1.51 - [93]

BDD 2.5 - [94]
Ti/PbO2 1.85 0.5 [95]
Ti/SnO2 1.81 12 [93]

Ti/SnO2 + Sb2O3/PbO2 1.98 16 [96]
Ti4O7 2.28 31.2 [78]

* In 1 M H2SO4 solution, it was considered as failure when the voltage rose to 10 V under the current density of
1 A cm−2.

Table 5. Titanium sub-oxides as electrode electro-oxidation to degrade organic matter.

Organic Matter Electrode Processing Conditions Treatment Effect Reference

Sulfamerazine
(SMR) TF/Ti4O7

Current density 10 mA·cm−2,
pH 2.

After 60 min, the removal
rate of SMR was 48.09%. [97]

Tetracycline (TC) Ti4O7
Current density 10 mA·cm−2,

initial pH 4.51.
The degradation rate of TC

within 3 h was 97.95%. [77]

Methyl orange (MO) Ti4O7

Current density 10 mA·cm−2,
initial dye concentration is

100 mg L−1.

COD removal rate
reaches 91.7%. [98]

Acid red B Ti4O7
Voltage 0.5 V, pH 7.0, acid red B

concentration 400 mg L−1.
After 7 h, the dye removal

rate can reach 91.95%. [99]

Phenol Titanium Sub-Oxide Initial concentration is 100 mg L−1,
voltage 12 V, pH 3.0.

The degradation rate of
phenol within 3 h was
92.22%, COD removal

rate 94.26%.

[100]

4-Chlorophenol Titanium Sub-Oxide
Membrane

Initial concentration is 20 mg L−1,
current density 5 mA·cm−2.

After 2 h, COD met the
discharge standard, and

the mineralization rate of
4-chlorophenol was 64%.

[101]

3.1. Antibiotic Wastewater

Antibiotic pollutants have attracted attention due to high COD concentration, difficulty
in biodegradation, and strong pollution. Titanium sub-oxide materials can play a strong
role in the degradation of antibiotic pollutants.

Teng et al. [76] successfully prepared Ti/Ti4O7 electrodes using plasma spraying
technology. They studied the electrochemical catalytic oxidation reaction of sulfadiazine
(SDZ), a typical antibiotic, using the electrode as an electrode anode. The results showed
that under the degradation conditions of 0.05 mol L−1 sodium sulfate, pH 6.33, and a
current density of 10 mA·cm−2, the SDZ removal rate reached almost 100% after 60 min.
It is demonstrated that the Ti/Ti4O7 anode had a high oxygen evolution potential and
long-term stability in the treatment of actual pharmaceutical wastewater. Moreover, the
network structure of the Ti/Ti4O7 anode can obtain a large electrochemically active surface
area and improve the mass transfer between the electrolyte solution and anode.

Soliu et al. [77] also used plasma spraying technology to prepare Ti4O7 electrodes
and compared it with several common commercial electrodes to study the electrochemical
catalytic oxidation reaction of amoxicillin. The results revealed that, under low current
intensity, the mineralization efficiency of the DSA and Pt anode was low. The TOC removal
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rate of the DSA and Pt anode was 36% and 41%, respectively. In comparison, the TOC
removal rate of the Ti4O7 anode can reach 69%.

Wang et al. [102] evaluated the performance and complete pathway of tetracycline
(TC) electrochemical oxidation on a Ti/Ti4O7 anode prepared by plasma spraying. The
results showed that the electrochemical oxidation of TC on the Ti/Ti4O7 anode followed
pseudo-first-order kinetics, and the TC removal efficiency can reach 95.8% in 40 min. The
anode also had high stability, and the TC removal efficiency remained above 95% after five
times of repeated use.

3.2. Dye Wastewater

Dye wastewater is also a significant field of electrocatalytic oxidation wastewater
treatment technology. Wang et al. [98] successfully prepared titanium sub-oxides electrode
material by spark plasma sintering technology and conducted electrocatalytic oxidation
research on azo dye methyl orange (MO). The results showed that with the increase of the
current density and the decrease of the initial concentration of MO, the removal rates of
MO and COD presented an upward trend, and the complete removal of MO was achieved
in a relatively short time. When the current density is 10 mA·cm−2 and the initial dye
concentration is 100 mg·L−1, the COD removal rate can reach 91.7%. The degradation
pathways of MO on the Ti4O7 electrode can be divided into two types: (1) the active
substance first attacked the azo bond and the large conjugated system formed by benzene
ring; (2) the active substance first attacked the azo bond and the C−N bond on the benzene
ring. As the degradation reaction goes on, the final products are H2O and CO2.

Wang Yu [99] compared the carbon cloth and the titanium sub-oxides electrochemical
oxidation device on the degradation of methylene blue decolorizing effects, and the results
demonstrated that the reaction rate of the titanium sub-oxides anode was 3.7 times that of
carbon cloth and the titanium sub-oxides electrode of methylene blue mineralization rate
can reach 83.5%, but carbon cloth was only 42.6%. Therefore, the degradation of methylene
blue by titanium sub-oxides was mainly mineralization. The experimental results showed
that when the pH of the electrolyte is 3.01, the current density is 1.13 mA·cm−2, and the
concentration is less than 100 mg·L−1; therefore, the electrochemical oxidation device of
titanium sub-oxides can be operated with a better degradation rate and mineralization rate,
higher Coulomb efficiency, and a lower reaction energy consumption.

3.3. Wastewater Containing Phenols

The refractory organic wastewater containing phenols has the characteristics of compre-
hensive sources, brutal treatment, and substantial destruction. At the same time, the titanium
sub-oxides electrode can also achieve the effective degradation of phenolic pollutants. For
example, Tan Yang [101] studied the electrochemical oxidation process of 4-chlorophenol
wastewater by anodizing the titanium sub-oxides film material. The results showed that the
target substance diffused faster at the titanium sub-oxides film electrode/solution interface
compared with the BDD film electrode. When the initial concentration of 4-chlorophenol was
20 mg·L−1, the electrolyte solution, membrane flux, and current density were 0.04 mol·L−1

sodium sulfate solution, 0.023 mL·cm−2·s−1, and 5 mA·cm−2, respectively, and the removal
rate of 4-chlorophenol can reach 100%. After 150 min, both COD and chromaticity can reach
the discharge standard with low energy consumption.

In addition, Ping Geng [62] synthesized a pure Magnéli Ti4O7 nanotube array (NTA)
by reducing lithium titanate with hydrogen at 850 ◦C. Compared with Ti4O7 particles and
Ti4O7 NTA, the chemical oxygen demand (COD) removal rate of phenol increased by 20%.
The degradation coefficient, COD removal rate, and current efficiency of pure Ti4O7 NTA
were higher than those of boron-doped diamond and other Magnéli phase nanotube arrays.

Wang et al. [101] prepared three anodes (Ti/Ti4O7, Ti/Ti4O7-PbO2-Ce, and Ti/Ti4O7
nanotube array (NTA)), which were used to treat a p-nitrophenol (PNP) solution by elec-
trocatalytic oxidation. After 30 min of treatment, the removal rate of PNP by Ti/Ti4O7
NTA and Ti/Ti4O7 was 89–92%, 10–60% higher than that of Ti/Pt, Ti/RuO2-IrO2, and Ti/
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IrO2-Ta2O5, and equivalent to BDD (95%). In addition, Ti/Ti4O7 NTA and Ti/Ti4O7 have a
decent mineralization effect on the PNP solution.

Maria et al. [103] successfully prepared Ti4O7-porous electrodes with a continuous
layered structure. When the liquid was recirculated through the layered structure of the
electrode, the performance was significantly improved. After 6 h of p-bendasone treatment,
the removal rate was 85% and the mineralization rate was 57%, which was much better
than the commercial electrode currently developed. Ti4O7 is a potential anode material for
electrochemical oxidation due to its high efficiency and low energy consumption.

3.4. Treatment of Mixed Pollutants

The titanium sub-oxides electrode has sound degradation effects on single pollutants
and is suitable for treating wastewater containing mixed contaminants.

Wang et al. [104] studied the feasibility and effectiveness of a titanium sub-oxides
anode in simultaneously removing bacterial pathogens, antibiotics, and antibiotic resistance
genes in water by using an integrated electrode prepared by high-temperature sintering.
The results showed that the degradation rates of tetracycline (TC) and sulfamedimethazine
(SDM) in the same treatment system reached more than 95% after 3 h of treatment. Further
studies found that with the extension of treatment time the activity of bacterial pathogens
was basically zero after 15 min, and the resistance genes were effectively removed. This
was because the EO process produces a large amount of •OH, which can effectively attack
pathogens, resulting in cell damage and reduction of cytoplasm content. This study
confirmed the practical electrochemical degradation ability to mix medical wastewater in a
titanium sub-oxides anode system.

Dan et al. [105] used the titanium sub-oxides-coated electrode prepared by plasma
spraying technology as an anode and compared it with a Ti/RuO2-IrO2 anode to con-
duct the electrochemical treatment of coking wastewater (CW). The degradation results
presented that the titanium sub-oxides electrode had apparent advantages in the COD
removal rate, TOC removal rate, current efficiency, and energy consumption. The COD
removal rate of CW was 78.7% and the TOC removal rate of CW was 50.3%, which were
higher than that of the Ti/RuO2-IrO2 anode. In addition, the removal effects of the two
electrodes for different kinds of PAHs in mixed wastewater were compared, where the
titanium sub-oxides electrode had better performance for most organic compounds.

Pei et al. [61] employed a titanium sub-oxides membrane electrode to treat printing
and dyeing industrial wastewater, which proved that the membrane electrode prepared
by a high-temperature reduction method was mainly composed of Ti4O7 and a small
amount of Ti5O9, with good conductivity, and high oxygen precipitation potential and
electrochemical stability. When the current density was 8 mA·cm−2 and the membrane flux
was 2.31 × 10−3 mL·cm−2·s−1, electrolysis for 1.5 h can effectively treat the actual printing
and dyeing industrial wastewater. The COD removal rate was up to 96.07%, the current
efficiency up to 24.22%, and the energy consumption was reduced by 32.99% compared
with that without the membrane flux. It has important research value and development
potential in small-scale decentralized industrial wastewater treatment.

3.5. Coupling Technology of Titanium Sub-Oxides Anodic Electrocatalytic Oxidation System

The titanium sub-oxides anode electrocatalytic oxidation system still cannot achieve
the best effect for treating complex practical wastewater, which has the disadvantages
of high energy consumption and low electronic utilization rate [106,107]. Therefore, the
coupling application of electrocatalytic oxidation and other technologies has a promising
prospect for development. The coupling technologies mainly focus on photoelectron-
Fenton, electro-Fenton, and ultrasonic enhancement.

Han et al. [108] used a TF/Ti4O7 electrode prepared by loading titanium sub-oxides
powder on the surface of titanium foam (TF) material as the anode and carbon with
nitrogen-modified nickel foam (NF/CN) as the cathode (the experimental device is shown
in Figure 6b). When the current density was 10 mA·cm−2 and the initial pH was 2, the
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removal rate of sulfamethazine (SMR) was 48.09% after the electrocatalytic reaction took
60 min. When the electro-Fenton anodic oxidation system constructed with NF/CN-
TF/Ti4O7 degraded SMR again, the removal rate of 8 h could reach 99.48%, which was
far better than that of the electrocatalytic system. The results showed that the electro-
Fenton mechanism was the primary way to degrade pollutants in the electrochemical
system, with a contributing rate of 71.60%. The coupling of the electro-Fenton and anodic
oxidation system resulted in significant growth in the production of hydroxyl radicals, thus
improving the degradation capacity of the whole system.
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Zwane et al. [109] also used electro-Fenton (EF)-, anodic oxidation (AO)-, and electro-
Fenton-combined anodic oxidation (EF/AO) to degrade tetracycline on the titanium sub-
oxides (Ti4O7) layer (anode) deposited on carbon felt (cathode)/titanium substrate. The
EF/AO coupling system had the highest pollutant removal efficiency compared with EF
and AO. When the initial concentration of tetracycline was 20 ppm and 50 ppm, the removal
rate of total organic carbon was 69 ± 1% and 68 ± 1%, respectively. The reason was that the
EF/AO process with Ti4O7 as anode and CF as a cathode can generate hydroxyl radicals
on the surface of the inactive Ti4O7 electrode and the electro-Fenton process solution on
the cathode carbon blanket, which could reduce the energy consumption and improve
the removal efficiency of tetracycline. It was observed from HPLC data that the optimal
conditions for 20 ppm and 50 ppm tetracycline concentrations were 120 mA and 210 mA,
with complete removal of tetracycline after 30 min.

Estrada et al. [110] studied an embedded activated carbon-filled bed cathode and
a TiO2/Ti4O7 photoelectric anode (the experimental device is shown in Figure 6a). The
experimental results of the photocatalysis (PC), electrooxidation (EO), and photoelectro-
chemical (PEC) of the methyl orange (Mo) model dye solution showed that TiO2/Ti4O7
composite film combined the advantages of the two materials so that anatase TiO2 had
better photocatalytic performance. The partially reduced Ti4O7 had higher conductivity,
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thus promoting the effective decolorization of the dye solution, and the decolorization
rate was close to 70% within 60 min. Based on simulating calculations of (1) photoelectric
chemicals-induced discoloration on the surface of the anode (electric catalytic oxidation
and light contribution), (2) the adsorption and desorption process of dye molecules on the
surface of activated carbon particles and pores, and the (3) Fenton-induced decolorization
of the dye on the surface of the cathode existing in the system, it was concluded that
the surface of the anode photoelectric catalytic contribution was up to 54%. Technical
coupling [111] can improve the yield and utilization rate of hydroxyl radicals in the system.
The Fenton process can also avoid electron quenching in the degradation process and
reduce the energy consumption. In addition, it was proposed that further optimization of
the area/volume ratio of the membrane to the reactor can improve the removal efficiency
of target pollutants.

Yang et al. [112] used a Ti4O7-plate electrode as an anode prepared by plasma spraying,
through coupling ultrasonic strengthening, and the electrical catalytic degradation of chlo-
ramphenicol (CAP) wastewater was conducted (experimental research device, as shown in
Figure 6c). The results confirmed that under the condition of the ultrasonic, targets in the
titanium sub-oxides film electrode/solution interface diffused faster, improving the effi-
ciency of mass transfer. When the initial concentration of chloramphenicol was 20 mg·L−1,
the electrolyte solution, ultrasonic power, current density, and pH were 0.05 mol·L−1

sodium sulfate solution, 150 W, 20 mA·cm−2, and 5, respectively, and the removal rate of
chloramphenicol could reach 100%. The degradation mechanism was direct electrochemical
oxidation induced by •OH and the indirect electrooxidation of Cl−/ClO− intermediates.

4. Summary and Outlook

Titanium sub-oxide materials are considered a candidate for the electrode with great
potential in electrocatalytic oxidation due to their excellent electrochemical performance.
At present, some achievements have been made in the research of titanium sub-oxides in
electrode preparation and wastewater treatment. A variety of stable electrode preparation
technology routes were developed to be applied in the treatment process of wastewa-
ter with various contaminants, further coupling with other technologies to enhance the
treatment efficiency. However, there are still great challenges in the research process,
where the current preparation process is still cumbersome and inefficient, the conditions
for scaling-up production are not available, the stability of the electrode needs to be im-
proved, and the degradation effect of the complex water system is still to be studied. Thus,
the future development direction of titanium sub-oxide materials can be focused on the
following aspects:

(1) Optimization of preparation process: The current relatively stable preparation route
still has the disadvantages of high energy consumption requirements, high tempera-
ture, and low efficiency, in which high-temperature calcination is prone to agglom-
eration. Therefore, it is necessary to further optimize the preparation route at high
temperatures to prepare relatively pure titanium sub-oxides electrodes with high
activity. In addition, the medium- and low-temperature synthesis should be further
explored to avoid the disadvantages resulting from high temperatures and reduce the
preparation costs;

(2) Modification of electrode materials: Studies show that the performance of electrodes
can be significantly promoted by doping with highly active metal elements, and its
degradation mechanisms need further elucidation. By identifying the mechanisms,
the titanium sub-oxide electrode can be further modified and optimized to retain its
excellent electrochemical performance. The original defects are to be made up by
doping and other technical means to develop high-efficiency and low-consumption
electrode products;

(3) Application expansion: The performance of titanium sub-oxides is not limited to
electrocatalysis. Combining an electrocatalytic oxidation system and other technical
means can better develop the hidden performance of the electrode to achieve twice the
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result with half the effort. In addition, the effective construction of an electrocatalytic
oxidation system can also make the electrode material fulfill the maximum function;

(4) Principles exploration: Titanium sub-oxides are a kind of material with excellent
stability. Therefore, it is of great importance to explore the deactivation mechanism
of electrodes for prolonging electrode life. In the electrocatalytic oxidation system,
the effects of different impurity ions on the electrode and the synergistic degradation
principle of complex pollutants demand to be further studied.
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Abstract: Noble metal nanoparticle-loaded catalytic membrane reactors (CMRs) have emerged as a
promising method for water decontamination. In this study, we proposed a convenient and green
strategy to prepare gold nanoparticle (Au NPs)-loaded CMRs. First, the redox-active substrate
membrane (CNT-MoS2) composed of carbon nanotube (CNT) and molybdenum disulfide (MoS2)
was prepared by an impregnation method. Water-diluted Au(III) precursor (HAuCl4) was then
spontaneously adsorbed on the CNT-MoS2 membrane only through filtration and reduced into Au(0)
nanoparticles in situ, which involved a “adsorption–reduction” process between Au(III) and MoS2.
The constructed CNT-MoS2@Au membrane demonstrated excellent catalytic activity and stability,
where a complete 4-nitrophenol transformation can be obtained within a hydraulic residence time of
<3.0 s. In addition, thanks to the electroactivity of CNT networks, the as-designed CMR could also
be applied to the electrocatalytic reduction of bromate (>90%) at an applied voltage of −1 V. More
importantly, by changing the precursors, one could further obtain the other noble metal-based CMR
(e.g., CNT-MoS2@Pd) with superior (electro)catalytic activity. This study provided new insights for
the rational design of high-performance CMRs toward various environmental applications.

Keywords: catalytic membrane reactor; noble metal catalyst; carbon nanotubes; molybdenum
disulfide; water purification

1. Introduction

Recently, catalytic membrane reactors (CMRs) have attracted considerable attention for
various environmental applications [1–3]. In a typical CMR, catalysts could be attached on
or embedded in varying substrate materials [4]. This strategy allows the catalytic reaction
and separation process to occur simultaneously in a single operational unit without the
necessity for a catalyst post-separation [5,6]. In comparison to conventional batch systems,
such a flow-through design features enhanced mass transport by convection, operability,
and scalability. However, it is still a grand challenge to rationally design a high-performance
CMR with excellent catalytic reactivity and separation efficiency.

Gold nanoparticles (Au NPs) have been regarded as promising catalysts due to their
excellent catalytic performance, which have been applied in many important industrial
sectors, such as CO oxidation, hydrogenation reaction, and alcohols oxidation [7–9]. The
specific properties of Au NPs are highly dependent on their nanoscale size and high surface
area [10]. Although these nanoparticles exhibit a better catalytic performance, the direct
use of these nano-catalysts can hardly be achieved due to particle aggregations and the
post-separation of catalyst from solution [11–13]. These restrictions significantly increase
the cost, thus hindering wide industrial applications. To overcome these limitations,
significant efforts have been devoted to constructing catalytic membrane reactors (CMRs)
by integrating the noble metal nanocatalysts with supporting materials [14,15]. Researchers
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have developed various strategies to immobilize these nanoparticles onto carriers, including
coprecipitation, impregnation, and/or in situ growth [16]. However, these typical methods
usually involve toxic hazardous reducing and/or stabilizing chemical reagents [17–19]. In
addition, the harsh flow conditions during catalysis may wash out these catalysts from
the host surface, which would ultimately lead to an evident performance decay over
continuous running cycles. It is, therefore, highly desirable to develop rapid, robust, and
environmentally-friendly CMRs preparation protocols.

Alternatively, the emerging two-dimensional transition metal dichalcogenides, molyb-
denum disulfide (MoS2), may have the potential to address the mentioned problems due to
their advantages of low toxic and sulfur-rich properties [20,21]. Studies have demonstrated
that MoS2, with abundant active sulfur sites, have a high affinity for special metal ions (e.g.,
Pb(II), Ag(I) and Au(III)) via Lewis soft−soft interactions [22–24]. On the other hand, it has
been found that the adsorbed noble metal ions onto MoS2 can spontaneously capture the
electrons released by Mo(IV) to achieve their synchronous reduction, avoiding the need
for additional reductants (e.g., NaBH4) [25–27]. For example, our recently work showed
that the MoS2 nanoflowers could achieve the effective recovery of gold from complex
wastewater involving a two-step adsorption–reduction process [28–30].

Furthermore, the substrate membrane used in the CMR also plays a unique role to
construct a robust system. Various substrates with high stability and water flux have
been reported, such as alumina, polymeric, and graphene oxide [31–33]. Among these
support materials, one-dimensional carbon nanotubes (CNT) may be considered an ideal
substrate due to its porosity, high mechanical strength, large specific surface area, rich
surface chemistry, and electroactivity [34–37]. Moreover, CNT can easily be assembled
into 3D porous and conductive networks by the vacuum filtration route. Therefore, this
easy-modification material could provide a promising platform for improving the stability
and dispersion of MoS2.

In this study, we adopted a rapid and green approach to synthesize the Au-immobilized
CMR (CNT-MoS2@Au). The MoS2-modified CNT (CNT-MoS2) membrane was fabricated
by a simple one-step impregnation method. The MoS2 nanoflowers on the membrane sur-
face allowed the adsorption of [AuCl4]− and the in situ reduction of the adsorbed anions to
Au NPs free of spiking any reducing agents. Morphological, compositional, and structural
characterization were performed to collectively verify the successful synthesis of Au NPs
on the CNT-MoS2-supporting membrane. The catalytic performance of the as-prepared
CNT-MoS2@Au membrane was evaluated using the hydrogenation of 4-nitrophenol (4-NP)
as a model reaction, owing to its well-established characterization protocol and operational
simplicity. The effects of key operational parameters on the performance of membrane
reactors were systematically investigated. The electrocatalytic reduction of bromate (BrO3

−)
was also employed as another model reaction to demonstrate the excellent electrocatalytic
characteristics of the CNT-MoS2@Au membrane. Finally, the non-specificity of CNT-MoS2
membrane for loading different noble metals was emphasized by regulating the precursors.

2. Results and Discussion
2.1. Facile Synthesis of CNT-MoS2@Au Catalytic Membrane

Figure 1 illustrated a facile strategy for the construction of a CNT-MoS2@Au cat-
alytic membrane. The MoS2 was prepared through a hydrothermal process and the CNT
membrane was synthesized via a vacuum filtration route [38]. By impregnating the CNT
membrane in 15 mL of well-dispersed MoS2 ethanol solution (1 mg/mL) for 90 min, the
CNT-MoS2 membrane was obtained after a further heat treatment (140 ◦C for 1 h). To
endow catalytic activity for the CNT-MoS2 membrane, Au NPs were loaded onto the
membrane by passing through the noble metal salt solution (20 mL of 0.1 mM HAuCl4) at
a flow rate of 3 mL/min and pH 4.8 for 90 min. Consequently, a CNT-MoS2@Au catalytic
membrane reactor was constructed. Notably, when compared to conventional synesis
routes, the filtration approach takes less time to achieve the uniform introduction of Au
NPs (e.g., 90 min vs. 48 h) [39]. As filtration proceeded, the color of the Au(III) solution
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visibly changed from light yellow to colorless, whereas the color of the membrane changed
from black to brown-gold (Figure S1), suggesting that Au had been successfully deposited
onto the surface of the CNT-MoS2 membrane. A CNT-alone membrane was prepared as a
control. After passing through 20 mL of 0.1 mM HAuCl4 for 90 min, no visible color change
occurred, demonstrating that a negligible Au(III) was retained by the CNT-only membrane.
This observation also highlighted the essential role played by MoS2 for anchoring Au(III).

Figure 1. Schematic illustration for the synthesis of the CNT-MoS2@Au catalytic membrane.

2.2. Characterization of the CNT-MoS2@Au Catalytic Membrane

Figure 2a showed the FESEM image of the CNT-MoS2@Au membrane. Typically,
MoS2 presented as nanoflowers composed of ultrathin lamellar structures with an average
diameter of 400 nm (Figure S2) [38]. Numerous spherical nanoparticles were observed after
the Au loading, while those MoS2 nanoflowers were disappeared. Similar observations
were reported previously [38]. These bright spherical nanoparticles were later proven to
be metallic Au by using XPS and XRD characterization. The disappearance of the MoS2
nanoflowers may be attributed to the high relative atomic mass of Au, leading to a collapse
of the MoS2 nanoflower structure during the operation. We used FESEM to monitor the
evolution of the catalytic membrane surface during the Au loading process. Figure S3a
showed that MoS2 retained the nanoflower-like structure during the first 30 min and those
Au NPs were observed to deposit on the edge of MoS2 lamellar structures. The energy
dispersive spectroscopy (EDS) was applied to illustrate the elemental distribution for Mo,
S and Au (Figure S3b). The high-degree morphological consistence among these elements
confirmed the successful loading of Au onto MoS2 (Figures S2, S3a and 2a). The XPS spectra
showed that the superficial elemental atomic ratio of the CNT-MoS2@Au membrane was
67.83% C, 8.21% O, 4.74% S, 0.06% Mo, and 19.17% Au (Figure S4). Among them, the high-
resolution Au 4f scan over a small energy window indicated two sets of Au 4f spin−orbit
coupling doublets was observed (Figure 2b), with the 4f5/2 and 4f7/2 centered at 87.6 and
83.9 eV, which were associated with characteristic of Au(0) [40], suggesting an adsorption–
reduction of Au(III) occurred on the membrane’s surface. XRD analysis also indicated that
four distinct diffraction peaks corresponding to metallic Au(0) located at a 2θ of 38.2◦ (111),
44.6◦ (200), 64.7◦ (220), and 77.6◦ (311) were identified (Figure S5) [41].
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Figure 2. Preparation and characterization of the CNT-MoS2@Au catalytic membrane. (a) FESEM
image and (b) high resolution Au 4f XPS spectrum of CNT-MoS2@Au.

2.3. Hydrogenation Reaction of 4-NP

The hydrogenation reaction of 4-NP was employed as a model catalytic reaction to
compare the catalytic performance before and after the Au loading. In a control experiment,
the characteristic peak of 4-NP (λmax = 400 nm) occurred no distinctive change after the
solution (0.1 mM 4-NP and 30 mM NaBH4) passed through the CNT-MoS2 membrane
(Figure S6). This indicated that the unfunctionalized CNT-MoS2 membrane made no
effort toward the 4-NP reduction. In comparison, the 4-NP characteristic absorption peak
quickly decreased once the mixture solution passing through the CNT-MoS2@Au and
CNT-MoS2@Pd membrane. The simultaneous appearance of an alternative absorption peak
at 300 nm corresponded to the presence of 4-aminophenol (4-AP). This confirmed that over
95% of 4-NP was reduced by an effective hydrogenation process just after a single-pass
through the catalytic membrane in the presence of NaBH4. Notably, the ultrahigh catalytic
activity of the membrane was demonstrated by an extremely short hydraulic retention time
of <2 s [42]. Since the NaBH4 concentration significantly exceeds that of 4-NP, the reaction
kinetics can be considered as pseudo-first-order (Equation (1)) [43].

ln(Ct/C0)= −kt (1)

To optimize the catalytic performance, the effects of Au(III) loading time, flow rate,
and initial 4-NP concentration on the reduction of 4-NP were investigated. First, the
effect of loading time of Au(III) (30, 60, 90, and 120 min) on the catalytic performance of
CNT-MoS2@Au membrane was explored, since the loading time was directly correlated
to the introduced Au catalysts. CNT-MoS2@Au membranes were characterized by XPS
to investigate the alternation of Au loading time. The XPS survey pattern at different
loading times (30 and 90 min) suggested that the atomic ratio of Au increased with the
loading time (Figure S4). Results indicated that increasing the loading time from 30 to
90 min led to an improvement in the reduction efficiency of 4-NP (0.1 mM) from 69.6%s to
92.5% at 2 mL/min under pH 8.0 (Figure 3a). This phenomenon can be ascribed to the
better accessibility of 4-NP with Au NPs at an increased Au loading. However, the catalytic
efficiency failed to increase significantly once the loading time further extended to 120 min
(92.6%), which may be associated with the agglomeration of Au NPs (Figure S7) and
burying certain available active sites with a longer loading times. Therefore, the loading
time was fixed at 90 min for the subsequent investigations.
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Figure 3. Effects of (a) Au loading time (30 to 120 min), (b) flow rate (1 to 3 mL/min), and (c) initial
4-NP concentration (0.05 to 1.0 mM) on the conversion of 4-NP using the CNT-MoS2@Au catalytic
membrane. (d) Operating stability in the 4-NP reduction using the CNT-MoS2@Au catalytic mem-
brane (24 h).

The catalytic performance of CNT-MoS2@Au membrane was also affected by the flow
rate. As shown in Figure 3b, increasing the flow rate from 1.0 to 2.0 mL/min significantly
enhanced the reduction efficiency of 4-NP (0.1 mM) from 65.4% to 92.5% at pH 8.0. Never-
theless, the further increase of the flow rate to 3.0 mL/min would lead to an incomplete
conversion of 4-NP (85.3%). This could be derived from the emergence of a “trade-off”
effect between the 4-NP residence time within the CNT-MoS2@Au membrane and the
reaction kinetics. A lower flow rate might result in a limited mass transport within the
flow-through system, whereas an excessive flow rate would bring short residence time for
4-NP and thus caused inadequate contact with the Au NPs [14].

Figure 3c showed the influence of the initial 4-NP concentration on the catalytic
reduction of 4-NP. Results indicated that the CNT-MoS2@Au membrane could effectively
reduce 4-NP (>90%), regardless of the initial concentrations (from 0.05 to 1.0 mM). This
suggested that the catalytic membrane had an excellent resistance to varying concentrations
of 4-NP, possibly due to the effective loading of Au NPs, which provides abundant active
sites for the transformation of 4-NP.

The turnover frequency (TOF), which indicates the products that are able to be gen-
erated in a catalytic reaction by the per molar amount of catalyst, was employed to quan-
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titatively evaluate the catalytic performance. The TOF of the CNT-MoS2@Au membrane
under flow catalysis was calculated by Equation (2):

TOF = C0×Conversion× v/NAu (2)

where C0 is the initial concentration of 4-NP (mol), NAu is the molarity of Au in CNT-
MoS2@Au membrane (mol), and v is the flow rate (mL/min). Table S1 showed that the
TOF value of CNT-MoS2@Au CMR reached 609 h−1 with a flow rate of 2 mL/min, which
represented a much better catalytic performance than some reported reaction systems.

To further gain insight into the operating stability of the CNT-MoS2@Au catalytic
membrane, we performed a long-time (24 h) catalytic reduction experiment for 4-NP
(0.1 mM) transformation in the single-pass mode at a flow rate of 2 mL/min under pH
8.0. Results exhibited that the conversion efficiency of 4-NP could maintain >86% after
the continuous operation (Figure 3d). Importantly, high catalytic activity (~95%) could
be recovered just by washing the membrane with copious water for a few minutes. In
addition, the catalytic performance (e.g., 95.2% after 480 min) for 4-NP was comparable or
even better than that of other reported CMR, such as the β-lactoglobulin fibrils membrane
(>97% after 240 min) [14] and microporous polymer monoliths (~90% after ~40 min) [44].
This suggested a promising potential application of the CNT-MoS2@Au membrane to create
CMR for industrial applications.

2.4. Electrocatalytic Reduction of BrO3
−

Because of the excellent electrochemical properties of the CNT networks, the CNT-
MoS2@Au membrane was presumed to have excellent electrocatalytic capacity. To confirm
this speculation, the electrochemical reduction of BrO3

− was performed without dosing
additional reducing agents. First, the control experiment was conducted to explore the
electroreduction of BrO3

− (0.1 mM) by the CNT-MoS2 membrane at a flow rate of 2 mL/min
under pH 4.0 (Figure S8). Negligible change in BrO3

− concentration was observed and
no Br− was detected within 90 min regardless of the exertion of an electric field or not.
This result revealed that the CNT-MoS2 membrane was unable to electrochemically reduce
BrO3

− in the absence of Au NPs. For the CNT-MoS2@Au membrane at 0 V, the result was
similar with that of CNT-MoS2 membrane. However, effective BrO3

− reduction (90.1%) was
achieved when a potential of −1.0 V was exerted on the CNT-MoS2@Au membrane. The
IC spectra exhibited a quick decrease of the BrO3

− accompanied with the formation of Br−

during the electrocatalytic treatment (Figure 4c). As displayed in the inset chart, the total
concentration of BrO3

− and Br− was slightly less than the initial total BrO3
− concentration,

which could be attributed to the formation of byproducts. This positive result demonstrated
that the as-prepared CNT-MoS2@Au membrane possess good electrocatalytic activity under
electric field.

To obtain optimal electrocatalytic performance, the effect of applied potential on BrO3
−

reduction was explored. As shown in Figure 4b, all obtained data fitted the pseudo-first-
order kinetic model well (R2 > 0.9). Decreasing the potential from 0 to −1 V substantially
improved the BrO3

− reduction efficiency from ~0 to 90.1%. Nevertheless, further decreasing
the potential to −2 V significantly inhibited the reduction of BrO3

− (58.4%), which could
be ascribed to the BrO3

− reduction being highly potential-dependent and the occurrence
of other side reactions (e.g., hydrogen evolution reaction). Appling a proper electric field
(e.g., −1 V) to the CNT-MoS2@Au membrane could significantly enhance near-surface
transport by electromigration [45]. Meanwhile, electrostatic interactions between the
negatively-charged BrO3

− and positively-charged membrane surface was beneficial to the
electrocatalytic reaction. However, other competitive side reactions, such as hydrogen
evolution or electro-corrosion, would deteriorate the catalytic performance when the
applied potential exceeded the optimal value [46–48].
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Figure 4. (a) Effect of applied potential (0 to −1.5 V) on BrO3
− reduction using the CNT-MoS2@Au

catalytic membrane. (b) Comparison of effects on BrO3
− reduction using different catalytic mem-

brane. (c) IC spectra of the BrO3
− solution before and after the electrocatalytic treatment. Inset is a

comparation of the conversion efficiency towards BrO3
− and Br− within 90 min.

To better understand the different electrocatalytic activity of the CNT-MoS2 membrane
before and after Au NPs loading, CV and EIS measurements were carried out to determine
the changes in electrochemical properties. As shown in Figure 5a, the redox peaks and
current response of CNT-MoS2@Au were higher and sharper than that of CNT-MoS2. These
results confirmed that CNT-MoS2@Au exhibited better electrochemical activity and more
rapid electron transfer process. In addition, it has been reported that the potential difference
(∆Ep) between the oxidation peak and reduction peak is inversely correlated to the charge
transfer kinetics. The ∆Ep of the CNT-MoS2@Au was 0.72-fold higher than that of CNT-
MoS2 (0.206 V vs. 0.279 V), demonstrating the charge transfer rate of CNT-MoS2@Au
was 1.37-fold than that of CNT-MoS2 [49,50]. The EIS spectra also showed that the charge
transfer resistance of CNT-MoS2@Au (24.5 Ω) was similar with that of CNT-MoS2 (32.5 Ω)
(Figure 5b) and consistent with the CV results. This evidence suggested that the loading
of Au NPs onto the CNT-MoS2 membrane can improve the electrochemical capacitance
and electron transfer kinetics, thus providing an ideal platform toward the electrocatalytic
reduction of BrO3

−.
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Figure 5. (a) CV and (b) EIS spectra of the CNT-MoS2 membrane and CNT-MoS2@Au catalytic
membrane. The electrolyte contains 50 mM Na2SO4 and 5 mM K3[Fe(CN)6]. The CV scan rate was
5 mV/s. The amplitude and scan range in EIS were 5 mV and 105–10−2 Hz, respectively.

2.5. Generality of the Electrocatalytic Membranes

According to our previous report, besides Au, MoS2 also exhibited a high affinity
towards other noble metals (e.g., Pd). Following the similar synthesis routes, we pre-
pared a CNT-MoS2@Pd membrane by using different Pd-based precursors to replace
HAuCl4. As displayed in Figure 4b, the designed Pd-loaded catalytic membranes also
demonstrated excellent performance (85.8%) toward the electrocatalytic reduction of BrO3

−

under similar reaction conditions (loading 90 min, flow rate = 2 mL/min, pH = 4, ap-
plied potential = −1.5 V). According previous reports, most reported synthesis protocols
for Pd-loaded catalysts usually involve complicated processes or time-consuming steps,
such as microemulsion and calcination [51,52]. It is of note that our adopted approach
is highly desirable (e.g., short fabrication time and comparable or even higher catalytic
activity). It not only recovers noble metal ions from water but can also directly serve as
high-performance (electro)catalytic membranes for environmental applications. In other
words, our proposed method can be applied to prepare multiple noble metal-loaded CMRs.

2.6. Working Mechanism of the Au-Immobilized CMR

Based on the previous discussion, it was inferred that a redox reaction occurred
between Au(III) and MoS2 following Equation (3). Au(III) was first adsorbed onto the
surface of MoS2 nanoflowers under an action of chemical chelation between Au and S,
then Au(III) was able to achieve an in situ reduction to metallic AuNPs through capture
the electron transfer released by the Mo(IV) [38]. This demonstrated that by impregnating
the CNT-MoS2 membrane with the Au(III) precursor (i.e., HAuCl4), the Au NPs were
successfully immobilized on the membrane through the adsorption–reduction process.
Similarly, this simple protocol was adaptable to the loading of other noble metal catalysts.

6Au3++MoS2+12H2O→ 6Au0+MoO2−
4 +2SO2−

4 +24H+ (3)

For the 4-NP hydrogenation reaction, 4-NP molecules were firstly attached to the
surface of Au NPs together with NaBH4. NaBH4 then transferred electrons to Au to
generate molecular hydrogen, which contributed to the reduction of the nitro group of 4-NP
to amino group. Finally, the generated 4-AP diffused away from the catalysts surface to free
up the active catalytic sites for further reduction process [53]. Detailed steps involved are
described by Equation (4) to Equation (8). Similar processes occurred in the electrochemical
reduction as well. In the electrocatalytic system, molecular hydrogen was dissociated
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in the process of water electrolysis and adsorbed into the Au NPs forming Au hydride
(Au NPs also served as the cathode) [54]. These Au hydrides participated in the removal
of oxygen atoms from bromate by hydrogenation [46]. This process can be expressed
by Equations (9) and (10). Overall, the immobilized Au NPs offered excellent catalytic
capability in the heterogeneous catalytic system.

4−NP + Au→ 4−NP·Au (4)

BH4
−+Au→ BH4

−·Au (5)

2H2O + BH4
−·Au→ 4H2·Au + BO2

− (6)

4−NP·Au+3H2·Au→ 4−AP·Au + 2H2O (7)

4−AP·Au
desorption→ 4−AP + Au (8)

2H2O+2e−+Au→ H2·Au + 2OH− (9)

3H2·Au + BrO3
− → Br− + 3H2O (10)

3. Materials and Methods
3.1. Chemicals and Materials

All chemicals were of analytical grade and used without further purification. Mul-
tiwalled carbon nanotubes were provided by TimesNano Co., Ltd. (Chengdu, China).
N-methyl-2-pyrrolidinone (NMP, ≥99.5%), ethanol (C2H5OH, ≥96%), thiourea (CH4N2S,
≥99%), sodium molybdate (Na2MoO4·2H2O, ≥99%), hydrochloric acid (HCl, 36.0~38.0%),
sodium bromate (NaBrO3, ≥99%), sodium sulfate (Na2SO4, ≥99%), potassium ferricyanide
(K3[Fe(CN)6],≥99%), palladium chloride (PdCl2,≥99%), and sodium borohydride (NaBH4,
≥98%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Au(III)
chloride trihydrate (HAuCl4·3H2O, ≥49%) and 4-nitrophenol (4-NP, ≥99%) were provided
by Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water produced from a Milli-Q Direct
8 purification system (Millipore, Burlington, MA, USA) was used for all experiments.

3.2. Fabrication of Catalytic Membrane Reactors

The CNT-MoS2 membrane was fabricated according to a reported protocol [38]. The
CNT-MoS2@Au catalytic membrane was prepared by a simple filtration route with an
effective membrane area of 7.1 cm2 (Figure S9). In brief, the HAuCl4 solution (20 mL,
1 mM) was continuously passed through the CNT-MoS2 membrane and then returned at a
flow rate of 3.0 mL/min. The Au loading on the CNT-MoS2 membrane can be adjusted
by changing the filtration time (30 to 120 min). To demonstrate the non-specificity of the
CNT-MoS2 membrane, the CNT-MoS2@Pd catalytic membrane was also prepared by a
similar procedure with PdCl2 solution as precursor (20 mL, 1 mM). All propulsion was
provided by a peristaltic pump (Ismatec ISM833C, Glattbruch-Zurich, Switzerland).

3.3. Catalytic Filtration Experiments

All catalytic filtration experiments were performed on a operated in a Whatman
polycarbonate filtration casing (Whatman, Dassel, Germany) [36]. The hydrogenation of
4-NP was applied to evaluate the catalytic performance of the CNT-MoS2@Au membrane.
Initially, to eliminate the effect of the physical adsorption on the 4-NP removal, 100 mL of
0.1 mM 4-NP solution was first passed through the CNT-MoS2@Au membrane to achieve
adsorption saturation at 2.0 mL/min. The hydrogenation reaction was induced by passing
through the membrane with 0.1 mM 4-NP solution together with 30 mM freshly prepared
NaBH4 at pH 8.0. The effects of Au(III) loading time (30 to 120 min), flow rate (1 to
3 mL/min), and initial 4-NP concentration (0.05 to 1.0 mM) on the catalytic performance
were investigated systematically. The flow rate was controlled by a peristaltic pump and
the solution pH was adjusted by 1 M NaOH and/or HCl. Effluent samples were collected
at specific time intervals and characterized by a UV–vis spectrophotometer.
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To demonstrate the excellent electrocatalytic reactivity of the CNT-MoS2@Au mem-
brane, the electrocatalytic reduction of bromate (BrO3

−) was employed as another model
reaction in a Whatman polycarbonate filtration casing with electrochemistry modifications
(Figure S10) [55]. Applied potential was controlled by a CHI 660E electrochemical work-
station (Chenhua Co., Ltd., Shanghai, China) in a typical three-electrode system with a
CNT-MoS2@Au working electrode, a saturated Ag/AgCl reference electrode and a Ti sheet
counter electrode. In a typical electrocatalytic experiment, 20 mL of 0.1 mM NaBrO3 solu-
tion with 4 mM Na2SO4 were passed through the membrane at 2.0 mL/min and pH 4.0 in
the recirculated filtration mode. The impact of applied potential (−2 to 0 V) on the BrO3

−

reduction kinetics was optimized. Furthermore, the electrocatalytic reduction experiment
was conducted by applying the CNT-MoS2@Pd membrane to similar conditions. Effluent
samples were collected with a 2 mL centrifuge tube and immediately filtered through a
0.22-µm cellulose acetate membrane. The concentration of BrO3

− was determined by ion
chromatography (IC). The conversion efficiency (%) was obtained by Equation (11):

Conversion efficiency (%) = 100× (C0 − C)/C0 (11)

where C0 and C are the substrate concentration before or after passing through the noble
metal-loaded CNT-MoS2 membrane.

3.4. Characterization

The morphology of the CNT-MoS2@Au membranes were characterized by field emis-
sion scanning electron microscopy (FESEM, S-4800, Hitachi, Tokyo, Japan) and energy
dispersive spectroscopy (EDS, JEM-2100F). X-ray diffraction (XRD) patterns of the samples
were acquired by a Rigaku D/max-2550/PC X-ray diffractometer (Rigaku, Tokyo, Japan)
with Au radiation within the range of 5 to 90◦. X-ray photoelectron spectroscopy (XPS)
was conducted at a Thermo Fisher Scientific Escalab 250Xi (Waltham, MA, USA) under
high vacuum. The concentrations of 4-NP were determined by an UV-2600 Shimadzu
ultraviolet–visible spectrophotometry (Shimadzu, Kyoto, Japan) at λmax of 400 nm. The
concentrations of BrO3

− were determined by Thermo Scientific Dionex Aquion IC using an
IonPac AS11-HC column and 20 mM KOH eluent. The electrochemical activity of the cat-
alytic membranes was probed by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Cyclic Voltammetry (CV) was acquired at a scan rate of 5 mV/s in
a three-electrode system. EIS analysis was performed over a frequency range of 105 to
10−2 Hz at an amplitude of 5 mV.

4. Conclusions

In summary, we have successfully developed a facile and green approach to prepare
varying noble metal-based CMRs for water purification. The as-synthesized redox-active
CNT-MoS2 membrane served as a robust platform, which enabled a rapid uptake of
various noble metal (e.g., Au(III) and Pd(II)) precursors only by passing through the porous
and conductive networks. The in situ adsorption–reduction of noble metal ions can be
achieved spontaneously. In addition, the constructed CNT-MoS2@Au membrane reactors
demonstrated excellent (electro)catalytic activity and thus achieved the effective reduction
of 4-NP (>99%) and bromate (>90%) within a hydraulic residence time of <2 s, which was
comparable to or even better than several state-of-the-art reports. Overall, this study would
significantly improve the sustainability and cost-effectiveness of (electro)catalytic reduction
technologies toward water decontamination.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12080861/s1. Figure S1: Electronic photos of (a) the CNT-MoS2
membrane and (b) the CNT-MoS2@Au membrane; Figure S2: FESEM image of CNT-MoS2 membrane;
Figure S3: (a) FESEM and (b) FESEM-EDS mapping images of CNT-MoS2@Au-30 membrane (Au
loading time, 30 min); Figure S4: Comparison of the XPS survey spectrums of CNT-MoS2@Au
catalytic membrane with different Au loading time (30 and 90 min); Figure S5: The XRD pattern of the
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CNT-MoS2@Au catalytic membrane; Figure S6: Degradation efficiency of 4-NP by using CNT-MoS2
membrane, CNT-MoS2@Au membrane and CNT-MoS2@Pd membrane. Experimental conditions:
[4-NP]0 = 0.1 mM, flow rate = 2.0 mL/min and pH0 = 8.0; Figure S7: FESEM image of CNT-MoS2@Au-
120 membrane (Au loading time, 120 min); Figure S8: Degradation efficiency of bromate by using CNT-
MoS2 membrane and CNT-MoS2@Au membrane before and after applying potential. Experimental
conditions: [BrO3

−]0 = 0.1 mM, flow rate = 2.0 mL/min and pH0 = 4.0; Figure S9: Schematic
illustration of the flow-through electrocatalytic filtration system; Figure S10: Schematic diagram of
electrochemistry-modified Whatman polycarbonate filtration casing; Table S1: Comparison of the
4-NP reduction performance of proposed system with reported catalytic membrane reactor systems;
Table S2: The k values related to bromate reduction under different applied potential according to
pseudo-first order kinetic model. References [56–60] are cited in the Supplementary Materials.
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Abstract: In the present study, nitrogen doped biochar (N-PPB) and nitrogen doped activated biochar
(AN-PPB) were prepared and used for removing bisphenol A (BPA) in water through activating
peroxymonosulfate. It was found from the results that N-PPB exhibited superior catalytic performance
over pristine biochar since nitrogen could brought about abundant active sites to the biochar structure.
The non-radical singlet oxygen (1O2) was determined to be the dominant active species responsible for
BPA degradation. Having non-radical pathway in the N-PPB/PMS system, the BPA degradation was
barely influenced by many external environmental factors including solution pH value, temperature,
foreign organic, and inorganic matters. Furthermore, AN-PPB had richer porosity than N-PPB, which
showed even faster BPA removal efficiency than N-PPB through an adsorptive/catalytic synergy.
The finding of this study introduces a novel way of designing hieratical structured biochar catalysts
for effective organic pollutant removal in water.

Keywords: nitrogen dope; biochar; peroxymonosulfate; KOH activation; bisphenol A degradation

1. Introduction

In recent years, advanced oxidation processes (AOPs) based on persulfate activations
have been widely studied for catalytic degradation of organic contaminants [1,2]. Amongst
various approaches for activating persulfate, transitional metal ions or metal compounds
exhibit superior efficiency [3]. Nevertheless, it is intractable to overcome the metal ion
leaching issue which can cause serious environmental pollution problems [4]. Recent
studies have shown that carbonaceous materials can also effectively activate persulfate [5].
Thereinto, wood-derived biochar produced from pyrolyzing biomass precursor in low-
oxygen or oxygen-free atmosphere has received tremendous research interest due to the
advantages of abundant existence, low cost, low biotoxicity, and good stability, as well as
numerous active oxygen-containing functional groups [6,7].

However, pristine biochar has low the degradation efficiency and poor recycling
performance due to its limited active sites within skeletons for persulfate activation [8].
Nitrogen doping is considered to be an effective method to improve the catalytic capa-
bility of biochar through introducing diverse N-containing functional groups (pyridine
N, pyrrole N, graphitic N) on the surface of biochar [9], which can not only change the
electron density of local carbon atoms and increase electron mobility, but also increase edge
defects of biochar [10]. At the same time, N atoms can also adjust the surface chemical
properties through changing the charge/spin distribution of biochar, improve the adsorp-
tion capacity of persulfate, and add extra active sites [11], which are all in favor of catalytic
degradations of organic pollutants [12]. On the other hand, biochar can be converted to
activated carbon by an activation agent, through which biochar can have more surface
oxygen functional groups, higher defects degree of internal carbon structure, and richer
porosity [13]. Furthermore, the resulted activated biochar can be endowed with immensely
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increase the specific surface area along with hierarchical pore structures, which promote
the adsorption capability of the biochar [14]. Therefore, it is potential to obtain N-doped
activated biochar which have high organic pollutant removal efficiency in water through
adsorption/degradation synergy through combining N doping and activating modification
treatments to wood-based biochar.

Thus, in this study, N-doped biochar catalysts with different pyrolysis temperatures
(450 ◦C, 600 ◦C, 750 ◦C, 900 ◦C) were prepared using industrial poplar powder as precursor
and urea as nitrogen source. After comparing the catalytic performance through degrading
bisphenol A (BPA) via activating peroxymonosulfate (PMS), the biochar pyrolyzed at
750 ◦C with optimal performance was then selected to prepare N-doped activated biochar
using KOH as activating agent. The performance of N-doped activated biochar/PMS
system towards BPA degradation was studied systematically afterwards. Furthermore, the
recyclability and actual water adaptability of the reaction system were also investigated.
The BPA degradation mechanisms in the reaction system were also analyzed.

2. Results and Discussion

The surface morphology structure difference between pristine poplar powder and
N-PPB investigated in terms of SEM with the results shown in Figure 1. It could be
observed from Figure 1a that pristine poplar powder displayed a smooth strip shape. After
pyrolysis treatment, and nitrogen doping, N-PPB750 exhibited a rougher structure with
richer porosity (Figure 1b), which was considerably distinguished from pristine poplar
powder. At the same time, the particles of N-PPB750 became smaller compared with that
of pristine poplar powder, which was attributed to the decomposition of lignocellulose
component in the poplar powder during pyrolysis process [15]. The pyrolysis treatment
also promoted the exfoliation of the carbon layers, which lead to the formation of abundant
pores. The EDS elemental mapping diagrams shown in Figure 1d–f demonstrated that
several main elements including C, N, and O were uniformly distributed N-PPB750. The
contents of three major elements shown in Table 1 illustrated that a quite high content of N
element (17.98 wt%) imported by urea precursor was anchored in the biochar structures.
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elemental mapping and EDS elemental mapping of (d) C, (e) O, (f) N.

37



Catalysts 2022, 12, 1449

Table 1. Elemental ratio of N-PPB750 (C, O, N).

Element Weight% Atomic%

C K 50.52 56.40
N K 17.98 17.21
O K 31.50 26.39

Totals 100.00

The structures of N-PPB samples were then identified through XRD analysis with
the results shown in Figure 2a. It could be seen that the pristine poplar powder had three
wide diffraction peaks at 2θ = 15◦, 22◦, and 35◦, which were affiliated to the Cellulose
I structure of typical wood based biomass materials [16]. After pyrolysis, these three
peaks were replaced by two broad peaks located at ~26◦ and 42◦ in N-PPB samples,
which corresponded to (002) and (110) planes of classic carbon materials with graphitic
structures [17]. These results further indicated the formation of fine graphitic structure in
the prepared N-PPB samples. Additionally, many sharp small peaks in the range of 22–40◦

were also observed in all tested samples, which were related to the mineral salts such as
calcium carbonate and silica existed in natural poplar powder [18]. These peaks became
weaker with the elevation of pyrolysis temperature, which might be because some of the
mineral salts were evaporated at higher temperature.
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Figure 2. (a) XRD patterns, (b) Raman spectra, and (c–f) deconvoluted Raman spectra of N-PPB450,
N-PPB600, N-PPB750, N-PPB900.

Figure 2b–f shows the Raman spectra of the N-PPB samples. As shown in Figure 2b,
two characteristic peaks located at 1360 cm−1 and 1580 cm−1 could be observed for all the
N doped biochar samples, which were ascribed to the characteristic D band and G band
of a graphitic carbonaceous material [19]. This meant poplar wood could be converted to
carbonaceous biochar when the pyrolysis temperature was higher than 450 ◦C. After the
Raman spectra was deconvoluted, it was seen that the spectrum of each N-PPB sample
were consisted of seven characteristic peaks which were ascribed to were divided into the
SR band representing C-H on aromatic rings (1086 cm−1), the S band representing Caromatic-
Calkyl (1170 cm−1), the SL band representing Caryl-O-Calkyl (1245 cm−1), the D band repre-
senting the defective and disordered arrangement of carbon atoms (1320 cm−1), the VR
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band representing to amorphous carbon and deterioration of crystallinity (1390 cm−1),
the VL band representing the semicircle ring breathing (1468 cm−1), and the G band
representing in-plane stretching vibration of C atomic sp2 hybridization (1576 cm−1), re-
spectively [20]. The area ratio between D band and G band (AD/AG) was generally used
to characterize the defect degree of the graphitic structure in a carbonaceous material [21].
It was seen that the AD/AG value increased from 0.83 to 1.15 with the increase in the
pyrolysis temperature, indicating that higher pyrolysis temperature brought about more
defect to the biochar. In the meantime, the area ratio between D band and (VR+VL) bands
(AD/AV) represented the defect density of boundary edges in the carbon. It was seen that
all the biochar samples had an AD/AV value of lower than 3.5, indicating that the prepared
N-PPB samples were considered to contain a higher density defect of boundary edges with
more unsaturated carbon atoms and a lower degree of graphitization [22].

XPS analysis was then conducted to further explore the surface element composition
of the prepared N-PPB. As illustrated in Figure 3a, the main elements of C, N, and O
were all observed in the spectra of the biochar samples, in which the concentration of
N decreased significantly with the increase in the pyrolysis temperature. Figure 3b–d
reveals the deconvoluted C1s, O1s, and N1s spectra. It was observed from Figure 3b
that C1s spectrum was mainly composed of four peaks located at 284.5 eV, 285.2 eV,
286.2 eV, and 288.8 eV, which represented the C=C/C-C, C–O, C=O and COOH bonding,
respectively [23,24]. Similarly, the O1s spectrum could be divided into C=O (530.9 eV), C-O
(532.2 eV), and COOH (533.6 eV) (Figure 3c), and N1s spectra could be deconvoluted into
four peaks corresponding to pyridinic—N (398.3 eV), pyrrolic—N (399.5 eV), graphite—N
(400.4 eV), and −NOx (401.4 eV) (Figure 3d) [25]. The detailed concentrations of respective
bonding were listed in Table 2. As shown, the concentration of C=C/C-C decreased with
the increment of pyrolysis temperature from 450 ◦C to 900 ◦C, which was in agreement
with the Raman results. Correspondingly, the proportion of C=O bonding increased with
the increase in the pyrolysis temperature, which could be resulted from the conversion
of C=C/C-C bonding. As for N1s bonding, the conversion of pyrrolic N or pyridine N to
graphitic N could be obviously seen.
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Figure 3. (a) Wide-scan XPS spectra, high resolution (b) C 1s, (c) N 1s, (d) O 1s spectra of N-PPB
catalysts.
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Table 2. Bonding ratio of N-PPB samples based on deconvoluted C1s and N1s XPS peak.

C1s N1s, %

C=C/C-C C-O C=O –COOH Pyridinic N Pyroolic N Graphitic N –NOx

N-PPB450 33.2% 32.0% 23.7% 11.1% 47.9% 22.8% 20.2% 9.1%
N-PPB600 30.7% 34.2% 26.8% 8.3% 46.6% 17.2% 21.4% 14.8%
N-PPB750 27.2% 34.5% 28.1% 10.2% 45.1% 16.8% 22.6% 15.5%
N-PPB900 31.7% 33.4% 26.4% 8.5% 31.0% 17.6% 27.5% 23.9%

The catalytic performance of the prepared N-PPB samples was investigated through
degrading BPA in water with the results shown Figure 4a. As illustrated, the PPB samples
showed negligible adsorption activity towards BPA since the biochar was not activated.
Moreover, nitrogen doping could significantly enhance the PMS activation capability of the
biochar, and all the N-PPB samples (0.5 g/L) could completely degrade 0.02 mM BPA in
the solution. Within the same time span, PPB without N doping could only degrade ~10%
of BPA. This indicated that N doping significantly enriched the active sites on PPB surface,
which accelerated the PMS activation efficiency of the biochar sample. It was also seen that
the activation capability of the N-PPB sample increased with the pyrolysis temperature, and
when pyrolysis temperature increased to 600 ◦C or higher, the catalytic performance of the
corresponding PPB did not increase much. The TOC results obtained from N-PPB600/PMS
system indicated that when the reaction time was extended to 30 min, ~58% of the TOC
could be removed. This result implied that the BPA could be degraded into small molecules
by the prepared N-PPB catalysts and finally mineralized into inorganic molecules.
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Figure 4. (a) Catalytic performance of N-PPB samples ([catalyst]0 = 0.5 g/L, [BPA]0 = 0.02 mM,
[PMS]0 = 1.5 mM), impact of (b) catalyst dosage ([BPA]0 = 0.02 mM, [PMS]0 = 1.5 mM), (c) BPA
concentration ([catalyst]0 = 0.5 g/L, [PMS]0 = 1.5 mM), and (d) PMS concentration on the performance
of N-PPB600 ([catalyst]0 = 0.5 g/L, [BPA]0 = 0.02 mM).

N-PPB600 was selected for the following test. The impact of reaction parameters,
including BPA concentration, catalyst dosage, and PMS concentration on the performance of
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N-PPB600, was then investigated with the results shown in Figure 4b–d. It was revealed that
the catalytic performance of N-PPB600 had a positive correlation with the catalyst dosage,
and had a negative correlation with the BPA concentration. It was easy to understand
that increased catalyst dosage could increase the number of active sites for PMS activation,
which led to the increase in active species for BPA degradation [26]. Conversely, when
the concentrations of both N-PPB600 and PMS were fixed, a constant number of active
species was insufficient to degrade increased amount of BPA molecules, which resulted
in the performance decline of N-PPB600. While when the concentration of PMS was
increased in the reaction solution, the performance of N-PPB600 increased when PMS
concentration increased from 1.5 mM to 2.0 mM, and declined when further increasing the
PMS concentration. This might because an excessive amount of PMS would also consume
the generated active species, which inhibited the BPA degradation [27].

The impact of solution parameters on the performance of N-PPB600 was investigated
afterwards. Figure 5a shows the influence of solution pH on the BPA degradation efficiency.
Overall, the catalytic performance of N-PPB600 was not much influenced by the fluctuation
of solution pH value, indicating promising performance stability of the catalyst. It was fur-
ther observed from Figure 5b that the activity of N-PPB600 boosted with the increase in the
system temperature, indicating the endothermic nature of the PMS activation process [28].
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Figure 5. Impact of (a) pH value and (b) solution temperature on the performance of N-PPB600
([catalyst]0 = 0.5 g/L, [BPA]0 = 0.02 mM, [PMS]0 = 1.5 mM).

Figure 6 shows the impact of foreign matters including inorganic anions, natural
organic matters and complex water matrices on the performance of the biochar catalyst. As
illustrated in Figure 6a–d, all inorganic anions could influence the activity of N-PPB600.
Specifically, H2PO4

−, HCO3
−, and NO3

− inhibited the BPA degradation efficiency since
these anions would occupy the catalyst surface and hinder the contact between the active
sites in the catalyst and PMS, resulting lower active species generation rate [29]. Unlike the
other three anions, the dosage of Cl− sped up the BPA degradation rate, and the increased
amount of Cl− would accelerate the BPA degradation rate more intensely. This was because
Cl− could react with PMS and active species and generate more chlorine based species [30],
which, as a result, boosted the removal efficiency of BPA in the reaction system. It was also
seen from Figure 6e–f that both humic acid and natural water had an impediment effect on
the catalytic activity of N-PPB600, which was ascribed to the similar reason to the anions as
discussed above. It has to be noted that even the concentration of the anions and humic
acid increased to as high as 50 mM; 0.02 mM of BPA could still be effectively degraded with
high removal rate, implying promising water matrix adaptability of the prepared catalyst.
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Figure 6. Impact of (a) H2PO4
−, (b) Cl−, (c) HCO3

−, (d) NO3
−, (e) humic acid, and (f) natural water

on the performance of N-PPB600 ([catalyst]0 = 0.5 g/L, [BPA]0 = 0.02 mM, [PMS]0 = 1.5 mM).

The active species generated in the reaction system which dominated the BPA degra-
dation was investigated through scavenging test with the results shown in Figure 7a. It
was observed that both methanol (MeOH) and tert-butyl alcohol (TBA) did not show any
inhibition effect to BPA degradation, indicating that no radical species was generated
in the reaction system. When the trapping agent was changed to L-histidine and para-
benzoquinone (p-BQ), the BPA degradation could be completely inhibited. Since these two
agents were both non-radical scavenger which could effectively trap singlet oxygen (1O2)
in the solution [31], this meant the N-PPB600/PMS system was a 1O2 dominated system for
BPA degradation. This could also explain why N-PPB600 could kept its catalytic activity
at various water matrices since 1O2 was not much influenced by the variation of external
environment.
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Figure 7. (a) BPA degradation in N-PPB600/PMS system at the existence of various scavengers,
(b) ESR spectra test, (c) recyclability test for N-PPB600 ([catalyst]0 = 0.5 g/L, [BPA]0 = 0.02 mM,
[PMS]0 = 1.5 mM).

The ESR results shown in Figure 7b also illustrated that when using TMP as the
trapping agent, a clear triplet peak which was ascribed to the typical TMP-1O2 adduct
could be observed, indicating that abundant 1O2 was existed in the N-PPB600/PMS system.
Many previous studies indicated that the electron-rich Lewis basic sites in biochar could
transfer the electrons to PMS and caused the generation of non-radical 1O2 [32]. Since
nitrogen doping could introduce abundant electron-rich nitrogen containing groups to the
biochar including pyridinic N and pyrrolic N [33], the N-PPB600 could exhibited higher
PMS activating efficiency than the pristine biochar.
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The catalytic stability of N-PPB600 was investigated afterwards. It was seen from
Figure 7c that the catalytic capability of the biochar gradually reduced after four consec-
utive runs, which indicated that the active sites on the catalyst surface was continuously
consumed when activating PMS. Thus, the XPS spectra of the recycled N-PPB600 was
investigated to illustrate the PMS activation mechanism with the results shown in Figure 8.
As shown in Figure 8a, the N element was significantly consumed after consecutive BPA
degradation cycles, indicating that N doping played a critical role of improving the catalytic
properties of the biochar. From the deconvoluted C1s, N1s, and O1s spectra shown in
Figure 8b–d, it was seen that the concentrations of C=O, pyridinic N and graphitic N
were reduced after the reaction cycles, implying that these bonding participated the PMS
activation and were consumed gradually, which were in accordance with many previous
studies [34].
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To improve the BPA degradation efficiency of the biochar, AN-PPB600 was prepared
to enhance the adsorption capability of the biochar. It was seen that AN-PPB600 had much
higher specific surface area and pore volume than N-PPB600 after KOH activation (Table 3),
which indicated that AN-PPB600 should have better adsorption capability than N-PPB600.
As illustrated in Figure 9, ~80% of BPA could be adsorbed by AN-PPB600 at the first 30 min,
while no more than 10% of BPA was adsorbed by N-PP600. When PMS was dosed, 0.5 g/L
of AN-PPB600 could completely remove BPA with high concentration of 0.1 mM through
adsorptive/catalytic synergy within 3 min. Conversely, N-PPB600 could only degrade
~15% of BPA within the same time span. This indicated that through designing hieratical
structured biochar with both high adsorptive and catalytic capability, organic pollutants in
water could be promptly removed through the synergetic process.
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Table 3. Specific surface area and pore volume of N-PPB600 and AN-PPB600.

Sample Specific Surface Area (m2·g−1) Pore Volume (cm3 g−1)

N-PPB600 141 0.203
AN-PPB600 855 1.683

Catalysts 2022, 12, x  9 of 12 
 

 

 
Figure 9. BPA degradation in N-PPB600/PMS and AN-PPB600/PMS systems ([catalyst]0 = 0.5 g/L, 
[BPA]0 = 0.02 mM, [PMS]0 = 1.5 mM). 

3. Experimental 
3.1. Reagents and Chemicals 

Poplar powder (300 mesh) was obtained from Yixing wood powder factory (Linyi, 
China). PMS (Oxone, KHSO5·0.5KHSO4·0.5K2SO4) and BPA (99%) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Urea (CH4N2O, 99%) was provided from Nanjing 
Chemical Reagent Co., Ltd. (Nanjing, China). 2,2,6,6-tetramethyl-4-piperidine (TMP, 98%) 
was acquired from Aladdin (Shanghai, China). All the other chemicals and reagents were 
of analytical grade and used without further purification. Double distilled water (H2O) 
was utilized throughout the whole experiments. 

3.2. Preparation of the Catalysts 
Typically, 3.0 g urea was first dissolved into 20 mL H2O, after which 1.0 g poplar 

powder was added. The mixture was magnetically stirred 70 °C until all the H2O was 
evaporated. Afterwards, the obtained powder was put into a tubular furnace, heated to 
desired temperature (450 °C, 600 °C, 750 °C and 900 °C) under N2 atmosphere at 5 °C /min, 
pyrolyzed at respective temperature for 3 h. After cooling to room temperature, the ob-
tained solid was further washed with H2O for several times until the pH value of H2O 
reached ~7. After being dried in an oven at 60 °C for 24 h, N-doped biochar derived from 
poplar powder was obtained, and was designated to be N-PPBx, where x represented the 
pyrolysis temperature. For comparison, activated N-doped biochar was synthesized via a 
similar route except that 2.0 g KOH was also dissolved in urea solution in the first step, 
which was named as AN-PPBx. 

3.3. Characterizations 
The morphology of biochar was investigated by scanning electron microscope (SEM, 

JEOL SEM 6490, Tokyo, Japan). The crystalline structures were studied by X-ray diffrac-
tion diffractometer (XRD, Rigaku Smartlab, Tokyo, Japan). Raman spectra of the prepared 
samples was investigated by a Raman spectrometer equipped with an Ar laser (532 nm, 
180 mW) (Horiba Jobin Yvon HR800Tokyo, Japan). X-ray photoelectron spectroscopy 
(XPS, Kratos Ultra DLD, Warwick, UK) was used to detect surface chemistry and element 
composition. Electron spin resonance spectroscopy (ESR, Bruker EMX-10/12, Bremen, 
Germany) was used to identify generated reactive oxygen species (ROS) in the bio-
char/PMS system. Electrochemical measurements were carried out with a CHI760E elec-
trochemical workstation. The concentration of BPA was analyzed by high performance 
liquid chromatography (HPLC, Dionex Ultimate 3000, Sunnyvale, CA USA) equipped 
with C18 column (5 μm particle size, 250 × 4.6 mm) and UV detector at 278 nm. Total 
organic carbon (TOC) was measured by a MutiN/C 2100 analyzer (Jena, Germany). 

3.4. Degradation Process 

-31 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

Time (min)

C
/C

0 N-PPB600 
AN-PPB600

Figure 9. BPA degradation in N-PPB600/PMS and AN-PPB600/PMS systems ([catalyst]0 = 0.5 g/L,
[BPA]0 = 0.02 mM, [PMS]0 = 1.5 mM).

3. Experimental
3.1. Reagents and Chemicals

Poplar powder (300 mesh) was obtained from Yixing wood powder factory (Linyi,
China). PMS (Oxone, KHSO5·0.5KHSO4·0.5K2SO4) and BPA (99%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Urea (CH4N2O, 99%) was provided from Nanjing
Chemical Reagent Co., Ltd. (Nanjing, China). 2,2,6,6-tetramethyl-4-piperidine (TMP, 98%)
was acquired from Aladdin (Shanghai, China). All the other chemicals and reagents were
of analytical grade and used without further purification. Double distilled water (H2O)
was utilized throughout the whole experiments.

3.2. Preparation of the Catalysts

Typically, 3.0 g urea was first dissolved into 20 mL H2O, after which 1.0 g poplar
powder was added. The mixture was magnetically stirred 70 ◦C until all the H2O was
evaporated. Afterwards, the obtained powder was put into a tubular furnace, heated
to desired temperature (450 ◦C, 600 ◦C, 750 ◦C and 900 ◦C) under N2 atmosphere at
5 ◦C/min, pyrolyzed at respective temperature for 3 h. After cooling to room temperature,
the obtained solid was further washed with H2O for several times until the pH value of
H2O reached ~7. After being dried in an oven at 60 ◦C for 24 h, N-doped biochar derived
from poplar powder was obtained, and was designated to be N-PPBx, where x represented
the pyrolysis temperature. For comparison, activated N-doped biochar was synthesized
via a similar route except that 2.0 g KOH was also dissolved in urea solution in the first
step, which was named as AN-PPBx.

3.3. Characterizations

The morphology of biochar was investigated by scanning electron microscope (SEM,
JEOL SEM 6490, Tokyo, Japan). The crystalline structures were studied by X-ray diffraction
diffractometer (XRD, Rigaku Smartlab, Tokyo, Japan). Raman spectra of the prepared
samples was investigated by a Raman spectrometer equipped with an Ar laser (532 nm,
180 mW) (Horiba Jobin Yvon HR800Tokyo, Japan). X-ray photoelectron spectroscopy (XPS,
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Kratos Ultra DLD, Warwick, UK) was used to detect surface chemistry and element compo-
sition. Electron spin resonance spectroscopy (ESR, Bruker EMX-10/12, Bremen, Germany)
was used to identify generated reactive oxygen species (ROS) in the biochar/PMS system.
Electrochemical measurements were carried out with a CHI760E electrochemical worksta-
tion. The concentration of BPA was analyzed by high performance liquid chromatography
(HPLC, Dionex Ultimate 3000, Sunnyvale, CA USA) equipped with C18 column (5 µm
particle size, 250 × 4.6 mm) and UV detector at 278 nm. Total organic carbon (TOC) was
measured by a MutiN/C 2100 analyzer (Jena, Germany).

3.4. Degradation Process

All the catalytic degradation experiments were conducted in a glass beaker containing
100 mL BPA solution with continuous mechanical stirring. In brief, a certain amount of
biochar sample was first dispersed in H2O and sonicated for 30 min to obtain a uniform
dispersion. Afterwards, BPA solution with pre-determined concentration was obtained
through injecting a certain amount of BPA stock solution into the dispersion. Before PMS
was dosed to initiate BPA degradation, the mixture was stirred for 30 min to achieve
the adsorption/desorption equilibrium. During the BPA degradation process, 1 mL of
solution sample was periodically extracted from the reaction system, filtered with a 0.22 µm
polytetrafluoroethylene membrane, and quenched with 0.5 mL methanol. The initial pH
value of the solution was measured after PMS and catalyst were added, and was adjusted
by NaOH (1 M) and H2SO4 (1 M). In a recycling test, the used biochar was separated from
the reaction system through centrifuging, which was then rinsed 3 times with clean H2O
and dried at 60 ◦C for 12 h before being dosed to initiate next BPA degradation cycle. The
ROS produced during oxidative degradation of pollutants were identified by scavenging
experiments using methanol (MeOH), isobutanol (TBA), p-benzoquinone (p-BQ), and L-
histdine (His) as scavengers. All experiments were conducted in triplicates, and the data
were the mean values with standard deviations.

4. Conclusions

To conclude, N-PPB catalysts were prepared and used for the removal of BPA in
water through activating PMS. The results shows that nitrogen doping could significantly
enhance the catalytic performance of pristine biochar, in which 0.02 mM of BPA could
be completely degraded within 5 min by 0.5 g/L of biochar catalyst. The scavenging
test showed that non-radical 1O2 was the main active species which dominated the BPA
degradation. Due to this reason, the N-PPB/PMS system showed promising water matrix
adaptability. To enhance the BPA removal efficiency, KOH was introduced to activate
N-PPB, and the results illustrated that AN-PPB could promptly remove high concentration
BPA in water through adsorptive/catalytic synergy. This study provides a new thinking of
preparing biochar catalyst with heteroatom doing and hieratical structure design, which
could remove organic pollutants in water with high efficiency.
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Abstract: In this study, a Co-Mn/CeO2 composite was prepared through a facile sol-gel method and
used as an efficient catalyst for the ozonation of norfloxacin (NOR). The Co-Mn/CeO2 composite was
characterized via XRD, SEM, BET and XPS analysis. The catalytic ozonation of NOR by Co-Mn/CeO2

under different conditions was systematically investigated, including the effect of the initial solution’s
pH, Co-Mn/CeO2 composite dose, O3 dose and NOR concentration on degradation kinetics. Only
about 3.33% of total organic carbon (TOC) and 72.17% of NOR could be removed within 150 min
by single ozonation under the conditions of 60 mg/L of NOR and 200 mL/min of O3 at pH= 7 and
room temperature, whereas in the presence of 0.60 g/L of the Co-Mn/CeO2 composite under the
same conditions, 87.24% NOR removal was obtained through the catalytic ozonation process. The
results showed that catalytic ozonation with the Co-Mn/CeO2 composite could effectively enhance
the degradation and mineralization of NOR compared to a single ozonation system alone. The
catalytic performance of CeO2 was significantly improved by the modification with Mn and Co.
Co-Mn/CeO2 represents a promising way to prepare efficient catalysts for the catalytic ozonation of
organic polluted water. The removal efficiency of NOR in five cycles indicates that Co-Mn/CeO2 is
stable and recyclable for catalytic ozonation in water treatment.

Keywords: antibiotics; catalytic ozonation; emerging contaminant; Co-Mn/CeO2; norfloxacin

1. Introduction

Recently, the wide applications of antibiotics have become a serious threat to the
environment and public health worldwide due to their resistance to degradation and
induction of resistance genes [1,2]. Norfloxacin (NOR), a typical fluoroquinolone (FQ)
antibiotic, has been widely used and found in wastewater treatment plants from different
routes. For instance, the concentrations of NOR detected from domestic and hospital
effluents range from ng/L to µg/L [3,4]. It was found that NOR concentrations could
even reach up to mg L−1 in pharmaceutical effluents [5]. Nevertheless, antibiotics might
have a potential adverse influence on aquatic wildlife and humans even at trace levels [6].
Therefore, it is crucial to remove NOR efficiently from the aquatic environment.

Advanced oxidation processes (AOPs), which include several techniques, can generate
highly oxidative species to mineralize antibiotics [7,8]. Among them, ozonation has been
widely applied for the oxidative degradation of pollutants. Ozone (O3) as a powerful
oxidizing agent could degrade many organic pollutants including fluoroquinolone antibi-
otics. However, because of its selective oxidization of organic matters, the mineralization
efficiencies of some antibiotics were relatively low when a single ozonation system was
used [9,10]. A heterogeneous catalytic ozonation process could effectively improve the
degradation of organic pollutants and has attracted significant attention in recent years. The
heterogeneous catalysts for ozonation, such as metal oxides (MnO2, Al2O3, Fe3O4, Co3O4

48



Catalysts 2022, 12, 1606

and CuO), metal-containing composites and carbon materials have been developed and
applied in catalytic ozonation systems for the removal of various organic pollutants [11–16].
Among them, MnO2 has been investigated and reported as a promising catalyst for O3 due
to its high efficiency and stability. For example, Nawaz et al. investigated the degradation
of 4-nitrophenol (4-NP) through a heterogeneous catalytic ozonation process by using
MnO2 as the catalyst. Under the same reaction conditions, the degradation efficiency of
MnO2-catalyzed catalytic ozonation was 60.5% higher than that of ozonation alone [13].
The catalysis may be partly attributed to the role of oxygen vacancies (OVs) on MnO2. As
reported by He et al., oxygen vacancies facilitate the adsorption of O3 onto the catalyst
surface because oxygen vacancies increase the ratio of Mn3+/Mn4+, and then alter the
charge distribution [17]. Meanwhile, Co3O4 also exhibited high catalytic activity for the
catalytic ozonation of various refractory organic compounds. For example, Alvarez et al.
investigated the degradation of pyruvic acid through a heterogeneous catalytic ozonation
process by using Co3O4/Al2O3 composites as the catalyst. Under the same reaction condi-
tions, the degradation efficiency of Co3O4-/Al2O3-catalyzed catalytic ozonation was 38%
higher than that of ozonation alone. The rate of pyruvic acid disappearance is improved by
the presence of cobalt, which is likely due to its catalytic effect on oxidation reactions [18].

Cerium oxides (CeO2) has been widely applied in many research areas such as CO
oxidation, VOC combustion and the water-gas shift reaction due to a low redox potential
and abundant OVs [19–23]. In recent years, CeO2, as an active component or support, has
been widely investigated as an ozonation catalyst to enhance the removal of recalcitrant
compounds [24–26]. For example, Li et al. found that ceria could accelerate MCM-48 to
strengthen the degradation efficiency of clofibric acid (CA) by O3 [27]. Akhtar et al. found
that the presence of Fe2O3/CeO2 could accelerate activated carbon to enhance the removal
efficiency of sulfamethoxazole by O3 [26]. Chen et al. reported that the introduction of a
ceria catalyst can significantly enhance the catalytic ozonation of 4-chlorophenol, which
could be attributed to the concentration and location of OVs [25]. However, few studies
have reported on the combination of CeO2 and Co-Mn for organic pollutant elimination
via catalytic ozonation.

In this work, the Co-Mn/CeO2 composite was fabricated by using the sol-gel method.
The physical properties of the catalyst, the heterogeneous catalytic ozonation activities of
Co-Mn/CeO2 for the degradation of NOR, the performance of various operating conditions
and the stability of the catalyst were evaluated.

2. Results and Discussion
2.1. Physical Properties of Catalysts

The crystal phases and crystallinities of CeO2 and Co-Mn/CeO2 catalysts were studied
by using XRD. As shown in Figure 1a, the CeO2 particles depicted the typical XRD patterns
of pure fluorite cubic structures of CeO2 (JCPDS 34-0349) with characteristic peaks at 2θ
values of 28.6◦, 33.1◦, 47.5◦, 56.4◦, 59.1◦, 69.5◦, 76.8◦ and 79.1◦, which were attributed to the
(111), (200), (220), (311), (222), (400), (331) and (420) crystal planes, respectively [28–30]. The
Co-Mn/CeO2 composite samples did not show any obvious XRD diffraction for manganese
oxides or cobalt oxides in Figure 1. Moreover, the XRD patterns of the Co-Mn/CeO2
samples are quite broad compared to pristine CeO2, which could be attributed to the
formation of effective Mn-Ce, Co-Ce, and Mn- and Co-codoped solid solutions [23,31–33].
As the width and strength of XRD peaks have a close relationship with the crystallinity and
crystal size of the corresponding crystal phase, the low crystallinity and small crystal size
of metal oxide species can afford a large number of active sites for improved catalysis and
provide a material basis for a high catalytic performance [32,34].

As shown in Figure 2a, it can be seen that the CeO2 was in the form of irregular
particles, which were evenly distributed, and there were many pores between the particles.
The SEM image indicated that Co-Mn/CeO2 was in the form of irregular flakes that were
highly dispersed, and the surface was covered with a certain agglomeration and fluffy
accumulation, as well as many pores with different sizes (Figure 2b). The above results
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indicate that Co-Mn/CeO2 has a hierarchal micro–meso–macro porous structure. These
pores were formed due to the gasification of free water and the decomposition of nitrates
which acted as pore-fabricating agents in the sol-gel combustion preparation process [35].
Furthermore, in order to confirm the composition of Co-Mn/CeO2, EDS mapping was
performed, and the elemental mappings are shown in Figure 2c. The results showed a
uniform dispersion of Mn, Co, Ce and O elements in the Co-Mn/CeO2 catalysts which were
consistent with the XRD and SEM results. The loose, porous structure may provide more
active sites for reactant molecules, thereby promoting the performance of the catalysts [34].
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Figure 2. SEM images of CeO2 (a), Co-Mn/CeO2 (b), and EDS mapping of Co-Mn/CeO2 (c1–c4).

As shown in Figure 3, the N2 adsorption–desorption isotherms of CeO2 and Co-
Mn/CeO2 were type IV, showing that the two materials contained microporous and
mesoporous structures. The data on the surface area, pore diameter and pore volume
are summarized in Table 1. The BET surface area significantly increased from 34.80 m2/g
(CeO2) to 92.43 m2/g (Co-Mn/CeO2). Compared with CeO2, Co-Mn/CeO2 has the smaller
average pore size and the larger pore volume, indicating that Co-Mn/CeO2 has more pores.
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The larger specific surface area and pore number of Co-Mn/CeO2 may be attributed to the
formation of OVs and surface defects, which can provide more active sites to enhance the
catalytic performance [11,36,37].
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Table 1. Surface area, average pore width and total pore volume of catalysts.

Catalyst BET Surface
Area (m2/g)

Adsorption Average
Pore Width (nm)

Total Pore Volume of
Pore (cm3/g)

CeO2 34.804 17.8224 0.1551
Co-Mn/CeO2 92.425 8.10891 0.1874

The element composition and chemical environment of CeO2 and Co-Mn/CeO2 were
further identified by using XPS. As illustrated in Figure 4a, in addition to the characteristic
peaks of Co2p and Mn2p, the Ce3d and O1s peaks were observed clearly in both XPS
survey spectrums of CeO2 and Co-Mn/CeO2, which were consistent with the EDS results.
For Co-Mn/CeO2, there were two major peaks at Co2p3/2 and Co2p1/2, and the fitted peaks
at 780.1 eV and 795.2 eV could be attributed to Co3+, whereas the peaks at 781.5 eV and
796.4 eV could be ascribed to Co2+. Thus, it is concluded that Co existed in the oxidation
states of Co2+ and Co3+ [38]. As shown in Figure 4c, the Mn 2p XPS spectrum demonstrates
two peaks centered at 642.4 eV and 653.5 eV, which can be attributed to Mn 2p3/2 and Mn
2p1/2 states, respectively [39]. The Mn 2p3/2 peak of Co-Mn/CeO2 could be fitted by two
main peaks centered at 642.3 eV and 644.1 eV with a ratio of 0.86, corresponding to the
chemical states of Mn3+ and Mn4+, respectively. The results show that the content of the
Mn4+ species was higher than that of the Mn3+ species.

As shown in the Ce3d spectra of Figure 4b, the relative abundance of Ce 3d in Co-
Mn/CeO2 was smaller, suggesting that some Ce4+ in CeO2 may be replaced by cobalt ions
or manganese ions which could result in the creation of OVs. These principle binding
energies were labeled as u and v, which were attributed to the two pairs of Ce spin-orbital
doublets, 3d3/2 (higher BE) and 3d5/2 (lower BE), respectively. The photoelectron peaks u′

and v′, u′′ and v′′, and u′ ′ ′ and v′ ′ ′ corresponded to the concentration of Ce4+. Meanwhile,
the two weak peaks labeled as u′ and v′ were ascribed as being characteristic of Ce3+ [1].
The relative concentration ratio of Ce3+ to Ce4+ can be calculated from the peak areas of
deconvoluted peaks according to Equation (1)

r =
AU′′′ + AV′′′ + Au′′ + Av′′ + AU + AV

AU′ + AV′
(1)
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The chemical valence state of Ce in CeO2 and Co-Mn/CeO2 mainly included the
oxidation state of Ce4+ that coexisted with a relatively small amount of Ce3+. The relative
percentage of Ce3+/Ce4+ of CeO2 and Co-Mn/CeO2 were then calculated to be 13.95% and
29.12%, respectively. As a defect indicator, the higher concentration of Ce3+ in Co-Mn/CeO2
indicated the creation of relatively more OVs on the surface of the catalyst [28,40,41].

The O1s results can further confirm the generation of abundant OVs. As shown in
Figure 4e, the O1s spectrum of CeO2 and Co-Mn/CeO2 could be divided into three major
components—529.5, 531.5 and 533.1 eV, which were assigned as lattice oxygen (denoted
as Olatt), surface oxygen (Osur) and adsorbed oxygen (Oads), respectively. Generally, the
surface oxygen species could improve the catalytic process [42,43]. The surface oxygen Osur
concentration of CeO2 and Co-Mn/CeO2 was 14.83% and 43.21%, respectively, indicating
the same order as that of Ce3+. These observations showed that combining Mn and Co with
CeO2 not only promoted the formation of more new structure defects, but also improved
the concentration of (Osur) species, indicating that the Co-Mn/CeO2 catalyst can provide
more surface-active oxygen species for catalytic ozonation.
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Figure 4. XPS survey spectra of CeO2 and Co-Mn/CeO2 (a); narrow region scan of Co2p (b), Mn2p
(c), Ce3d (d) and O1s (e) of XPS spectra.

2.2. Catalytic Activities of Catalysts

To evaluate the performance of Co-Mn/CeO2 in catalytic ozonation processes, NOR
degradation and TOC removal in O3, CeO2/O3 and Co-Mn/CeO2/O3 systems were in-
vestigated, and the results are shown in Figure 5. As shown in Figure 5a, the degra-
dation efficiency of NOR via single ozonation was only 72.17% after 150 min. The effi-
ciency increased to 76.15% and 87.24% in CeO2 ozonation and Co-Mn/CeO2 ozonation
processes, respectively.
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Figure 5. NOR degradation (a), quasi-second-order plot of NOR destruction, (b) TOC removal (c) in
different processes, UV–vis spectra of treated water samples at different times (d); metal leaching
amounts (e) (NOR = 60 mg/L; catalyst = 0.60 g/L; O3 = 200 mL/min; initial pH of 7).

In order to further investigate the ozonation reaction kinetics, the experimental data
were fitted with the second-order model (Equation (2)):

1
1− β

= kc0t + 1 (2)

where k is the kinetic rate constant obtained from the fitting results. As shown in Figure 5b,
the apparent first-order rate constant k of the NOR degradation was 0.0186 (mg/L)−1min−1,
0.0215 (mg/L)−1min−1 and 0.0444 (mg/L)−1min−1 in O3, CeO2/O3 and Co-Mn/CeO2/O3
processes, respectively. It is worth noting that the different removal efficiencies of TOC
were achieved with the addition of different catalysts. Moreover, these catalysts could
significantly enhance the mineralization of NOR compared to the non-catalytic ozonation
processes. Ozone, as a kind of oxidant, reacts easily with NOR, but due to its selective
oxidation property, the ozone molecule might not be able to remove some degradation
intermediates formed during NOR degradation, resulting in a low mineralization efficiency.
As illustrated in Figure 5c, although NOR was effectively removed in 150 min by single
ozonation, the removal efficiency of TOC was only about 3.33%. However, in the presence
of CeO2 and Co-Mn/CeO2 under the same conditions, the removal efficiency of TOC
increased to 19.61% and 36.31%, which was 1.9 and 10.9 times higher than that of the
single ozonation and CeO2/O3 system, respectively. Figure 5d shows that the feature peak
of NOR gradually disappeared within 180 min, indicating the complete degradation of
NOR during the reaction. In addition, it can be noted in Figure 5e that catalysts had a low
dissolution concentration of metal ions in the reaction solution after 150 min of reaction,
which is acceptable according to discharge standards.

These results suggest that Co-Mn/CeO2 had catalytic ozonation activity and can
indeed strengthen the degradation of persistent organics. The main reason for this may be
attributed to: (1) The doping of Co and Mn lead to the formation of surface defects and OVs,
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which promote the decomposition of ozone into reactive radicals with stronger oxidation
ability, and then achieve a better ozonation effect. (2) The electron transfer between
Ce3+/Ce4+, Co3+/Co2+ and Mn3+/Mn4+ in Co-Mn/CeO2 made the redox of Ce3+/Ce4+

facile during the catalytic oxidation processes, improving the synergistic catalysis of Co,
Mn and Ce for the degradation of NOR. This is consistent with the literature that shows
Ce3+ species as the active sites in the decomposition of ozone into radicals with a more
powerful oxidation ability [25].

2.3. Effect of Operational Conditions
2.3.1. Effect of Initial Solution pH

Figure 6 presents the effect of the initial solution’s pH on NOR removal. The removal
rate of NOR gradually increased with the increase in pH from the initial pH of 5.0 to 9.0,
and the maximum NOR removal efficiency of 89.61% was achieved when the pH was 9.0.
At a higher pH, the abundance of OH− could accelerate the decomposition of ozone into
reactive radicals and enhance the generation of active radicals, such as hydroxyl radicals,
leading to high NOR removal efficiency (Equations (3)–(7)):

O3 + OH− → HO−4 (3)

HO−4 ↔ HO2·+ O−2 · (4)

O2·+ O3 → O2 + O−3 · (5)

O−3 · → O2 + O−· (6)

O−·+ H2O→ ·OH + OH− (7)

However, as the initial pH further increased to 11.00, the NOR removal efficiency
decreased because the enormous generation of •OH could facilitate the reaction between
•OH itself or O2•, rather than between the intermediate products of NOR degradation.
The quasi-second-order kinetics fitting was performed on the removal of NOR molecules
within 150 min. The results are shown in Figure 6b. The reaction rates were 0.0233
(mg/L)−1min−1, 0.299 (mg/L)−1min−1, 0.0439 (mg/L)−1min−1, 0.0554 (mg/L)−1min−1

and 0.0307 (mg/L)−1min−1. The results indicate that a low pH inhibited the reaction and
slowed down the oxidation rate of NOR. When the pH value of the initial solution changed
and was in the range of 3.00–11.00, NOR was almost removed in all cases. The results
indicate that Co-Mn/CeO2 can work in such a wide pH range.
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2.3.2. Effect of O3 Concentration

The increase in O3 concentration could improve the removal of NOR, as shown in
Figure 7. When the applied flow of O3 was 100, 200 and 300 mL/min, the NOR removal
efficiency within 150 min was 27.32%, 87.12% and 88.62%, respectively. The reaction rates
were 0.0107 (mg/L)−1min−1, 0.0464 (mg/L)−1min−1 and 0.1347 (mg/L)−1min−1. The
increase in NOR removal efficiency was due to the possibility of a higher concentration of
O3 accelerating the transformation of O3 into the aqueous solution, forming more derived
free radicals. However, when O3 concentration increased from 200 mL/min to 300 mL/min,
the reaction rate increased from 0.0464 (mg/L)−1min−1 to 0.1347 (mg/L)−1min−1. Since
excess O3 could also react with •OH to produce O2 and H2O, excess O3 would compete
with pollutants to react with free radicals, resulting in the decrease in oxidants for NOR
removal (Equation (8)).

O3 + 2·OH→ 2O2 + H2O (8)

Therefore, a high O3 concentration may not always be conducive to the improving
NOR removal.
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2.3.3. Effect of Catalyst Dosage

Figure 8 shows the effect of Co-Mn/CeO2 dosage on NOR removal. The removal of
NOR gradually increased from 77.59% to 87.77% as the catalyst dosage increased from
0.4 to 0.8 g/L within 150 min. The reaction rate increased from 0.0222 (mg/L)−1min−1 to
0.0466 (mg/L)−1min−1. This might be due to the higher catalyst dose possibly providing
more surface areas and available active sites, which could catalyze the disintegration of the
ozone to produce more free active radicals in the oxidation process. However, the increase
in NOR removal efficiency was only 6%, when Co-Mn/CeO2 increased from 0.4 g/L to
0.6 g/L. In the presence of an excess catalyst, the concentration of NOR and O3 per unit
area might decrease, which was not conducive to the reaction between NOR and O3 [28,44].
Hence, the optimized catalyst dosage was chosen as 0.6 g/L in this experiment.
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2.3.4. Effect of Initial NOR Concentration

Figure 9 presents the effect of the NOR initial concentration on NOR removal. When
the initial concentration of NOR was 40 mg/L, 60 mg/L and 80 mg/L, the NOR re-
moval efficiency was 86.51%, 87.65% and 79.39%, respectively. The reaction rates were
0.0562 (mg/L)−1min−1, 0.0456 (mg/L)−1min−1 and 0.0248 (mg/L)−1min−1. The results
indicate that the degradation rate of norfloxacin was inhibited by the increase in NOR con-
centration. A higher concentration of pollutants may require more oxidants to be oxidized,
and due to incomplete oxidation, intermediates will be produced and accumulate in the
catalytic ozonation process, resulting in a low degradation efficiency [45].
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2.4. Catalyst Stability and Reusability

In order to evaluate the stability of Co-Mn/CeO2 in the catalytic ozonation system,
the catalyst was collected after each degradation reaction cycle and reused under the same
operating conditions. As presented in Figure 10, the activity of Co-Mn/CeO2 toward the
degradation of NOR does not obviously change after five recycle times. This demonstrates
that Co-Mn/CeO2 had a stable performance in the catalytic ozonation process for the
degradation of NOR.
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Figure 10. Stability of prepared Co-Mn/CeO2 for the catalytic ozonation of NOR (if not oth-
erwise specified, NOR = 60 mg/L; O3 = 200 mL/min; Co-Mn/CeO2 = 0.60 g/L; pH = 7;
reaction time = 150 min).

3. Experimental Procedure
3.1. Materials and Chemicals

Norfloxacin (NOR) was purchased from Meilun Biotechnology Co., Ltd. (Dalian,
China). Cobaltous nitrate (Co(NO3)2·6H2O), cerium nitrate (Ce(NO3)3·6H2O) and NaOH
(Sodium hydroxide) were purchased from Aladdin Chemistry Co., Ltd (Shanghai, China).
Manganese nitrate (50% w/w) and citric acid were bought from Guangzhou Chemical
Reagent Co., Ltd. HCl (hydrochloric acid, 36%) was supplied by Lingfeng Chemical
Reagent (Shanghai, China). Ultra-pure water, which was used as the experimental water,
was obtained from the Millipore Milli-Q Ultrapure Gradient A10 purification system from
Millipore Co., Ltd. (Burlington, MA, USA). All the chemicals and reagents used in the ex-
periment were of analytical purity and could be used directly without further purification.

3.2. Preparation of Catalysts

The Co-Mn/CeO2 catalyst was prepared by modifying the method described by [25].
Briefly, Co-Mn/CeO2 was prepared by using the sol-gel method with citric acid as the
chelating agent. Nitrate salts of cobalt, manganese and cerium, in addition to citric acid,
were dissolved in deionized water with the molar ratio of Co(II): Mn(II): Ce(III): Citric
acid = 1:1:1:3. Then, ammonia was added dropwise to adjust the pH to 4.5–5.0. The result-
ing solution was magnetically stirred at 80 ◦C until a viscous pale pink gel was formed.
The gel was dried in an oven at 80 ◦C and then calcined in a muffle oven at 350 ◦C for 2 h.
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The obtained black solid was stored in a dryer for further use. By comparison, CeO2 was
also prepared by adding the corresponding nitrate.

3.3. Ozonation Experiments

The ozonation experiment was carried out in a 150 mL glass column batch reactor. A
certain amount of catalyst was added to the reactor containing 80 mL of NOR aqueous
solution (the NOR test concentration was determined as 60 mg/L according to the relevant
literature and experimental conditions [6,46,47], with an initial pH = 7), and then the mixed
solution was maintained as a suspension by magnetic stirring. Next, the ozone gas was
continuously bubbled to the bottom of the flask through the aeration device. Samples
were collected from the ozone reactor within the prescribed time interval and then filtered
using membrane filters (0.45 µm) for further analysis. Ozone gas was generated by using a
Tonglin 3S-T3 ozone generator as the air source. Within the specified time interval, a certain
volume of aliquots was taken from the reactor, and the residual ozone in the tail gas was
removed with a sodium thiosulfate solution. Except for the test to investigate the influence
of the initial pH value, other tests were conducted without adjusting the initial pH value.
All the experiments were repeated at room temperature.

3.4. Characterization of Catalysts

X-ray diffraction (XRD) measurements were performed by using a D8 Discover Bruker
diffractometer with Cu Kα radiation (Karlsruhe, Germany). The BET-specific surface areas
were determined by using the AUTOSORB-IQ-MP system (Quantachrome, Boynton Beach,
FL. USA). X-ray photoelectron spectroscopy (XPS, Waltham, MA, USA) spectra were deter-
mined via the Thermo Scientific K-Alpha system. The morphology was characterized by
using an FEI Quattro S emission scanning electron microscopy (SEM, Waltham, MA, USA).
Energy-dispersive spectroscopic (EDS) data were obtained by using the Bruker Quantax
XFlash SDD 6 (Karlsruhe, Germany). An inductively coupled plasma optical emission
spectrometry (ICP-OES, optima 8000DV, Waltham, MA, USA) was used to measure the
leaching concentration of metal in the solution. The absorbance of NOR was measured
with a UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan) at 272 nm.

4. Conclusions

Co-Mn/CeO2 was first prepared and used as a heterogeneous ozone catalyst. Co-
Mn/CeO2 had a disordered mesostructure and its performance was good in the cat-
alytic ozonation for NOR removal, especially in mineralization. With the addition of
Co-Mn/CeO2, the removal efficiency of TOC significantly increased from 3.33% to 36.31%,
compared to single ozonation. The dosage of ozone, the dosage of NOR, the dosage of the
catalyst and the solution pH have different effects on the degradation of NOR. In catalytic
ozonation, the degradation efficiency of NOR was higher at a basic pH than that at neutral
or acid pH values. The removal of NOR was highest at a pH value of 9, Co-Mn/CeO2
dosage of 0.8 g/L and O3 concentration of 300 mL/min. Co-Mn/CeO2 also showed good
stability and can be reused five times without significant catalytic activity loss. This re-
search shows an efficient way to modify CeO2 to remove organic pollution from wastewater
through a catalytic ozonation process.
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Abstract: Magnetic activated carbon particles (Fe3O4/active carbon composites) as auxiliary elec-
trodes (AEs) were fixed on the surface of Ti/Sb-SnO2 foil by a NdFeB magnet to form a new magnet-
ically assembled electrode (MAE). Characterizations including cyclic voltammetry, Tafel analysis,
and electrochemical impedance spectroscopy were carried out. The electrochemical oxidation perfor-
mances of the new MAE towards different simulated wastewaters (azo dye acid red G, phenol, and
lignosulfonate) were also studied. Series of the electrochemical properties of MAE were found to be
varied with the loading amounts of AEs. The electrochemical area as well as the number of active sites
increased significantly with the AEs loading, and the charge transfer was also facilitated by these AEs.
Target pollutants’ removal of all simulated wastewaters were found to be enhanced when loading
appropriate amounts of AEs. The accumulation of intermediate products was also determined by the
AEs loading amount. This new MAE may provide a landscape of a more cost-effective and flexible
electrochemical oxidation wastewater treatment (EOWT).

Keywords: anode; metal oxide; electrolysis; refractory pollutant; carbon

1. Introduction

Industrial organic wastewaters are difficult to be simply treated by conventional
biological, physical, and chemical methods due to their complex composition, recalci-
trance, and high toxicity [1,2]. Electrochemical oxidation wastewater treatment (EOWT), a
cutting-edge advanced oxidation technology, is an effective, adaptable, straightforward,
and environmentally friendly approach to treat such refractory wastewaters using clean
electrons [3,4].

The anode has a direct impact on the effectiveness and selectivity of EOWT, so choosing
an appropriate anode material with as many active sites as possible is crucial in a specific
case [5,6]. However, the traditional two-dimensional electrode has insufficient area to
provide adequate amounts of active sites, and the advanced three-dimensional electrode
has high investment cost and poor recyclability [7,8]. In addition, these anodes are non-
variable, which could not provide sustainably high efficiency over a broad range of inlet
wastewaters. In view of this, a variable electrode format is needed to avoid electrode
updating or system shutting down as possible.

In recent years, we proposed a novel electrode architecture consisting of a two-
dimensional titanium-based metal oxide electrode (main electrodes, ME), a number of
magnetic catalyst particles with Fe3O4 cores and coatings (auxiliary electrodes, AEs), and
a permanent magnet (see Scheme 1). The AEs are fixed on the ME surface by magnetic
force provided by the permanent magnet. This adjustable and modular electrode format is
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named the magnetically assembled electrode (MAE) [9,10]. By varying the magnetic force,
a flexible and in situ electrode surface modification could be realized. Furthermore, the
physically combined electrode has excellent maintainability and recyclability. The synergis-
tic effect of the ME and AEs improves the electrode activity, and the timely replacement of
the AEs can achieve flexible tunability and a long lifetime.
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In our earlier research, nearly all kinds of AEs were coated by metal oxides (e.g., Sb-
SnO2 and Pb3O4) or conducting polymers (e.g., polyaniline), and the adopted ME coatings
were typical dimensional stable anode (DSA) coatings (e.g., PbO2, Sb-SnO2, RuO2-IrO2-
TiO2, and IrO2-Ta2O5) or others (Pt, graphite) [9–15]. We discovered that increasing the
loading amount of AEs can elevate series of electrochemical properties of MAE. In brief,
the AEs provide massive active sites, but which are mainly less accessible active sites.
Good mass transfer and high current efficiency of pollutant degradation could benefit
from these additional active sites [11–15]. Unfortunately, the conductivity of these AEs is
insufficient, which may lead to the uneven distribution of anodic potential throughout the
AEs layers and the insufficient polarization degree of the outer layers. Therefore, excessive
AEs loading is not advised. Fortunately, we also found that ME with good oxygen evolution
reaction (OER) activity has an activating effect on AEs and can mitigate the above problems
to some extent [13,14].

In this study, we developed a kind of magnetic activated carbon particles (referred to as
MAC, i.e., Fe3O4/active carbon composites) with stable physicochemical properties, good
electrical conductivity, and well-developed pores [7,8]. These MAC particles were expected
to further release the potential of MAE for faster electron transfer and more electrochemical
area. Ti/Sb-SnO2 with poor OER activity was used as the ME to reflect the contribution
of the new AEs. The effects of the AEs loading amount on the structure–activity of the
MAE were thoroughly assessed through material characterizations and electrochemical
characterizations. The effects of the AEs loading amount on the EOWT efficiency and
selectivity were disclosed by the degradation treatments of azo dye acid red G (ARG),
phenol (C6H5OH), and sodium lignosulphonate (lignin). This study also aims to enrich the
material system of MAE, complete the structure—activity relationship theory of MAE, and
provide additional theoretical basis and technical assistance to the application of EOWT
towards actual organic wastewaters.

2. Results and Discussion
2.1. Material Characterization

The SEM image (×500) of the ME is shown in Figure 1a. A thick layer of Sb-SnO2
coating effectively covered most of the titanium substrate and inhibited possible substrate
passivation during electrolysis. However, the thermal decomposition process inevitably
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causes the crack coating morphology. The XRD patterns of the ME and AEs are shown
in Figure 1b. Five diffraction peaks of the ME at 2θ degrees of 26.6◦, 33.9◦, 37.9◦, 51.8◦,
and 54.8◦ correspond to (110), (101), (200), (211), and (220) facets of tetragonal rutile phase
SnO2, respectively, according to the standard card (JCPDS 41-1445). A diffraction peak of Ti
substrate is also identified due to the thin coating and high penetrability of X-ray. In the
high depth of field micrograph on the macro level, the surface of ME is relatively flat, and
the coating is relatively uniform (Figure 1c).
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Figure 1. Material characterization results: (a) SEM image (×500) of ME (inset: water contact angle);
(b) XRD of ME and AEs; (c) High depth of field micrograph of ME; (d) SEM image of (×500) of MAC
(insets: SEM image of MAC (×1000) and water contact angle (very low angle, the numbers are just
for reference)); (e) EDS element mappings of MAC and AC; (f) High depth of field micrograph of
Sb-SnO2/MAC(0.10 g).

The SEM image (×500, ×1000) of the MAC AEs are shown in Figure 1d, manifesting
their rough surface. XRD result shows that these AEs contains Fe3O4 grains, demonstrating
Fe3O4 is successfully deposited on the AC, making it magnetic (Figure 1b). EDS mappings
of the AEs (Figure 1e) also verify that the MAC AEs are successfully prepared, which
contain 36.5% of Fe, 29.3% of O, 23.3% of C, 8.1% of Si, and 2.8% of Al comparing with the
original AC (Figure 1e, atom %).

The high depth of field micrograph of the Sb-SnO2/MAC(0.10 g) is shown in Figure 1f.
Loading AEs modifies the macroscopic surface roughness of the electrode and also changed
the porosity and actual area of the electrode. It is also clear that the AEs are successfully
fixed on the ME surface by the magnetic force. The hydrophilicity of the electrode remains
well even when after loading the AEs (insets in Figure 1a,d).

2.2. Electrochemical Characterization

The narrow CV curves (0–0.3 V (vs. SCE)) for the ME (2D Ti/Sb-SnO2), Sb-SnO2/MAC
(0.01 g), and Sb-SnO2/MAC(0.10 g) obtained at 0.05 V·s−1 of potential scan rate are dis-
played in Figure 2a. The full view of narrow CV curves of all electrodes under different
potential scan rates is illustrated in the Supporting Information (Figure S1). It can be
seen that both the current density and the curve area significantly increase with the AEs
(Figure 2a). A linear fit of the current density values and integral areas obtained from
the narrow CV curves (Figure S1) in the non-Faraday region under different potential
scan rates were used to determine the double-layer capacitance (Cdl) and voltammetric
charges (q*), respectively (details are described in the Supporting Information Section and
illustrated in Scheme S1). The q* could be categorized as the total voltammetric charge (qT),
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outer voltammetric charge (qo), and inner voltammetric charge (qi), which correspond to
the total number of active sites, easily accessible external active sites, and less accessible
internal active sites, respectively. Figure 2b demonstrates that increasing AEs’ loading
amount alters the electrode’s structure, increasing the electrochemical area. For example,
Sb-SnO2/MAC(0.10 g) increases the Cdl by ~50% compared with the 2D Ti/Sb-SnO2 elec-
trode. Figure 2c shows adding 0.10 g·cm−2 of MAC can increase the number of qi by 78.5%.
The significant increases of Cdl and q* could benefit to the mass transfer and adsorption of
pollutants, and the AEs can provide more additional catalytic active sites for the electrocat-
alytic reaction, leading to faster kinetics [11–15]. Therefore, the electrode’s direct electron
transfer (DET) capability may be improved by the addition of MAC AEs. Figure S2 shows
the obvious variations of q* value with the addition of different pollutants, manifesting the
effect of adsorbed pollutant on the charge–discharge process of the electrode, especially
for MAEs.
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Figure 2. Electrochemical characterization results (in 0.5 M Na2SO4 solution): (a) Narrow CV curves
of 2D Ti/Sb-SnO2, Sb-SnO2/MAC(0.01 g), and Sb-SnO2/MAC(0.10 g) under potential scan rate of
0.005 V·s−1; (b) Cdl values; (c) Voltammetric charges caculated from the narrow CV curves; (d) Normal
CV curves (0–2.5 V vs. SCE, potential scan rate: 0.01 V·s−1); (e) Nyquist plots (equilibrium potential
of 0 V (vs. SCE)); (f) Nyquist plots (equilibrium potential of 1.6 V (vs. SCE)).

Normal CV curves (0–2.5 V (vs. SCE)) shown in Figure 2d and LSV curves shown in
Figure S3 (Supporting Information) could further manifest the effect of MAC AEs on the
electrode’s electrochemical behaviors. Two-dimensional Ti/Sb-SnO2 has the onset oxygen
evolution potential (OEP) of ~1.80 V (vs. SCE). When AEs are present, the electrode’s
OEP rises slightly and the response current value in oxygen evolution reaction (OER) zone
significantly reduces. Two new redox peaks appeared on MAEs’ normal CV curves at
~0.5 V and 0.25 V (vs. SCE), respectively, which may be attributed to the redox of carbon
and hydroxyl carbon. This phenomenon indicates that the physically bonded MAC AEs
really take part in the electrochemical processes, introducing their own redox reactions
before the OER, increasing the electrode’s charging/discharging capacity, and inhibiting
the OER activity of the electrode.

The enhanced electrode conductivity could also be reflected by the Nyquist plots of
MAE in Figure 2e,f. The activated carbon particles could offer excellent conductivity and
well-developed pore structure [7,8,16,17], which are beneficial to charge transfer and mass
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transfer. However, only loading appropriate amount of AEs (i.e., for Sb-SnO2/MAC(0.05 g))
would achieve the best result.

When three kinds of pollutants are added, the variations of normal CV curves (0–2.5 V
(vs. SCE)) shown in Figure 3 could furtherly verify the enhanced DET process as well as
the direct oxidation of pollutants introduced by the MAC AEs. The current response in the
OER region is significantly decreased, and no current pollutant oxidation peak is found
for 2D Ti/Sb-SnO2 (Figure 3a,c). As a contrast, the current response in the OER region is
nearly unchanged, and several pollutant oxidation peaks (or obvious current enhancement)
are found between 1.2 V to 1.5 V (vs. SCE) for Sb-SnO2/MAC(0.10 g) (Figure 3b,d). This
result could furtherly verify that prior to the occurrence of OER (low applied potential),
the three organic pollutants can undergo direct oxidation or DET process thanks to the
introduction of MAC AEs. In addition, the electron transfer or mass transfer rate is faster
on MAE than on 2D Ti/Sb-SnO2 (see results in Figure 2), thus the pollutant oxidation on
MAE could compensate the OER current decrease when the applied potential is high.
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Na2SO4 solution and 0.5 M Na2SO4 solution with 2000 ppm of ARG, lignin or phenol: (a) 2D Ti/Sb-
SnO2; (b) Sb-SnO2/MAC(0.10 g); (c) Partial enlarged view of 2D Ti/Sb-SnO2; (d) Partial enlarged
view of Sb-SnO2/MAC(0.10 g).

2.3. Pollutant Degradation
2.3.1. Degradation of ARG

The destroying of the azo linkage of ARG is what we focus on due to its toxicity
and character of chromophore. Direct oxidation or the DET process is as efficient as the
hydroxyl radicals (indirect oxidation) in breaking the azo linkage [18,19]. Therefore, the
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current densities of both 2 mA·cm−2 and 20 mA·cm−2 were selected as comparison. It is
known from the previous normal CV or LSV curves that only 2 mA·cm−2 of current density
benefits to direct oxidation (or DET process) while 20 mA·cm−2 has reinforced indirect
oxidation effect [5,16]. Another reason for choosing these two current densities is that the
mass transfer requirements are different under these two conditions.

From Figure 4 it can be found that the 15 min of pre-adsorption process has little
effect on ARG removal, indicating MAC has insufficient absorption ability comparing with
the traditional AC we anticipated. As seen from Figure 4a, and at low current density
(2 mA·cm−2), the EOWT basically follows the zero-order reaction kinetics (kinetics control).
Sb-SnO2/MAC(0.01 g) and Sb-SnO2/MAC(0.05 g) do not show their superiority under this
condition due to low anodic potential. However, Sb-SnO2/MAC(0.10 g) show 100% higher
efficiency than the 2D Ti/Sb-SnO2 electrode. At high current density (e.g., 20 mA·cm−2

,
Figure 4b) corresponding to high anodic potential, the kinetics control turns to mass transfer
control. All electrodes show improved ARG degradation efficiencies, especially for the three
MAEs. For example, Sb-SnO2/MAC(0.10g) could achieve ARG removal efficiency from
~50% (2 mA·cm−2) to above 90% (20 mA·cm−2) after 3 h treatment, while 2D Ti/Sb-SnO2
only has minor enhancement.
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Figure 4. Degradation results of ARG (initial ARG concentration of 200 ppm, anode area of 9 cm2,
solution volume of 250 mL, 125 ppm of Na2SO4 as supporting electrolyte, room temperature):
(a) ARG removal percentage versus time under low current density (2 mA·cm−2); (b) ARG removal
percentage versus time under high current density (20 mA·cm−2).

The above results reflect the MAC’s functions in improving electrode’s electrochemical
properties (Figures 2 and 3). The above results also demonstrate the superiorities of the
MAEs in terms of reinforced direction oxidation (or DET) and improved mass transfer.
More importantly, more electrochemical area or active sites brought by MAC AEs also lower
the real current density significantly (under galvanostatic mode), which would further
inhibit OER side reaction and benefit the DET process. The variations of UV-vis spectra,
total dissolved solids (TDS), and pH value during ARG treatment are also placed in the
Supporting Information for reference (Figure S5).

2.3.2. Degradation of Phenol

The structure of phenol requires a higher degradation ability of the electrode (ring
opening). Phenol has a strong absorption peak at 270 nm in the UV region, which can reflect
the phenol content (Figure S6, Supporting Information). From Figure S6 it can be seen that
no matter whether under lower or higher current density, the 2D Ti/Sb-SnO2 electrode
could not effectively handle this pollutant. The addition of the MAC AEs could make the
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solution’s color deepen versus electrolysis time (from colorless to tea-brown and finally
becoming turbid). A higher AEs loading amount would cause partial UV-vis adsorption
peak shift phenomena under higher current density. These optical or spectral phenomena
may reveal the effective oxidation of phenol to polymers or other intermediate products
by MAEs.

Phenol adsorption is more negligible on these MAEs comparing with ARG (not shown
here). After 3 h degradation of 100 ppm phenol, Figure 5 displays the mass-to-charge ratio
(m/z) versus GC retention time of the organics present in the samples using bubble plots. In
addition, the content of phenol and its intermediate degradation products can be visually
reflected by the bubble area (corresponding to the GC peak area; two identified substances
(m/z: 218, m/z: 206, which might be bimolecular polymers) and were the main intermediate
products. The degradation effects of anodes varied greatly. In summary, loading more
MAC AEs leads to more effective phenol degradation and less intermediate products
accumulation, which is consistent with the electrochemical characterization results. The
most effective electrode for removing phenol is Sb-SnO2/MAC(0.10 g), with phenol removal
efficiency of almost 100% and with the fewest accumulation of intermediate products. Sb-
SnO2/MAC(0.05 g) has phenol removal efficiency of ~80%. However, the performance of
Sb-SnO2/MAC(0.01 g) and 2D Ti/Sb-SnO2 are similarly poor (only ~50% phenol removal).
The above result indicates that the reinforced direct oxidation (or DET) caused by sufficient
MAC AEs loading amount is necessary for phenol removal and intermediate products (e.g.,
polymers) elimination.
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Figure 5. Phenol degradation results under current density of 20 mA·cm−2 (initial phenol concentra-
tion of 100 ppm, anode area of 9 cm2, solution volume of 250 mL, supporting electrolyte of 125 ppm
of Na2SO4, room temperature) before and after 3 h electrolysis: (a–e) Bubble diagrams of phenol or
intermediate products according to their GC peak area ((a) Original sample of phenol; (b) 2D Ti/Sb-
SnO2 (inset: photos of the solution samples); (c) Sb-SnO2/MAC(0.01 g) (inset: photos of the solution
samples); (d) Sb-SnO2/MAC(0.05 g) (inset: photos of the solution samples); (e) Sb-SnO2/MAC(0.10 g)
(inset: photos of the solution samples)); (f) Accumulative GC peak area columns of phenol and
intermediate products.
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2.3.3. Degradation of Lignin

Lignin is a series of three-dimensional macromolecules containing various functional
groups such as methoxy, carbonyl, aldehyde, etc. It is a more complex organic compound
than ARG and phenol, and this organic pollutant is most common in paper wastew-
ater [20,21]. The advisable and cost-effective way to treat lignin wastewater is just to
enhance its biodegradability. That is, breaking the linkage bonds (C-C and C-O-C bonds)
between the lignin structural units while also avoiding over-oxidation so as to obtain useful
small molecular resources such as alcohols, acids, and phenolic derivatives. We found MAE
is still applicable to this complex and refractory organic wastewater (Figures 6 and S7).
For 2D Ti/Sb-SnO2, under two different current densities, the UV-vis spectra versus time
were nearly unchanged, and the changes in pH and TDS were relatively inconspicuous,
suggesting 2D Ti/Sb-SnO2 could not effectively oxidize lignin in 3 h treatment (Figure S7).
In addition, from the comparison between Figure 6a,b, it can be deduced that fewer in-
termediate products generate on this electrode. When a small amount of MAC AEs was
added (Sb-SnO2/MAC(0.01 g)), the pH and TDS variations were nearly identical to those
of the 2D Ti/Sb-SnO2 electrode. However, the UV-vis spectra change significantly versus
time, where the absorbance increases at 290 nm. In addition, this phenomenon is more
obvious when loading more MAC AEs (Sb-SnO2/MAC(0.05 g) and Sb-SnO2/MAC(0.10 g)),
manifesting that MAC AEs could facilitate lignin depolymerization.
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Figure 6. Lignin degradation results under current density of 20 mA·cm−2 (initial lignin concentration
of 100 ppm, anode area of 9 cm2, solution volume of 250 mL, supporting electrolyte of 125 ppm
of Na2SO4, room temperature) before and after 3 h electrolysis (a–e) Bubble diagram of original
lignin sample or intermediate products according to their GC peak area ((a) Original sample of lignin;
(b) 2D Ti/Sb-SnO2; (c) Sb-SnO2/MAC(0.01 g); (d) Sb-SnO2/MAC(0.05 g); (e) Sb-SnO2/MAC(0.10 g);
(f) Accumulative GC peak area columns of oligomers in original sample and degradation samples
(left part) and new generated intermediate products after degradation (right part).

The efficiency and selectivity of the electrodes towards lignin and its intermediate
products could be furtherly described by the GC-MS result of original lignin solution
and treated samples. Lignin macromolecules are over the limit of GC-MS instrument,
which could not be detected in the original lignin solution. However, three different
oligomers (m/z: 206, m/z: 218, m/z: 352, respectively) are detected successfully (Figure 6a).
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The variations of these three compounds are different depending on the electrode. In
addition, a different type and amount of new intermediate products are generated by
different electrodes (Figure 6b–e). The structures of these intermediate products derived
from the reports given by the NIST database software could be used as reference. For
example, although 2D Ti/Sb-SnO2 electrode could not depolymerize lignin effectively
(Figure S7), it is good at reducing the amount of the above three oligomers by ~50% in
average. Sb-SnO2/MAC(0.01 g) and Sb-SnO2/MAC(0.05 g) accumulate some intermediate
products (including new compounds as well as the original oligomers) originating from
the depolymerization of lignin. However, Sb-SnO2/MAC(0.10 g) not only depolymerize
lignin more effectively (Figure S7) and reduce the original oligomers substantially, but also
accumulates fewer new intermediate products. The superiority of Sb-SnO2/MAC(0.10 g) is
more obvious in degrading lignin thanks to the difficulty of treating polymer. As we can
imagine, the previously demonstrated better electrochemical properties of this electrode
(more active sites, larger surface area, faster charge transfer and mass transfer) may be
more valuable in treating more complex and refractory wastewaters.

2.4. Cost-Effectiveness Estimation

The price of powdered AC used this study is only 2.3 ¥·kg−1. The costs of other main
agents (e.g., FeSO4·7H2O or FeCl3·6H2O) used to fabricate MAC could also be negligible.
The co-precipitation method to prepare MAC is simple and does not need high-temperature
calcination procedures or device. Taking Sb-SnO2/MAC(0.10 g) with geometric area of
1 m2 for example, no more than 3 ¥ (loading 1 kg of MAC) of MAC and several magnets
(e.g., ~200 ¥) are needed to enlarge electrode’s electrochemical area by ~50% (according to
Figure 2). The investment of 2D Ti/Sb-SnO2 in this study is ~1500 ¥·m−2 (much lower than
noble metal containing electrodes). However, the cost of the new strategy using MAC in
this study is only ~27% of the potential additional investment of ~0.5 m2 of 2D Ti/Sb-SnO2
(~750 ¥). In addition, the operational cell voltage of galvanostatic electrolysis (or energy
consumption) using Sb-SnO2/MAC is ~10% lower than using 2D Ti/Sb-SnO2, thanks to
the well-conductive carbon-based MAC. Based on the above, loading MAC is cost-effective
and advisable.

3. Experiments
3.1. Preparation of MAE

All reagents were analytical pure (Shanghai McLean Biochemical Co., Ltd., Shanghai,
China). The ME substrate was a titanium plate with a thickness of 0.5 mm (Baosteel Group,
Baoji, China). All solutions were prepared with ultra-pure water (Milli-Q water, Millipore,
Milford, MA, USA). The MAC AEs were made using a chemical co-deposition method
(details are placed in the Supporting Information Section), where the Fe3O4 grains were
deposited on or into the active carbon (AC). The preparation of Ti/Sb-SnO2 ME followed
our previous report [22], using electrodeposition and a thermal oxidation method. The AEs
were magnetically attracted and fixed on the ME surface by magnetic force. A permanent
magnet (NdFeB) was attached to the back side of the ME with tape. The effects of AEs
loading amount (0 g·cm−2, 0.01 g·cm−2, 0.05 g·cm−2, and 0.1 g·cm−2, respectively) on
MAE performance were studied. Therefore, the assembled four electrodes were named 2D
Ti/Sb-SnO2, Sb-SnO2/MAC(0.01 g), Sb-SnO2/MAC(0.05 g), and Sb-SnO2/MAC(0.10 g),
respectively.

3.2. Material Characterizations

Scanning electron microscopy (SEM, JSM-6390A, JEOL, Tokyo, Japan) and X-ray
diffraction (XRD, D/MAX-2200PC, Rigaku, Tokyo, Japan; Cu Kα, λ = 0.15406 nm) and a
3D digital microscope (VHX-7000, Keyence, Osaka Japan) were used to characterize the
morphology, composition, and structure of ME, AEs, or MAE.
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3.3. Electrochemical Characterizations

A typical three-electrode system was used to conduct the electrochemical charac-
terization. The working electrode was the prepared MAE (exposed geometric area of
1 cm2). The counter electrode was a 9 cm2 copper plate. A saturated calomel electrode
(SCE) served as the reference electrode. Narrow cyclic voltammetry (CV) ranging between
0–0.3 V (vs. SCE) was carried out in a 0.5 M Na2SO4 solution (with or without 2000 ppm
of various organic pollutants). The scan rates used for narrow cyclic voltammetry (CV)
were 0.005 V·s−1, 0.01 V·s−1, 0.02 V·s−1, 0.05 V·s−1, 0.1 V·s−1, and 0.2 V·s−1, respectively.
The roughness factors of various electrodes can be calculated through fitting according to
previous reports [13–15]. Linear scanning voltammetry (LSV) and the normal CV were
performed between 0–2.5 V (vs. SCE) in the same solutions with a scan rate of 1 mV·s−1

and 10 mV·s−1, respectively. The electrochemical impedance spectroscopy (EIS) tests were
conducted (vs. SCE) in the same solutions at equilibrium potentials of 0 V and 1.6 V (vs.
SCE) with an amplitude of 5 mV, and a frequency range between 105 Hz to 0.1 Hz.

3.4. Pollutant Degradation

As model pollutants, sodium lignosulfonate (lignin, C20H24Na2O10S2), phenol (C6H5OH),
and the azo dye Red G (ARG, C18H13N3Na2O8S2) were used (structural formulas are shown
in Scheme S2 of the Supporting Information). The wastewater (250 mL, 125 ppm Na2SO4
electrolyte) contained 200 ppm (for ARG) or 100 ppm (for phenol or lignin) of pollutants.
Given that MAC would adsorb pollutants, each set of degradation experiments contained
a 15-min resting period (adsorption process) prior to electrolysis to allow the pollutants
to be adsorbed as possible. The studied anodic current densities were 2 mA·cm−2 and
20 mA·cm−2, respectively. The anode (effective electrode area of 9 cm2) and cathode
(copper sheet with the same size) were positioned parallel with a spacing of 15 mm.
Room temperature served as the initial reaction temperature. In order to analyze the
solution samples, a UV-Vis spectrophotometer (Agilent 8453, Santa Clara, CA, USA) and
a multifunctional pH meter (LeiCi Group, Shanghai, China, including function of the
total dissolved solids (TDS) determination) were used. The degradation intermediate
products were identified by gas chromatography–mass spectrometry (GC–MS, Thermo
Fisher, Waltham, MA, USA) using the NIST database.

4. Conclusions

The above results have demonstrated AC as a good alternative of metal oxide as a
cost-effective AEs coating material of MAE.

1. MAC AEs improve the MAE’s conductivity, increase electrochemical area, increase
the number of active sites, facilitate charge transfer and mass transfer, and strengthen
the electrode’s direct oxidation (or DET) capability. These characteristics are more
significant on the Sb-SnO2/MAC(0.10 g).

2. More importantly, the loading amount of MAC AEs has a significant impact on
various pollutant degradation rates and intermediate products accumulations. Sb-
SnO2/MAC(0.10 g) has the best pollutant degradation ability with the lowest amount
of accumulated intermediate products.

This study has enriched the material system of MAE, completed the structure–activity
relationship theory of MAE, and provided an additional theoretical basis and technical
assistance to the application of EOWT towards actual organic wastewaters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010007/s1, Text: Electrode preparation detail and voltam-
metric charge calculation; Scheme S1: Illustations of the Cdl calculation procedures; Scheme S2:
Structrual formulas of the three pollutants used in this study; Figure S1: Narrow CV curves at differ-
ent scan rates in 0.5 M Na2SO4 solution; Figure S2: Voltammetric charges obtained from the narrow
CV curves (from 0 to 0.3 V (vs. SCE)) at different scan rates in 0.5 M Na2SO4 solution and 0.5 M
Na2SO4 solution with 2000 ppm of ARG, lignin or phenol; Figure S3: LSV curves of the electrodes
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(0 to 2.5 V (vs. SCE); scan rate: 0.001 V·s−1) in 0.5 M Na2SO4 solution and 0.5 M Na2SO4 solution
with 2000 ppm of ARG, lignin or phenol; Figure S4: Normal CV curves of the electrodes (0–2.5 V (vs.
SCE); scan rate: 0.01 V·s−1) in 0.5 M Na2SO4 solution and 0.5 M Na2SO4 solution with 2000 ppm
of ARG, lignin or phenol; Figure S5: Other details of ARG degradation; Figure S6: Other details of
phenol degradation; Figure S7: Other details of lignin degradation; References [9,23].
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Abstract: The purpose is to optimize the catalytic performance of biochar (BC), improve the removal
effect of BC composites on organic pollutants in wastewater, and promote the recycling and sustain-
able utilization of water resources. Firstly, the various characteristics and preparation principles of
new BC are discussed. Secondly, the types of organic pollutants in wastewater and their removal
principles are discussed. Finally, based on the principle of removing organic pollutants, BC/zero
valent iron (BC/ZVI) composite is designed, among which BC is mainly used for catalysis. The effect
of BC/ZVI in removing tetracycline (TC) is comprehensively evaluated. The research results reveal
that the TC removal effect of pure BC is not ideal, and that of ZVI is general. The BC/ZVI composite
prepared by combining the two has a better removal effect on TC, with a removal amount of about
275 mg/g. Different TC concentrations, ethylene diamine tetraacetic acid (EDTA), pH environment,
tert-butanol, and calcium ions will affect the TC removal effect of BC composites. The overall effect is
the improvement of the TC removal amount of BC composites. It reveals that BC has a very suitable
catalytic effect on ZVI, and the performance of BC composite material integrating BC catalyst and
ZVI has been effectively improved, which can play a very suitable role in wastewater treatment.
This exploration provides a technical reference for the effective removal of organic pollutants in
wastewater and contributes to the development of water resource recycling.

Keywords: new biochar; compound material; organic pollutants; tetracycline; biochar/zero valent iron

1. Introduction

With the progress of society, the use of various new products has caused a serious
impact on the environment. In particular, trace persistent organic pollutants in water bodies
pose a serious threat to the normal life activities of human beings and organisms, and the
effective removal of these pollutants has become a top priority [1]. General water treatment
technology is difficult to work with. As a pyrolysis product of biomass waste, biochar (BC)
is gradually applied to treat polluted water bodies. It can effectively improve the removal
of organic pollutants in wastewater and improve the comprehensive utilization efficiency
of water resources [2]. Although the current treatment technology of organic pollutants in
wastewater is not advanced enough, many studies have provided technical support for it.

Pan and Tang (2021) [3] pointed out that water environment pollution and water re-
source shortage are two major problems of global freshwater resources. Water consumption
has increased sharply due to the rapid progress of the social economy, the increase in pop-
ulation, the gradual improvement of people’s living standards, and the acceleration of
industrialization and urbanization. Sewage discharge has also increased accordingly, ag-
gravating the shortage of freshwater resources and the pollution of the water environment.
The current backward sewage treatment facilities and low sewage treatment rate are the
main reasons for water environment pollution [3]. Lu et al. (2021) [4] pointed out that water
consumption has increased sharply with the development of industrial and agricultural
production and improved people’s living standards. Moreover, the vast majority of huge
amounts of untreated industrial wastewater and urban sewage are discharged into water
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bodies, causing serious pollution to limited water resources [4]. Xiao et al. (2021) [5], through
an in-depth investigation of contemporary urban planning practices and combining with
the latest research results of environmental theories, made an empirical analysis of the corre-
sponding problems and proposed that environmental protection countermeasures should
be adopted in urban planning was a very important measure [5]. Grosso et al. (2022) [6]
pointed out that BC can remain in the soil for hundreds to thousands of years to achieve
carbon sequestration and fixation. BC can also improve soil physical and chemical properties
and microbial activity, cultivate soil fertility, reduce the loss of fertilizer and soil nutrients,
delay the release of fertilizer nutrients, and reduce soil pollution [6]. Hota and Diaz (2021) [7]
prepared magnetic hydroxyapatite/BC composites and studied the adsorption kinetics and
thermodynamic properties of Pb2+ and solid-liquid separation and recovery properties.
Scanning electron microscopy, X-ray diffraction, and Fourier infrared spectrometer were used
to characterize and analyze the microstructure of materials before and after composite [7].
Wang et al. (2021) [8] loaded magnetic media such as iron oxide onto the surface of BC to
achieve simple solid-liquid separation under the action of the external magnetic field, which
is a new hotspot in the development of BC materials in recent years [8]. McKenna et al.
(2021) [9] argued that there were potential threats to the human body and ecological environ-
ment caused by refractory organic matter in water, and it was of great significance to develop
an efficient, environmentally friendly, and low-cost catalytic system for the restoration of
such wastewater [9]. Industrial and agricultural discharge, leachate leakage of municipal
garbage, and environmental accidents all lead to excessive heavy metals in water bodies. It is
difficult to remove heavy metal-polluted wastewater, which has a serious impact on water
plants and animals, human production and life, and endangers human health. Therefore, it is
necessary to remove pollutants in the environment to a great extent through various means
so as to provide a guarantee for sustainable social development [10]. Based on these, firstly,
the preparation principle and application concept of novel BC composites are discussed.
Secondly, the organic pollutants in wastewater and their treatment ideas are expounded.
Finally, the BC/ZVI organic pollutant removal material is designed, and its performance is
evaluated comprehensively. On account of the novel BC composites, this exploration studied
the removal effect and performance optimization effect of organic pollutants in wastewater,
thereby improving the removal effect of organic pollutants in wastewater, comprehensively
advancing the protection of water resources, and promoting the sustainable utilization of
water resources in society. This exploration provides a reference for enhancing the removal
effect of organic pollutants and also makes a contribution to promoting the rational utilization
of social resources.

BC has been widely used. In recent years, BC has not only been used to improve soil
quality but also for soil pollution control and water pollution control. Therefore, BC has
become a kind of functional material [11]. The chemical properties of BC mainly refer to
the basic chemical properties of different BC. Among them, the main constituent elements
of BC include carbon, hydrogen, oxygen, and nitrogen, while the secondary elements cover
potassium, calcium, sodium, and magnesium [12]. The chemical properties that determine
the properties of BC also involve the structure of functional groups between diverse
elements, such as -OH, -(C=O) OH, -OR, and others. At the same time, with the increase
in pyrolysis temperature, the acidic group of BC decreases, and the basic group increases.
Thus, BC is mostly alkaline [13]. To prepare the new bio-composite, BC composites, namely,
BC/zero valent iron (BC/ZVI), can be made by co-heating by adding hematite and pine
powder under the main condition of nitrogen. ZVI, with a particle size of less than 100 nm,
is usually prepared by wet or dry methods. ZVI has a high specific surface area and
strong reducibility, showing excellent reactivity in the removal of water pollutants [14].
However, due to its small size, it is prone to self-aggregation, and its surface is also prone
to oxidation to form surface passivation, reducing the reactivity and availability. The best
way to solve this problem is to disperse ZVI on the surface of the carbon material so that
more reactive sites are activated, thus improving its adsorption. Meanwhile, BC is the
best medium for the fixation and dispersion of ZVI due to its complex pore structure
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and large surface area [15]. To develop an efficient S-type heterojunction photocatalyst
to remove harmful pollutants, Li et al. (2022) designed and developed a novel S-type
TaON/Bi2WO6 heterojunction nanofibers by in situ growing Bi2WO6 nanosheets with
oxygen vacancies on TaON nanofibers [16]. In order to treat wastewater containing heavy
metals and microorganisms, 1-naphthylamine (-NA, chromophore group) was grafted onto
the -NH2 group in a portion of NH2-MIL-125(Ti) by photocatalysis, NA/NH2-MIL-125(Ti)
homologous coalescence was prepared, and the optical and structural changes were further
studied [17]. S-type heterostructures were prepared by coupling Cd0.5Zn0.5S nanoparticles
and Bi2MoO6 microspheres as effective photocatalysts for antibiotic oxidation [18]. Based
on the above theories, the two materials are designed to prepare new BC composites, which
can be employed to remove organic pollutants from wastewater and optimize water quality.

2. Results and Discussion
2.1. Specific Surface Area Analysis of BC Composites

The specific surface area of the composites is analyzed and compared with BC compos-
ites obtained by other methods, such as precipitation. The results are exhibited in Table 1.

Table 1. The specific surface area of BC composites.

Performance Testing BC/ZVI BC ZVI

The specific surface area (m2/g) 52.05 - 33.11
The specific surface area of other methods (m2/g) 39.75 - -

Table 1 describes that compared with BC and ZVI, BC/ZVI composites have a larger
specific surface area. Compared with other methods, the specific surface area of this method
is larger, and the effect is more obvious.

2.2. Diffraction Results and Morphological Structure of New Biocarbon Composites

Three BC materials are designed and prepared: pure BC, ZVI, and BC/ZVI. First, the
basic properties of the three materials can be analyzed by X-ray diffraction results. The
diffraction results of three BC composites are expressed in Figure 1.
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Figure 1. Diffraction results of three BC composites.

Figure 1 shows that when the 2θ value is 24.5◦ and 44.7◦, the characteristic derivative
peak of graphite carbon appears, indicating that the graphitization temperature of biomass
is higher, and hematite can be calcined by nitrogen at 800 ◦C. Then, when the 2θ values are
35.8◦, 44.3◦, and 44.8◦, respectively, there are three characteristic peaks, namely FeO, Fe3O4,
and Fe0, and there are also very small iron carbide peaks. BC mainly plays a catalytic role
in BC composites, so BC mainly acts as a catalyst.
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Scanning electron microscope (SEM) and transmission electron microscope (TEM)
detection techniques are used to further observe the surface morphology and microstructure
of BC composites, as denoted in Figure 2.
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Figure 2. Diffraction results of three BC composites ((a): SEM characterization result of ZVI; (b): SEM
characterization result of BC Composites; (c): TEM representation results of BC composites).

In Figure 2, it can be observed that the distribution of black spots in the TEM image
represents the presence of iron elements. It can be seen from the SEM image that BC
composites show irregular massive morphology, and the formed pore structure is conducive
to the adsorption process.

2.3. Evaluation of TC Removal Effect of BC Composite

TC is one of the main organic pollutants that pollute water resources and has an
important impact on the protection of water resources. First, BC composites are designed
to study the removal effect of TC. At present, ozone and carbon monoxide (CO) are usually
used as the main catalysts for the catalytic process in wastewater treatment. Therefore, this
exploration designs to compare the performance of the BC catalyst with the above two
catalysts. The TC removal effect of three BC composites is displayed in Figure 3.
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Figure 3. Performance evaluation of BC composite ((a) is the TC removal effect of BC composite, and
(b) is the comparison of TC removal effect under the use of different catalysts).

Figure 3 signifies that the removal effect of pure BC on TC is not ideal, the removal
curve is always very stable, and the removal amount is generally maintained at about
20 mg/g. Compared with pure BC, ZVI has improved the removal effect of TC. During
the recording process, the removal amount of TC by ZVI always increases steadily, and the
final removal amount is about 140 mg/g. The removal effect of BC/ZVI composite is the
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best, and it is significantly different from the other two materials. Before 800 min, the TC
removal amount of composite materials rose rapidly, and after 800 min, it remained stable,
with the maximum removal amount of about 275 mg/g. Moreover, when using different
catalysts, the composite material using the BC catalyst has a better pollutant removal effect
than the other two catalysts.

2.4. Effect of TC Concentration on Properties of BC Composites

In the process of studying the TC removal effect, the TC removal effect of BC com-
posites is evaluated through the use of different concentrations of TC to study the effect
of different concentrations on the properties of BC composites. Figure 4 portrays the TC
removal effect of pure BC at diverse concentrations.
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Figure 4 suggests that under different concentrations, the TC removal effect of pure
BC is poor, and the removal amount is very low, up to about 3.7 mg/g. It means that the
TC removal effect of pure BC is generally poor, and its comprehensive performance can
be improved only through optimization. Figure 5 plots the TC removal effect of ZVI and
BC/ZVI composites at different concentrations.
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Figure 5 details that when the concentration of TC continues to increase, the removal
amount of TC by ZVI also continues to increase, showing a rising trend. When the TC con-
centration is 200 mg/L, the adsorption capacity of ZVI for TC is about 150 mg/g. BC/ZVI
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composite has a better removal effect on TC. With the increase in TC concentration, the TC
adsorption capacity of BC/ZVI composites increases significantly. When the concentration
of TC is 200 mg/L, the adsorption capacity of BC/ZVI composite for TC is about 346 mg/g.

2.5. Effects of Different pH Environments on the Properties of BC Composites

pH value has a significant effect on different materials. With the increase in pH value,
different BC materials will present diverse adsorption conditions. Thereupon, it is important
to study the adsorption effect of BC materials on TC through the change of pH value. Figure 6
demonstrates the adsorption effect of BC material on TC at different pH values.
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Figure 6 indicates that the TC removal amount of pure BC in different pH environments
does not change much, and it is generally stable, with the highest removal amount of about
20 mg/g. The removal amount of TC by ZVI shows a downward trend with the continuous
increase in pH value. When pH is 3, its removal of TC is the highest, about 300 mg/g. The
removal amount of TC by BC/ZVI composites changes continuously with the increase in
pH. At pH 5, the removal amount is the highest, about 300 mg/g, but at pH 9, the removal
amount decreases significantly, about 50 mg/g.

2.6. TC Removal Mechanism of BC Composites

The mechanism of TC removal by BC composites designed is mainly that ZVI reacts
with oxygen in the solution to generate divalent iron ions and hydroxyl groups, and
oxhydryl promotes the degradation of TC. If EDTA is added to the solution, the TC removal
effect of the three materials may be affected. The effect of EDTA on the TC removal effect
of BC composites is portrayed in Figure 7.

Figure 7 reveals that EDTA has little effect on the TC removal effect of pure BC. Among
them, when the EDTA concentration is 1 mM, the TC removal amount of pure BC is the
highest, about 10 mg/g. The concentration of EDTA significantly affects the TC removal
effect of ZVI and BC/ZVI composites. The maximum removal amount of ZVI is about
210 mg/g when the concentration of EDTA is 5 mM. However, when the TC removal
amount of BC/ZVI composite is the highest, the EDTA concentration is 1 mM, and the
removal amount is 290 mg/g when the EDTA concentration is 5 mM.

In addition, tert-butanol and calcium ions will greatly impact the TC removal effect of
these three materials. Figures 8 and 9 present the effect of tert-butanol and calcium ions on
the TC removal effect of the three materials.
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Figure 8 suggests that the tert-butanol has a relatively significant effect on the TC
removal effect of the BC/ZVI composites. With the increase in tert-butanol concentration,
TC removal of BC/ZVI composites is also increasing.

Figure 9 suggests that adding calcium ions to BC/ZVI composites can significantly
improve the TC removal ability of BC/ZVI composites.

2.7. Comparison of Cu(II) Adsorption Capacity of BC Composites

Under the condition of pH = 5 and Cu(II) concentration of 60 mg/L, the adsorption
capacity of BC composites on Cu(II) is compared, and the performance is compared with
that of BC composites obtained by coprecipitation method, as outlined in Table 2.

Table 2. Comparison of Cu(II) adsorption capacity of BC composites prepared by different methods.

Carbonization Temperature (◦C) Heating Rate (◦C/min) Retention Time (h) Qe (mg/g)

A: 500 10 4 16.82
A: 600 10 4 17.71
A: 700 10 4 19.79
A: 700 10 3 19.59
A: 700 10 2 18.82
A: 700 20 4 18.03
A: 700 5 4 18.52
B: 700 10 4 19.02

In Table 2, A represents the experimental method, and B represents the coprecipitation
method. It can be seen that under the conditions of 700 ◦C, 10 ◦C/min, and 4 h residence
time, the adsorption capacity of Cu(II) is the highest, which is 19.79 mg/g. The reason may
be that the BC prepared at high temperatures has a larger specific surface area and more
aromatic rings to form a π-conjugated bond with Cu(II). The proposed method has a better
adsorption capacity of Cu(II) than other methods, and the adsorption capacity is higher.

The isothermal thermodynamic parameters of Cu(II) adsorption on BC composites is
revealed in Table 3.

Table 3. The isothermal thermodynamic parameters of Cu(II) adsorption on BC composites.

Sample Langmuir Freundlich

qm (mg/g) PL (L/mg) R2 1/n PF (mg/g) R2

ZVI 19.28 2.0145 0.9999 0.0159 17.7281 0.9708
BC/ZVI 33.45 0.0997 0.9995 0.1172 17.0025 0.9812

In Table 3, the correlation coefficients of the Langmuir model of BC/ZVI and ZVI are
0.9999 and 0.9995, respectively, which are both higher than those of the Freundlich model of
0.9708 and 0.9812, illustrating that Cu(II) adsorption by materials is monolayer adsorption.
The saturated adsorption capacity of BC/ZVI and ZVI of the Langmuir model is 33.45 mg/g
and 19.28 mg/g, respectively. BC composites have a higher adsorption capacity.

3. Materials and Methods
3.1. Preparation Process of BC

It is necessary to clarify the raw materials for BC preparation. The commonly used
BC raw materials include agricultural waste, and the biomass raw materials mainly cover
cellulose, lignin, inorganic ash, hemicellulose, and many other woody fiber substances. In
the process of preparing BC, firstly, appropriate biomass raw materials should be selected
according to the characteristics of these organisms; secondly, the production process of BC
should be controlled [19]. In this process, biomass is mainly used as the control object. By
controlling the heating rate of biomass during the process of BC, the biomass raw materials
are generated into different substances after pyrolysis. By controlling the pyrolysis process
of biomass, the preparation process of BC can be divided into fast decomposition, flash
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carbonization, pyrolytic gasification, as well as slow pyrolysis. Moreover, slow pyrolysis is
the commonly used preparation method of BC. Additionally, preparation conditions are
also an important factor affecting the preparation process of BC [20]. Figure 10 displays the
main preparation process of BC.
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Figure 10 shows that the preparation conditions of BC mainly include the holding 
time at the maximum pyrolysis temperature, the maximum pyrolysis temperature, and 
the pretreatment of raw materials and carrier gas, among which the effect of the maximum 
pyrolysis temperature is the most obvious. The pyrolysis process of biomass can be di-
vided into three stages: dehydration, thermal decomposition, and carbonization [21]. BC 
has a variety of uses, among which the strong adsorption makes BC become the current 
main material of organic pollutant removal. By controlling the preparation process of BC, 
the comprehensive performance of BC can be controlled, and the removal effect of BC on 
organic pollutants can be improved. The preparation process requires little energy and 
does not require activation. BC has a relatively high yield and suitable pore structure and 
is widely used due to its easy operation and control [22]. 
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Figure 10 shows that the preparation conditions of BC mainly include the holding
time at the maximum pyrolysis temperature, the maximum pyrolysis temperature, and the
pretreatment of raw materials and carrier gas, among which the effect of the maximum
pyrolysis temperature is the most obvious. The pyrolysis process of biomass can be divided
into three stages: dehydration, thermal decomposition, and carbonization [21]. BC has a
variety of uses, among which the strong adsorption makes BC become the current main
material of organic pollutant removal. By controlling the preparation process of BC, the
comprehensive performance of BC can be controlled, and the removal effect of BC on
organic pollutants can be improved. The preparation process requires little energy and
does not require activation. BC has a relatively high yield and suitable pore structure and
is widely used due to its easy operation and control [22].

3.2. Experimental Design

(1) Experimental Reagent
It includes TC, hydrochloric acid, sodium hydroxide, running water, ferric chloride,

tert-butanol, hematite, EDTA, pine biomass, and deionized water with a resistance of 182 Ω.
(2) Preparation of BC Composites
The designed BC preparation process was to weigh 1.0 g hematite and 5.0 g biomass,

place them in a beaker in a ratio of 1:5, and add 50 mL of deionized water. After sufficient
stirring, the solution was sonicated for 30 min. Then, the solution was heated at 60 ◦C,
and then the mixture was pyrolyzed in a tubular furnace for 1 h. During this period, the
temperature was maintained at 800 ◦C, and 400 mL/min nitrogen was used for protection.
Finally, the BC/ZVI composite was taken out and washed three times with ethanol and
deionized water. Then, it is put into the oven and dried at 60 ◦C for 12 h. Next, pure BC
was prepared by the same method, and ZVI was prepared by reducing ferric chloride with
sodium borohydride as the experimental control material.

(3) Removal Experiment
0.01 g of the test material (BC, BC/ZVI, and ZVI) was weighed and placed in a

centrifuge tube. Then, 10 mL TC solution with a concentration of 400 mg/L was added
and vibrated for 24 h. Samples were taken at 30, 60, 120, 240, 480, 720, and 1400 min,
respectively, and the results were recorded for analysis. Next, different concentrations of
TC solution (25, 50, 100, 150, 200, 250, and 300) and different pH (3, 5, 7, and 9) were used
for intervention to comprehensively study the removal effect of BC composites on organic
pollutants in wastewater.
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3.3. Adsorption Kinetic Analysis

(1) Adsorption Kinetics
The dynamic adsorption behavior of Cu(II), Pb(II), and Co(II) on BC composites is

studied by fitting dynamic adsorption data, and the quasi-first-order and quasi-second-order
kinetic models have been used to fit the data [23], as illustrated in Equations (1) and (2).

lg(qe − qt) = lgqe −
(

k1

2.303

)
t (1)

t
qt

=
1

k2qe2
+

t
qe

(2)

qt (mg/g) and qe (mg/g) represent the adsorption capacity at time t and equilibrium,
respectively; k1 (min−1) and k2 (g mg−1·min−1) refer to the rate constant of the quasi-first-
order kinetic equation and quasi-second-order kinetic equation, respectively, and t (min)
stands for the adsorption time.

(2) Adsorption Isotherm
In the isothermal thermodynamic adsorption experiment, Langmuir and Freundlich

models are adopted to fit the data [24], whose equations are written as Equations (3) and (4):

ce

qe
=

1
PLqm

+
ce

qm
(3)

lg qe = lg PF +
1
n

lg Ce (4)

qe (mg/g) expresses the equilibrium adsorption capacity; qm (mg/g) indicates the
saturated adsorption capacity; ce (mg/L) means the solution concentration after adsorption
equilibrium; PL (L·mg−1) implies a parameter used by Langmuir to characterize the affinity
between adsorbent and adsorbate; PF (mg/g) stands for the parameter of Freundlich
adsorption capacity, and n describes the trend of isotherm change.

4. Conclusions

With society’s progress, industrial construction and agricultural development have
become society’s main tasks, and many problems have occurred in the construction process
of these tasks, which seriously impact the environment. In particular, the pollution of
water resources has been very serious. Thereupon, this exploration aims to solve the
pollution of water resources and promote the recycling and sustainable utilization of
water resources. Firstly, the basic concept of BC and the preparation procedure of BC
composites are expounded. Secondly, the main organic pollutants that pollute water
resources are discussed. Finally, the preparation method of BC composites with BC as the
catalyst is designed, and the pollutant removal effect of the prepared BC composites is
comprehensively evaluated. Meanwhile, the performance of the BC catalyst is compared
with that of other catalysts. The results manifest that the TC removal effect of pure BC is
not ideal, while the TC removal effect of ZVI is general. The BC/ZVI composite prepared
by combining the two has a better removal effect on TC, and the removal amount is about
275 mg/g. Different TC concentrations, EDTA, pH environment, tert-butanol, and calcium
ions will affect the TC removal effect of BC composites. Although a relatively new BC
composite material is designed and comprehensively evaluated here, too few indicators
are used in the evaluation process, which is not comprehensive enough. Therefore, future
research will use more indicators to comprehensively study the removal effect of organic
pollutants of new BC composites.
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Abstract: Active granule (WC/Co3O4) doping Ti/Sb-SnO2/PbO2 electrodes were successfully syn-
thesized by composite electrodeposition. The as-prepared electrodes were systematically charac-
terized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), electrochemical performance, zeta po-
tential, and accelerated lifetime. It was found that the doping of active granules (WC/Co3O4)
can reduce the average grain size and increase the number of active sites on the electrode surface.
Moreover, it can improve the proportion of surface oxygen vacancies and non-stoichiometric PbO2,
resulting in an outstanding conductivity, which can improve the electron transfer and catalytic
activity of the electrode. Electrochemical measurements imply that Ti/Sb-SnO2/Co3O4-PbO2 and
Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes have superior oxygen evolution reactions (OERs) relative
to those of Ti/Sb-SnO2/PbO2 and Ti/Sb-SnO2/WC-PbO2 electrodes. A Ti/Sb-SnO2/Co3O4-PbO2

electrode is considered as the optimal modified electrode due to its long lifetime (684 h) and the
remarkable stability of plating solutions. The treatment of copper wastewater suggests that composite
electrodes exhibit low cell voltage and excellent extraction efficiency. Furthermore, pilot simulation
tests verified that a composite electrode consumes less energy than other electrodes. Therefore, it is
inferred that composite electrodes may be promising for the treatment of wastewater containing high
concentrations of copper ions.

Keywords: Ti/Sb-SnO2/PbO2 electrode; copper-containing wastewater; active granule doping;
electrocatalytic activity

1. Introduction

The development of the nonferrous metal industry has improved social progress and
economic development. However, the nonferrous metal industry also produces many
pollutants, including wastewater containing copper, zinc, nickel, etc. [1,2]. The discharge
of wastewater with high concentrations of metal ions can cause serious environmental
problems if it is not properly treated. The technology of metal electrodeposition from
solution is environmentally friendly and has attracted considerable attention with respect
to resource recovery [3–6]. For example, copper can be extracted from copper-containing
wastewater by the electrochemical method, and the product can be widely used in many
fields, such as light industry, electrical, national defense, etc. [7–10]. In this procedure, low
oxygen evolution overpotential is favorable for energy conservation.

Electrode material is a critical component in the electrochemical process [11–13] and
can affect power consumption, production cost, current efficiency, and the quality of the
product. Due to the strong oxidizing ability and the corrosivity of sulfuric acid in the
electrodeposition process, electrode materials (lead-based alloys, Ti-based metal oxides,
Al/PbO2, and SS/PbO2) with high conductivity, good stability, mechanical strength, and
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convenient processing have attracted considerable attention [14–19]. In particular, Ti-based
insoluble electrode materials exhibit high corrosion resistance, long service life, excellent
electrochemical performance, and electrocatalytic activity, which are highly valued with
respect to environmental protection, metallurgy, and resource recovery [20–22]. Usually,
Ti-based electrode material contains thinly coated noble (Ti/Ru, Ti/Ir, or Ti/Pt) electrodes
and thickly coated Ti/PbO2 and Ti/MnO2 electrodes [23–27]. Ti/PbO2 electrodes possess
well-established features such as low cost, ease of synthesis, good chemical stability, and
long service life, and have great application potential to copper-containing wastewater.
However, the high oxygen evolution overpotential of Ti/PbO2 electrodes causes energy
waste during the copper electrodeposition process [28]. Reducing the oxygen evolution
overpotential of the electrode is an important task for many researchers.

On the one hand, Co3O4 shows superior electrocatalytic performance towards oxygen
evolution reactions (OERs) due to its spinal structure, with a Co2+ located in the tetrahedral
site and two other Co3+ atoms in the octahedral site [29–31]. On the other hand, WC can
improve the mechanical properties of coatings and is widely used in the fields of cemented
carbide, electrocatalytics, and fuel cells [32,33]. Therefore, in this study, active granule
Co3O4 and WC were introduced to Ti/Sb-SnO2/PbO2 electrodes by electrodeposition with
the aim of decreasing the overpotential of oxygen evolution and enhancing the service
life of the electrode. An amplified simulated experiment of electrolysis was conducted to
investigate the change in voltage and temperature during this process, which is closely
related to energy consumption. Furthermore, wastewater containing copper ions and
sulfuric acid was employed as a model recyclable resource for the electrochemical extraction
of copper. The concentration of copper ions was studied by inductively coupled plasma
emission spectroscopy (ICPE), and the extraction efficiency was calculated by the mass of
copper deposited on the cathode.

2. Results and Discussion
2.1. Surface Morphology Analysis of Electrodes

Figure 1 shows an SEM of an as-synthesized Ti/Sb-SnO2/PbO2 electrode, a Ti/Sb-
SnO2/WC-PbO2 electrode, Ti/Sb-SnO2/Co3O4-PbO2 electrode, and Ti/Sb-SnO2/WC-Co3O4-
PbO2 electrode. It can be seen that the Ti/Sb-SnO2/PbO2 electrode shows a hill-like surface
at the macroscopic level (Figure 1a). However, the hill-like surface becomes smooth after it
is modified with active granules (WC/Co3O4), which indicates that the addition of active
granules may affect the deposition process (Figure 1b–d). The microscopic morphology of
the Ti/Sb-SnO2/PbO2 electrode displays a typical tetrahedron shape. Some small particles
(WC or WC-Co3O4) are agglomerated on the surface of the Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-
SnO2/WC-Co3O4-PbO2 electrodes, leading to an undulating crest of hillocks. Moreover,
it was found that the surface uniformity of Ti/Sb-SnO2/Co3O4-PbO2 is better than that of
Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2, with a denser coating and better
coverage. EDS measurements were employed to investigate the composition of particles
deposited on the electrode surface (Figure 1e–g). W element was detected on the surface of
the Ti/Sb-SnO2/WC-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes. Co element was
discovered on the surface of the Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2
electrodes. These results confirm that spherical Co3O4 granules and small WC particles were
successfully doped into the composite electrode.

2.2. XRD Structural Characterization

As shown in Figure 2, the XRD pattern of each electrode was obtained to compare
the crystal structure and purity of electrodes. Figure 2 shows that bare Ti/Sb-SnO2/PbO2
exhibits the reflections of β-PbO2. The diffraction peaks at 25.4◦, 32.0◦, 36.2◦, 49.0◦, 52.1◦,
58.9◦, 60.7◦, and 62.5◦ are assigned to the (110), (101), (200), (211), (220), (310), (112), and
(301) planes of β-PbO2 (PDF#41-1492), respectively. No peaks corresponding to Sb or
SnO2 were detected, which can be explained by two reasons. One is the low crystallinity
of the Sb-SnO2 layer, and the other is the thick layer of β-PbO2 coating on the Sb-SnO2
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layer. After doping with WC particles, new peaks appeared at 2θ = 31.5◦, 35.6◦, and 48.3◦

on the Ti/Sb-SnO2/WC-PbO2 electrode, which are assigned to the (001), (100), and (101)
planes of WC (PDF#51-0939), respectively. However, no additional peaks were observed
on Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/Co3O4-PbO2, which can be ascribed to the
weak crystallinity, small particle size, and infinitesimal load of active particles. Moreover,
the average grain sizes of Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-
PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 calculated by the Debye–Scherrer equation are
56.2 nm, 38.1 nm, 48.7 nm, and 37.5 nm, respectively. The doping of active granules can
decrease the grain size, which is consistent with the SEM morphology. A smaller grain size
indicates more active sites on the electrode surface, which is favorable for the enhancement
of catalytic performance.
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SnO2/Co3O4-PbO2; (d) Ti/Sb-SnO2/WC-Co3O4-PbO2. EDS of the electrodes: (e) Ti/Sb-SnO2/WC-PbO2; 
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Figure 1. SEM of the electrodes: (a) Ti/Sb-SnO2/PbO2; (b) Ti/Sb-SnO2/WC-PbO2; (c) Ti/Sb-
SnO2/Co3O4-PbO2; (d) Ti/Sb-SnO2/WC-Co3O4-PbO2. EDS of the electrodes: (e) Ti/Sb-SnO2/WC-
PbO2; (f) Ti/Sb-SnO2/Co3O4-PbO2; (g) Ti/Sb-SnO2/WC-Co3O4-PbO2.

2.3. XPS Analysis

XPS measurements were performed to further analyze the chemical state of the ele-
ments on each electrode. In the survey, the XPS spectrum of each electrode and elemental
peaks for Pb and O were observed on all electrodes (Figure 3a). A new elemental peak
for W and Sn was found on the Ti/Sb-SnO2/WC-PbO2 electrode surface. The presence
of Sn indicates that part of the coating is too thin; hence, and interlayer Sb-SnO2 film was
detected by XPS. This suggests that the coating on Ti/Sb-SnO2/WC-PbO2 is ununiform.
An additional peak for Co appeared on Ti/Sb-SnO2/Co3O4-PbO2, which confirms that
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Co3O4 was successfully doped in the modified PbO2 film. Moreover, peaks for W and Co
were found on the Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode, indicating the presence of WC
and Co3O4. To identify the influence of active granule doping on PbO2 electrodeposition,
XPS analysis of Pb, O, W, and Co was performed; the results are shown in Figure 3b–e.

Catalysts 2023, 13, x 4 of 13 
 

 

active sites on the electrode surface, which is favorable for the enhancement of catalytic 
performance. 

 
Figure 2. XRD pattern of the different samples. 

2.3. XPS Analysis 
XPS measurements were performed to further analyze the chemical state of the ele-

ments on each electrode. In the survey, the XPS spectrum of each electrode and elemental 
peaks for Pb and O were observed on all electrodes (Figure 3a). A new elemental peak for 
W and Sn was found on the Ti/Sb-SnO2/WC-PbO2 electrode surface. The presence of Sn 
indicates that part of the coating is too thin; hence, and interlayer Sb-SnO2 film was de-
tected by XPS. This suggests that the coating on Ti/Sb-SnO2/WC-PbO2 is ununiform. An 
additional peak for Co appeared on Ti/Sb-SnO2/Co3O4-PbO2, which confirms that Co3O4 
was successfully doped in the modified PbO2 film. Moreover, peaks for W and Co were 
found on the Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode, indicating the presence of WC and 
Co3O4. To identify the influence of active granule doping on PbO2 electrodeposition, XPS 
analysis of Pb, O, W, and Co was performed; the results are shown in Figure 3b–e. 

In the undoped Ti/Sb-SnO2/PbO2 (Figure 3b), the binding energy peaks at 141.79 eV 
and 137.07 eV correspond to Pb4+, whereas the peaks at 142.70 eV and 138.02 eV are at-
tributed to Pb2+ [34], as listed in Table 1. Moreover, the simultaneous presence of Pb4+ and 
Pb2+ in the PbO2 coating implies the formation of non-stoichiometric PbO2 during the elec-
trodeposition process. After doping with active granules, the peaks of Pb4+ on modified 
electrodes shifted to the higher binding energy, which suggests that active granules have 
a strong interaction with Pb. The proportion of Pb4+ in Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-
PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 29.9%, 15.9%, 27.12%, 
and 15.61%, respectively. The decrease in Pb4+ after modification with active granules im-
plies that part of the PbO2 converts to lower-valence compounds, enhancing the non-stoi-
chiometric PbO2, which could improve the conductivity of the electrode. 

Table 1. The binding energy of Pb 4f on each electrode. 

Electrode Pb4+ 4f7/2/eV Pb4+ 4f5/2/eV Pb2+ 4f7/2/eV Pb2+ 4f5/2/eV 
Ti/Sb-SnO2/PbO2 137.07 141.79 138.02 142.70 

Ti/Sb-SnO2/WC-PbO2 137.12 141.94 138.26 143.22 
Ti/Sb-SnO2/Co3O4-PbO2 137.14 141.95 137.89 142.76 

Ti/Sb-SnO2/WC-Co3O4-PbO2 137.13 142.05 138.10 143.05 

The O 1s core level shown in Figure 3c can be deconvoluted into four characteristic 
peaks of lattice oxygen species (528.9–530.4 eV for OL), surface oxygen vacancies, adsorbed 
oxygen (530.5–531.7 eV for Od-ad), and surface-adsorbed oxygen species (531.8–532.8 eV 

Figure 2. XRD pattern of the different samples.

Catalysts 2023, 13, x 6 of 14 
 

 

 

  

  

 

Figure 3. XPS spectra of the as-prepared samples: (a) survey, (b) Pb 4f; (c) O 1s; (d) W 4f; (e) Co 2p. 

2.4. Electrochemical Properties 

LSV measurements of the as-prepared samples were performed on an electrochemi-

cal workstation to investigate the OER performance of the electrodes. The onset potential 

for oxygen evolution potential (OEP) on Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-

SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 2.20 V, 2.12 V, 1.85 V, and 1.80 V 

(vs. Ag/AgCl), respectively. A low OER means that oxygen is more easily formed during 

the electrochemical process. Therefore, it is speculated that the modification of active 

Figure 3. XPS spectra of the as-prepared samples: (a) survey, (b) Pb 4f; (c) O 1s; (d) W 4f; (e) Co 2p.

88



Catalysts 2023, 13, 515

In the undoped Ti/Sb-SnO2/PbO2 (Figure 3b), the binding energy peaks at 141.79 eV
and 137.07 eV correspond to Pb4+, whereas the peaks at 142.70 eV and 138.02 eV are at-
tributed to Pb2+ [34], as listed in Table 1. Moreover, the simultaneous presence of Pb4+

and Pb2+ in the PbO2 coating implies the formation of non-stoichiometric PbO2 during
the electrodeposition process. After doping with active granules, the peaks of Pb4+ on
modified electrodes shifted to the higher binding energy, which suggests that active gran-
ules have a strong interaction with Pb. The proportion of Pb4+ in Ti/Sb-SnO2/PbO2,
Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is
29.9%, 15.9%, 27.12%, and 15.61%, respectively. The decrease in Pb4+ after modification with
active granules implies that part of the PbO2 converts to lower-valence compounds, enhanc-
ing the non-stoichiometric PbO2, which could improve the conductivity of the electrode.

Table 1. The binding energy of Pb 4f on each electrode.

Electrode Pb4+ 4f7/2/eV Pb4+ 4f5/2/eV Pb2+ 4f7/2/eV Pb2+ 4f5/2/eV

Ti/Sb-SnO2/PbO2 137.07 141.79 138.02 142.70
Ti/Sb-SnO2/WC-PbO2 137.12 141.94 138.26 143.22

Ti/Sb-SnO2/Co3O4-PbO2 137.14 141.95 137.89 142.76
Ti/Sb-SnO2/WC-Co3O4-PbO2 137.13 142.05 138.10 143.05

The O 1s core level shown in Figure 3c can be deconvoluted into four characteristic
peaks of lattice oxygen species (528.9–530.4 eV for OL), surface oxygen vacancies, adsorbed
oxygen (530.5–531.7 eV for Od-ad), and surface-adsorbed oxygen species (531.8–532.8 eV for
Os-ad), as listed in Table 2. According to the literature [35], the formation of surface oxygen
vacancies is closely related to highly oxidative oxygen species and is active for catalysis of
OER. The proportions of Od-ad present on the electrode surface significantly increase after
decoration with active granules, which is beneficial to the OER activity.

Table 2. The binding energy of O 1s and its proportions on each electrode.

Electrode OL/eV OL/% Od-ad/eV Od-ad/% Os-ad/eV Os-ad/%

Ti/Sb-SnO2/PbO2 529.01 27.69% 531.01 20.91% 531.82 29.56%
Ti/Sb-SnO2/WC-PbO2 529.25 17.06% 530.84 64.53% 532.83 18.41%

Ti/Sb-SnO2/Co3O4-PbO2 529.15 34.53% 530.55 54.72% 532.77 10.75%
Ti/Sb-SnO2/WC-Co3O4-PbO2 529.35 21.16% 530.67 59.91% 532.81 18.93%

Figure 3d shows the W 4f spectrum; the binding energy peaks at 35.96 eV and 38.29 eV
are assigned to W4+, whereas the peaks at 34.87 eV and 37.17 eV are ascribed to W6+.
This consequence demonstrates the generation of WC. However, W6+ also appears on the
electrode surface. The formation of W6+ can be attributed to the oxidation of WC during
composite electrodeposition. Moreover, the XPS spectrum of Co 2p is very weak due to the
extremely limited doping of active particles. It was found that two main peaks appeared on
the Ti/Sb-SnO2/WC-Co3O4-PbO2 electrode. The peaks located at 795.26 eV and 780.23 eV
are identical to Co 2p1/2 and Co 2p3/2, respectively (Figure 3e), which confirms the presence
of Co3O4.

2.4. Electrochemical Properties

LSV measurements of the as-prepared samples were performed on an electrochemical
workstation to investigate the OER performance of the electrodes. The onset potential for
oxygen evolution potential (OEP) on Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-
SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 2.20 V, 2.12 V, 1.85 V, and 1.80 V
(vs. Ag/AgCl), respectively. A low OER means that oxygen is more easily formed during
the electrochemical process. Therefore, it is speculated that the modification of active gran-
ules (WC/Co3O4) can improve the OER properties of electrodes due to the presence of more
active sites and increased electrocatalytic activity. Moreover, doping with Co3O4 is more
efficient than doping with WC. This can be attributed to the special properties of Co3O4
and its better OER performance. Furthermore, the non-uniformity of the WC-PbO2 coating
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may enhance resistance, hindering the formation of oxygen. As shown in the illustration in
Figure 4, when the current density is 200 A/m2, the potential of Ti/Sb-SnO2/PbO2, Ti/Sb-
SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 is 2.14 V,
1.96 V, 1.88 V, and 1.75 V (vs. Ag/AgCl), respectively. This implies that Ti/Sb-SnO2/Co3O4-
PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 need lower potential than Ti/Sb-SnO2/PbO2 and
Ti/Sb-SnO2/WC-PbO2 under the same current density. Low potential is more helpful for
saving energy during electrolysis.
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Energy conservation has become an important problem due to energy shortages. As is
known to all, voltage is closely related to energy consumption. How to reduce the voltage of
electrolysis is a crucial issue in the electrolytic industry. Therefore, a simulation experiment
of electrolysis under a current density of 200 A/m2 was conducted to explore the variation
in voltage, as displayed in Figure 5. It was found that the Ti/Sb-SnO2/Co3O4-PbO2 and
Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes have advantages over the Ti/Sb-SnO2/PbO2 and
Ti/Sb-SnO2/WC-PbO2 electrodes. These results are consistent with the LSV measurements.
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Moreover, an accelerated life test was carried out to evaluate the electrochemical
stability of the electrodes. Figure 6 shows the time course of cell potential in the ac-
celerated life test. It was observed that the Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2,
Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes exhibited a life-
time of 252 h, 204 h, 684 h, and 592 h, respectively. The lifetime of Ti/Sb-SnO2/WC-PbO2 is
shorter than that of Ti/Sb-SnO2/PbO2, which can be attributed to the non-uniformity of its
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coating. The lifetimes of Ti/Sb-SnO2/Co3O4-PbO2 and Ti/Sb-SnO2/WC-Co3O4-PbO2 are
increased by more than two-fold relative to that of Ti/Sb-SnO2/PbO2.
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2.5. The Application of Modified Electrodes in Wastewater Containing Copper Ions

Deposition solutions containing active granules (WC/Co3O4) were tested with a zeta
potential analyzer to study their stability [36]. The Zeta potential of deposition solutions
with WC, Co3O4, and WC-Co3O4 are 3.9 mV, 5.5 mV, and 3.4 mV, respectively. It was found
that a high absolute value of zeta potential indicates higher stability against coagulation,
which implies excellent stability in such systems. Compared to other deposition systems,
the plating solution with Co3O4 exhibits the best stability. Although Ti/Sb-SnO2/WC-
Co3O4-PbO2 shows the lowest OER property, the stability of the plating solution with
WC-Co3O4 is the worst. Therefore, considering the lifetime of the electrode and the stability
of the solution, we selected the Ti/Sb-SnO2/Co3O4-PbO2 electrode as the optimal electrode
for subsequent experiments.

Electrochemical extraction experiments were carried out to investigate the application of
electrodes to wastewater containing copper ions. This system contains two Ti/Sb-SnO2/Co3O4-
PbO2 anodes and one SS cathode with magnetic stirring. As shown in Figure 7a, the color of
copper deposited on the electrode becomes dark due to the ion impoverishment of copper ions.
Usually, dark copper is generated when the copper ion concentration decreases to a certain value
in actual production. Figure 7b displays the mass and concentration of copper over time; the
mass of copper increases linearly with time, and the concentration of copper ions decreases with
time. The Ti/Sb-SnO2/Co3O4-PbO2 electrode shows a higher mass and a lower concentration
than the Ti/Sb-SnO2/PbO2 electrode. The extraction efficiency of Ti/Sb-SnO2/Co3O4-PbO2 and
Ti/Sb-SnO2/PbO2 is 99.1% and 83.2%, respectively (Figure 7c). Moreover, the cell voltage of Ti/Sb-
SnO2/Co3O4-PbO2 is lower than that of Ti/Sb-SnO2/PbO2, indicating less energy consumption
(Figure 7d). These results reveal that the modified Ti/Sb-SnO2/Co3O4-PbO2 electrode has superior
performance in the extraction of copper from wastewater by the electrochemical method.

Laboratory experiments usually slightly deviate from actual working conditions.
Therefore, we decided to build a magnifying system that is close to practical working condi-
tions. To that end, an apparatus was manufactured and outsourcing factory consisting of a
circular aeration, heat, and electric control (Figure 8a). Amplification tests were performed
to research the energy consumption of this device. To simplify the experimental process, we
employed 15% H2SO4 aqueous solutions to simulate acidic working conditions. The other
parameters were similar to those used in the electrochemical extraction experiment. In the
pilot simulation tests, the Ti/Sb-SnO2/Co3O4-PbO2, Ti/Sb-SnO2/PbO2, and Pb electrodes
were employed as the anode, and SS was used as the cathode, all with dimensions of
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200 mm × 290 mm × 4 mm (Figure 8b). It should be noted that Pb electrodes are tradition-
ally used in the metallurgical industry. Ti/Sb-SnO2/Co3O4-PbO2 had a lower voltage and
lower temperature (Figure 8c,d) than Ti/Sb-SnO2/PbO2 and Pb. These results suggest that
Ti/Sb-SnO2/Co3O4-PbO2 consumes less energy than Ti/Sb-SnO2/PbO2 and Pb electrodes,
which is in agreement with the results of the electrochemical extraction experiments. This
indicates that Ti/Sb-SnO2/Co3O4-PbO2 electrodes may replace traditional Pb electrodes in
the resource recovery of nonferrous metals.

Figure 7. (a) Digital images of copper deposited on Ti/Sb-SnO2/Co3O4-PbO2 (a-1) and Ti/Sb-
SnO2/PbO2 (a-2) at different times. (b) Variation in the deposition mass and concentration of copper
over time. (c) The extraction efficiency of copper during the electrochemical process. (d) The cell
voltage of different electrodes during electrodeposition.
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3. Experimental Details
3.1. Materials

All chemicals were of analytical grade and were used without any further purification.
SnCl2·2H2O and SbCl3 were provided by Xilong Scientific Co., Ltd. (Chaoshan, China).
Ethanol and tert-butyl alcohol were offered by Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin,
China). Pb(NO3)2, Cu(NO3)2, NaF, and some additives were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). HNO3, H2SO4, and HCl were produced
from Xi’an Sanpu Chemical Reagants Co., Ltd. (Xi’an, China). WC and Co3O4 reagents were
purchased from MACKLIN (Shanghai, China). All solutions were prepared with deionized
water (DI). Titanium foil (Baoji Baite Metal Co., Ltd., Baoji, China, 1.5 mm thickness) was
cut into pieces with effective dimensions of 80 mm × 100 mm before experiments.

3.2. Fabrication of Ti/Sb-SnO2/PbO2 Electrode by Active Granules

A Ti sheet was subjected to pretreatment before the experiment, including polishing,
degreasing, and etching in boiling oxalic acid for 2 h, to obtain a gray surface with uniform
roughness. Sb-SnO2 was introduced as a conductive transition layer between the PbO2
film layer and the Ti substrate by the thermal decomposition approach. Sb-SnO2 precursor
solutions were prepared by dissolving a SnCl4 and SbCl3 mixture in a mixed solvent at
a molar ratio of 10:1. The coating liquids were evenly brushed on the Ti sheet. Then, the
Ti sheet was dried at 100 ◦C and annealed at 450 ◦C. The brushing, drying, and calcining
steps were repeated several times.

PbO2 coatings with active granules (Co3O4 and WC) were synthesized by compos-
ite electrodeposition with a current density of 200 A/m2 for 2 h at 60 ◦C. The deposition
solutions containing Pb(NO)3, Cu(NO)3, HNO3, active granules (WC/Co3O4), and other ad-
ditives were ultrasonicated for 30 min. The as-prepared electrodes were rinsed thoroughly
with DI and are denoted as Ti/Sb-SnO2/PbO2, Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-
PbO2, and Ti/Sb-SnO2/WC-Co3O4-PbO2.

3.3. Characterization

A scanning electron microscope (SEM, JSM-IT200, JEOL, Tokyo, Japan) equipped with
an energy-dispersive X-ray spectroscopy (EDS, JEOL) detector was employed to study the
surface morphology and composition of the as-prepared samples. X-ray diffraction (XRD,
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D8 Advance, Bruker, Karlsruhe, Germany) measurement was conducted on an X’pert PRO
MRD diffractometer using a Cu-Ka source (λ = 0.15416 nm) with a scanning angle (2θ)
range of 10–80◦. Chemical states of Pb, O, W, and Co in the composite electrodes were
identified by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA) on an Ultra DLD Electron Spectrometer (Al Ka radiation;
hν = 1486.71 eV). XPS data were calibrated using the binding energy of C1s (284.8 eV) as
the standard and were fitted using commercial software (Thermo Avantage). The zeta
potential of the deposition solutions containing active granules (WC/Co3O4) was tested on
a zeta potential analyzer (Stabino zeta, Microtrac MRB, Dusseldorf, Germany) to study the
stability of the solutions.

Electrochemical performance was evaluated on an electrochemical workstation (Cor-
rtest CS2350, Corrtest Instruments Corp., Ltd., Wuhan, China) using the traditional three-
electrode system. A Pt sheet is used as counter electrode, a saturated Ag/AgCl electrode is
employed as reference electrode, and the as-prepared electrode served as working electrode.
Linear sweep voltammetric (LSV) characterization was measured in 15% H2SO4 aqueous
solutions at a scan rate of 10 mV/s. simulated electrochemical experiment is also tested in
15% H2SO4 aqueous solutions to study the change in voltage during electrolysis. Accel-
erated life tests were carried out to research the stability and lifetime of the as-prepared
electrodes in 15% H2SO4 aqueous solutions with a current density of 10,000 A/m2. In this
procedure, the experiment was considered finished when the cell voltage exceeded 10 V.

3.4. Electrochemical Treatment of Copper-Containing Wastewater

Wastewater containing copper ions was treated by electrochemical approaches in
a large beaker equipped with a water bath and magnetic stirrer, as shown in Figure 9.
Two pieces of Ti/Sb-SnO2/Co3O4-PbO2 electrodes were used as the anode, and stainless
steel (SS) was employed as the cathode. The temperature was set to 60 ◦C, and the current
density was set to 200 A/m2. Simulated wastewater with a high concentration of copper
ions (20 g/L Cu2+) was prepared by dissolving CuSO4·5H2O in 15% H2SO4 aqueous
solutions. During experiments, samples were taken out of the beaker every 2 h for ICPE
measurement, and the SS cathode was weighed every 2 h to calculate the mass of copper
deposited on the cathode. The variation in cell voltage during this chemical process was
also recorded to compare the energy consumption. The extraction efficiency of copper was
calculated as follows:

Extraction efficiency/% =
m0 − mt

m0
× 100% =

C0 × V − mt

C0 × V
× 100% (1)

where m0 and mt are the mass of copper before and after an electrolysis time of t, respec-
tively; C0 is the initial concentration of copper ions, which can be obtained by the ICPE
technique; and V is the volume of the solutions.
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4. Conclusions

In summary, active granule (WC/Co3O4) modified Ti/Sb-SnO2/PbO2 electrodes were
fabricated by composite electrodeposition. EDS and XPS characterization of the as-prepared
electrodes suggests that active granules (WC/Co3O4) were successfully deposited on the
surface of Ti/Sb-SnO2/WC-PbO2, Ti/Sb-SnO2/Co3O4-PbO2, and Ti/Sb-SnO2/WC-Co3O4-
PbO2 composite electrodes. The introduction of active granules (WC/Co3O4) can decrease
the average grain size and enhance the proportions of Od-ad present on the electrode surface,
leading to more active sites on the electrode surface. Moreover, the excellent conductivity of
the electrode caused by the presence of non-stoichiometric PbO2 was also observed, which
is favorable for improving the electron transfer and catalytic activity of the electrode. LSV
measurements show that Ti/Sb-SnO2/Co3O4-PbO2 (1.85 V) and Ti/Sb-SnO2/WC-Co3O4-
PbO2 (1.80 V) have lower OER values than Ti/Sb-SnO2/PbO2 (2.20 V) and Ti/Sb-SnO2/WC-
PbO2 (2.12 V). Ti/Sb-SnO2/Co3O4-PbO2 is regarded as the optimal modified electrode due
to its long service lifetime (684 h) and the good stability of its plating solutions. Wastewater
containing copper ions was employed as a model pollutant, and Ti/Sb-SnO2/Co3O4-PbO2
was used as the anode to study the electrocatalytic activity of the modified electrodes. The
experimental results demonstrate that the Ti/Sb-SnO2/Co3O4-PbO2 composite electrode
exhibits remarkable extraction efficiency and low cell voltage. The color of copper deposited
on the cathode became dark due to the impoverishment of copper ions. Furthermore, pilot
simulation tests were carried out to research the electrodes in practical applications. A low
cell voltage further verified that the composite electrodes consume less energy than other
electrodes. Therefore, it is deduced that composite electrodes may be promising for the
treatment of wastewater containing high concentrations of copper ions. Furthermore, it is
expected that Ti/Sb-SnO2/Co3O4-PbO2 electrodes may substitute traditional Pb electrodes
in resource recovery of nonferrous metals. Further studies exploring modified electrodes in
specific pilot tests will be conducted in the future.
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Abstract: The water pollution caused by industry emissions makes effluent treatment a serious
matter that needs to be settled. Heterogeneous Fenton oxidation has been recognized as an effective
means to degrade pollutants in water. Attapulgite can be used as a catalyst carrier because of its
distinctive spatial crystal structure and surface ion exchange. In this study, iron ions were transported
on attapulgite particles to generate an iron-supporting attapulgite particles catalyst. BET, EDS, SEM
and XRD characterized the catalysts. The particle was used as a heterogeneous catalyst to degrade
rhodamine B (RhB) dye in wastewater. The effects of H2O2 concentration, initial pH value, catalyst
dosage and temperature on the degradation of dyes were studied. The results showed that the
decolorization efficiency was consistently maintained after consecutive use of a granular catalyst five
times, and the removal rate was more than 98%. The degradation and mineralization effect of cationic
dyes by granular catalyst was better than that of anionic dyes. Hydroxyl radicals play a dominant role
in RhB catalytic degradation. The dynamic change and mechanism of granular catalysts in catalytic
degradation of RhB were analyzed. In this study, the application range of attapulgite was widened.
The prepared granular catalyst was cheap, stable and efficient, and could be used to treat refractory
organic wastewater.

Keywords: iron-bearing attapulgite; heterogeneous Fenton; granular catalyst; rhodamine B

1. Introduction

With the acceleration of the processes of urbanization and modernization, the economy
continues to grow to meet the needs of humanity. Oil extraction, fine chemical industry,
production of non-ferrous metals, pesticides, the pharmaceutical industry and cooking,
printing and dyeing light industries, paper production, and other areas with high energy
consumption and high pollution bring many conveniences to people’s lives while caus-
ing significant damage to the environment and public health. For example, industrial
wastewater often contains a lot of organic pollutants that are difficult to degrade, which not
only causes serious environmental pollution but also threatens human health and safety.
Therefore, governments worldwide attach great importance to it [1–3].

Among the many industrial water pollution environments, the pollution of printing
and dyeing and textile wastewater to the environment is more serious. Wastewater contains
many toxic and harmful pollutants that are difficult to be biodegraded [4–6]. Especially
the dye wastewater has a great impact on human health and the natural environment.
Rhodamine B is a highly water-soluble red dye with high toxicity. Rhodamine B is widely
used in textiles, printing and dyeing, food, and other fields because of its low price. This
dye is difficult to degrade in water and also causes various diseases, such as cancer [7].
At present, the treatment methods of dye wastewater include adsorption [8,9], biological
treatment [10], membrane separation [11], solvent extraction [12], etc. Some treatment
methods have drawbacks such as high cost, substandard water quality, and secondary
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pollution, etc. Considering the advantages and disadvantages of the existing treatment
methods of dye wastewater, developing a new and cost-effective approach is a matter of
great concern.

Advanced oxidation technology is an innovative treatment method, which contains
highly active oxidation free radicals and can effectively degrade different organic pollutants
in wastewater [13–15]. To better degrade pollutants in water, advanced oxidation tech-
nology has implemented a variety of methods, such as electrochemical oxidation [16–18],
ozone oxidation [19], photocatalytic oxidation [20], ultrasonic oxidation [21], catalytic wet
oxidation [22], and Fenton oxidation [23]. Fenton oxidation is superior to other advanced
oxidation technologies in the simplicity of reactions and operation, rapid and efficient degra-
dation of target pollutants, low cost, and safety for the environment. Hydroxyl radicals
produced by Fenton reaction destroy the structure of organic matter and mineralize it into
carbon dioxide and water. However, the traditional homogeneous Fenton system has some
problems, such as narrow reaction pH range, iron sludge generation, difficult recycling
and catalyst reuse, which minimize its application. Researchers fixed Fe2+ (Fe3+) or iron
oxides (FeII and FeIII) in the Fenton reagent on the support to form a heterogeneous Fenton
system to overcome these drawbacks. Various materials have been studied and developed
as heterogeneous Fenton catalyst supports, such as molecular sieve, enriched alumina,
silica, mineral clay, transition metal, and iron oxide composites, etc. [24]. Researchers
fabricated a heterogeneous catalyst system supported by iron on a modified molecular
sieve to treat non-degradable materials in molasses distillation wastewater. Studies showed
that the decolorization rate was 90% and the TOC removal rate was 60% after using the
sulfuric acid alternative catalyst [25]. Hernandez-Olono et al. studied the degradation of
rhodamine B, methyl orange and methylene blue by precipitation on alumina under UV
irradiation [26]. It was found that the degradation rates of Rhodamine B, methyl orange
and methylene blue on Fe/Al2O3 dried under H2O2 during UV irradiation were 99.6%,
100%, and 99.1%, respectively. Using roasted red clay as the iron source, a heterogeneous
light-Fenton method was constructed to remove C.I. Acid Red 17 (AR17), and the study
showed that decolorization efficiency was as high as 94.71% [27]. Hu et al. used four kinds
of containing mesoporous silica materials for catalytic treatment of chlorophenol wastewa-
ter. They found that Cu-doped SBA-15 with Cu/Si mole ratio of 0.133 had the best catalytic
activity for oxidative degradation of 4-chlorophenol. The apparent reaction rate constant
was 0.170 min−1, which was 1.3~3.6 times that of other Cu-containing catalysts [28]. Chen
et al. prepared Mn-Fe3O4/RGO composite as a multiphase photo-Fenton catalyst for degra-
dation of Rhodamine B (RhB) [29]. Under natural pH conditions, the low dosage of catalyst
was 0.2 g/L within 80 min, and the degradation rate reached 96.4%. When pH was 2 and
11, the removal rates were 91% and 85%, respectively. After 10 cycles, the catalyst still
maintained a high degradation efficiency of about 90%. In addition to the above materials,
many scholars have also developed bimetal composite materials as heterogeneous Fenton
catalysts to degrade organic pollutants [30–33]. However, these catalysts are complex,
expensive, rare and require high cost, which may lead to secondary pollution. Thus, their
application in the catalytic advanced oxidation process is limited. Therefore, developing
low-cost, environmentally friendly and naturally available heterogeneous Fenton catalysts
for water treatment is desirable.

Attapulgite, as a common clay mineral, is abundant in yield and low in price. It also
has a large specific surface area, unique spatial crystal structure and surface ion-exchange
property. In addition, attapulgite has a good adsorption capacity for organic pollutants in
water, which can be used as a cheap natural adsorbent for research in the field of wastewater
treatment [34,35]. The rupture of the Si-O bond forms the electronegativity of Si-OH and
the loss of coordination water in attapulgite. Therefore, positively coordinated metal ions
in promulgating are usually used as catalysts. Cao et al. supported CuO particles on
attapulgite and studied the catalytic oxidation of CO by the CuO/ATP catalyst at a low
temperature, obtaining a catalytic effect similar to that of metal oxide-supported CuO [36].
Wang et al. used precipitation, impregnation and mechanical blending methods to load
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Ni on attapulgite to generate a Ni/ATP catalyst for bio-oil hydrogen production [37]. The
results showed that the catalytic hydrogen production rate of Ni/ATP prepared by the
precipitation method reached 82%, and the conversion rate of acetic acid reached 85%,
which was considerably lower than the Ni/ATP catalyst prepared by the impregnation
method. Ma et al. supported platinum nanocatalysts with HCl acidified attapulgite and
the results showed remarkable catalytic activity and selectivity for p-chloronitrobenzene,
m-chloronitrobenzene, and o-chloronitrobenzene [38].

In this work, iron ions were supported on attapulgite particles and used as hetero-
geneous Fenton catalysts to degrade RhB dye in wastewater. The basic properties of the
granular catalyst were studied. At the same time, the effects of initial concentration, dosage,
initial pH value, temperature, and H2O2 concentration on the catalytic degradation effect
were investigated to find the best catalytic reaction conditions. Under the optimum cat-
alytic reaction conditions, the reusability, stability and degradation effect of different dyes
of granular catalysts was studied. Finally, the dynamic change of catalytic degradation
of dye RhB by a granular catalyst was studied, the formation and reaction position of
a reactive free radical were determined, and the catalytic degradation mechanism of a
granular catalyst was analyzed and speculated upon.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. BET and EDS Analysis of Catalyst

The chemical elements of the granular catalyst were analyzed. As shown in Table 1,
the main elements of the catalyst were Si and O. This was consistent with the XRD pattern.
The mass percentage of iron in the catalyst was 12.09%. EDS analysis showed that there
was iron in the granular catalyst, which led to the Fenton reaction.

Table 1. EDS spectrograms of the Fe-loaded attapulgite particles and distribution of elements.

Element O Mg Al Si K Ti Fe the Total

Weight percentage (wt.%) 54.44 2.3 4.9 24.42 1.21 0.63 12.09 100

Figure 1a shows the catalyst’s nitrogen adsorption and desorption isotherms, which
were type IV isotherms [39], indicating that the internal pores of the catalyst were mainly
mesoporous, with a BET-specific surface area of 119.5409 m2/g and an average pore size of
11.1603 nm. The catalyst had good adsorption performance.
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Figure 1b XRD spectra of iron-loaded catalysts shows that attapulgite characteristic
diffraction peaks appeared at 2θ = 8.5◦, 19.8◦, 20.3◦, 27.9◦, 35.7◦, etc. The corresponding
crystal plane spacing was D (110) = 10.3974 nm, D (040) = 4.4725 nm, D (021) = 4.3829 nm,
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D (400) = 3.1942 nm, D (002) = 2.5139 nm, respectively. The SiO2 characteristic diffraction
peaks appeared at 2θ = 26.7◦, 36.6◦ and 50.2◦, and the corresponding crystal plane distances
were D (011) = 3.3421 nm, D (110) = 2.4560 nm, D (011) = 1.8171 nm, respectively. In
addition, α-Fe2O3 cubic spinel characteristic diffraction peaks were found at 2θ = 33.2◦,
35.6◦, 49.5◦, 54.1◦, etc. The corresponding crystal plane spacing was D (104) = 2.6989 nm,
D (110) = 2.5171 nm, D (024) = 1.8408 nm, D (116) = 1.6943 nm, but the overall peak strength
was much weaker than Fe2O3 crystal. This could be because only a small part of Fe(NO3)3
was converted into the α-Fe2O3 crystal in the calcination process of the iron-loaded catalyst,
while most of the remaining Fe(NO3)3 could be converted into other crystal iron oxides or
only attached to the catalyst surface in the form of some chemical bonds without showing
the corresponding crystal structure.

2.1.2. SEM Analysis of Catalyst

Analysis of the particle catalyst before and after the reaction with scanning electron
microscopy (SEM) can be seen in Figure 2; Figure 2b shows the particle catalyst after
reaction, and Figure 2a shows the reaction front of the catalyst particles. It can be seen that
the internal structure has been greatly damaged, the rod between the crystal is an organic
whole repeatedly, and the initial needle bar gradually formed a similar layered structure,
but most of the channels remain and the catalyst can be recycled many times.
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2.2. Influence of Reaction Conditions on Degradation Performance
2.2.1. Influence of Different Reaction Systems on RhB Degradation

It can be seen from Figure 3a,b that in different reaction systems, the degradation and
mineralization effects of RhB were not ideal when a hydrogen peroxide solution was added
only at 35 ◦C and pH 3. After 240 min, the removal rate of RhB and the TOC mineralization
rate were only 5.98% and 0.92%, respectively. When only a granular catalyst was added
to the reaction solution without H2O2, the concentration of RhB and TOC decreased in
the same trend, indicating that the reduced RhB concentration was only adsorbed by the
granular catalyst, no molecular ring-opening or degradation mineralization occurred, and
the adsorption amount reached 39.61% at 240 min. When 0.5 mg/L Fe3+ and 196 mmol/L
H2O2 solutions were added to the reaction solution to form a homogeneous Fenton system,
the homogeneous Fenton reaction caused by a small amount of dissolved Fe3+ insignif-
icantly contributed to the catalytic degradation of RhB in the system regarding the RhB
removal rate and mineralization effect. Therefore, it can be seen that the degradation of
dye-RhB by an iron-loaded attapulgite granular catalyst was mainly contributed to by a
heterogeneous Fenton reaction, which conformed to the heterogeneous surface catalytic
mechanism. When the particle catalyst was added to join the H2O2 in the reaction solution,
which constituted the similar Fenton system, the reaction temperature and solution pH
value also affected their degradation performance. With the increase of temperature, the
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molecular energy increases and the movement is violent, the amount of active free radical
increases, and the oxidative degradation rate is accelerated. At the same time, the influence
of pH on the degradation performance was different: in terms of decolorization effect, it was
alkaline > acidic > neutral, and in terms of mineralization effect, it was acidic > neutral > alkaline.
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mineralization rate of Rhodamine B.

2.2.2. Influence of RhB Initial Concentration

Figure 3c,d shows the effect of initial dye concentration on RhB dye degradation. It
can be seen that the degradation and decolorization reaction of RhB took place before
the mineralization reaction, indicating that the decolorization of the dye was easier than
the mineralization, and the lower the initial concentration, the faster the degradation and
mineralization rate. When the initial concentration was 50 mg/L, the removal rate of
RhB was close to 90% after 90 min, the decolorization was almost complete after 120 min,
and the removal rate of TOC reached 24.52% after 240 min. With the increase of RhB’s
initial concentration, the decolorization and mineralization rates gradually decreased. The
removal rate of 400 mg/L RhB solution reached 90% after 180 min, and the TOC removal
rate was 21.73% after 240 min. This could be because the higher the concentration of RhB,
the more molecules per unit volume. In addition, the generation of reactive free radicals
was constant, so the degradation and mineralization rate of RhB decreased with the increase
in concentration [40]. Considering the obvious degradation effect, the RhB solution with an
initial concentration of 200 mg/L was selected for subsequent experiments.
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2.2.3. Influence of Different H2O2 Concentrations

In the heterogeneous Fenton system, the concentration of hydrogen peroxide affected
the amount of active free radicals [41], and the decolorization and mineralization efficiency
of RhB dye in the solution. As can be seen from Figure 3e,f, when the concentration of
H2O2 in the reaction system increased from 49 mmol/L to 588 mmol/L, the oxidation de-
colorization and mineralization rate of the RhB solution increased gradually. After 240 min
of reaction, the degradation rate of RhB increased from 90.17% to 99.99%. It is verified
that the RhB solution can be decolorized to a certain extent by adding a low concentration
of H2O2 in the heterogeneous Fenton system, while the removal rate of TOC does not
increase significantly and is stable at about 25%. Meanwhile, it also indicates that the free
radicals generated in the alkaline reaction system only destroy the chromophore group
of the RhB molecule. Therefore, dye decolorization took precedence over mineralization
because only a small part of it can eventually be mineralized into CO2 and H2O. When the
concentration of H2O2 in the reaction system increased to 196 mmol/L, the decolorization
rate reached 95.92% after 120 min, which greatly shortened the reaction time and acceler-
ated the decolorization rate compared with a lower H2O2 concentration. The RhB removal
rate reached 99.77% after 240 min. This could be because the reaction’s amount of reactive
free radicals increased with an increase in H2O2 concentration, more free radicals attacked
the RhB molecule, and the removal rate of RhB and TOC further improved [42]. After
that, increasing the concentration of H2O2 in the reaction system had little contribution
to the oxidative degradation and mineralization effect of RhB, and excessive H2O2 in
the solution could lead to a self-annihilation reaction or a series of ineffective reactions
with the active free radicals generated in the catalytic reaction process [43,44]. As a free
radical scavenger, active oxidation substances originally used to attack RhB molecules in
the reaction system were consumed, affecting oxidative degradation [45,46]. On the other
hand, when the amount of catalyst in the reaction system was fixed and the concentration
of H2O2 was properly increased, the number of collisions between the H2O2 molecule
and catalyst increased per unit time and the reaction rate accelerated. Due to the limited
amount of catalyst, the collision number of H2O2 concentration did not increase any further,
which was macroscopically expressed as the RhB removal rate slowing down. Therefore,
considering the oxidation decolorization and degradation of RhB, an appropriate H2O2
concentration of 196 mmol/L was selected under alkaline conditions.

2.2.4. Influence of Different Catalyst Dosages

As can be seen from Figure 4a,b, under the conditions of the above appropriate
initial concentration, pH value and hydrogen peroxide concentration, the degradation and
mineralization rate of RhB was significantly accelerated with the increase in catalyst dosage.
The removal rate of RhB was only 78.81% after 120 min in the system with a catalyst dosage
of 2 g/L. At the same time, the removal rate of RhB in the system with the dosage of
20 g/L reached 98.73%, which was nearly 20% higher. The dosage of the catalyst was
positively correlated with the catalytic efficiency of the reaction system to a large extent,
indicating that the addition of catalysts provided more adsorption sites on the one hand,
which could absorb more RhB molecules. The removal rate of RhB and TOC was improved.
On the other hand, the increase in catalyst dosage could provide more reactive sites to a
greater extent, and the rate and number of oxidative active free radicals generated by the
catalyst and H2O2 reaction are greatly improved [47,48], which increased the degradation
efficiency of the reaction system. When the amount of catalyst was low, the reaction rate
of the heterogeneous Fenton system was slow. With greater dosage, the catalytic reaction
is inhibited to a certain extent, and the occurrence of side reactions is promoted, affecting
the rate of oxidative degradation. As can be seen from the TOC removal rate, when the
catalyst dosage increased, the TOC removal rate in the reaction system increased first and
then decreased, because the greater the dosage of the catalysts, the greater the adsorption
of RhB molecule in the system at the beginning, and the higher the TOC removal rate. As
the reaction progressed, the adsorbed RhB molecule was gradually oxidized and degraded
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into small molecules by active free radicals. However, the particle catalyst prepared in
this experiment had a weak adsorption capacity for intermediate products of these small
molecules, so it was desorbed from the pore channel of the particle catalyst to the liquid
solution, which showed a temporary decrease in TOC removal rate. Subsequently, these
small molecule intermediates were further mineralized and degraded into CO2 and H2O,
so the TOC removal rate increased again. From an economic perspective, the appropriate
catalyst dosage for subsequent experiments was 10 g/L.
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rhodamine B.

2.2.5. Influence of Initial pH Value

In a heterogeneous Fenton reaction system, the change of pH greatly influences the
oxidation decolorization and mineralized degradation of dyes [41,49]. As can be seen from
Figure 5, in terms of the RhB decoloring effect, it was alkaline condition > acid > neutral
conditions, and in terms of the RhB mineralization effect, it was the acid condition > neutral
condition > alkaline conditions. According to the literature, the application of the pH range
in the mentioned conventional Fenton system has a very big distinction [50].

Under neutral conditions, it can be seen that pH had a negligible effect on the oxidation,
decolorization, and degradation of RhB, and the decolorization rate was very slow. The
decolorization rate only reached approximately 50% after 120 min of reaction, and the
oxidation degradation effect was relatively weak due to the adsorption of the RhB molecule
in the solution by a particle catalyst. Under alkaline conditions, with the increase in
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pH, the decolorization rate of RhB by the granular catalyst increased gradually, and the
decolorization rate reached more than 99% in the same reaction time. However, the TOC
removal rate was lower than that under neutral and acidic conditions, and the TOC removal
rate was about 25%. The results showed that only a small part of RhB molecules adsorbed
by the granular catalyst could be eventually mineralized into CO2 and H2O. Under the
acid condition, the oxidation of RhB was also very quick, and the decolorization rate
was improved with the reduction of pH. Finally, with the initial pH value of 3 and a
reaction time of 120 min, the decolorization rate reached 96%, which was far higher than
that of the neutral condition. Compared to neutral conditions and acidic conditions, the
removal rate of TOC experienced a period of growth, and the process of further decrease
and increase was consistent with the rule mentioned in the previous sections, which also
indicated that the granular catalyst first adsorbed the RhB molecule, then degraded into
small molecule intermediates, was desorbed, and finally was mineralized into CO2 and
H2O, which conformed to the heterogeneous surface catalysis mechanism.
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On the whole, it can be seen that the decolorization effect of RhB was better in
alkaline conditions than in acidic conditions. The mineralization effect of dye was better
in acidic conditions than in alkaline conditions because H2O2 was relatively stable in
acidic conditions. At the same time, H2O2 was easy to decompose into peroxide radical
(•OOH) and H+ in alkaline conditions. Under the condition of the constant addition
of the granular catalyst and hydrogen peroxide in the system, the rate and number of
free radicals generated under acidic conditions were low, while the rate and number of
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free radicals generated mainly by •OH were high under alkaline conditions, mainly by
•OOH. The strong oxidation capacity of •OH can further mineralize the small molecule
intermediates into CO2 and H2O, while •OOH is difficult to further mineralize these
intermediates. Therefore, the mineralization effect under alkaline conditions is inferior
to that under acidic conditions. However, the pH of the reaction solution should not
be too high or too low. Moreover, excessive acid and alkali environments destroyed the
structure of the granular catalyst, resulting in particle dissolution and iron ion loss. On
the other hand, the concentration of •OH was inversely proportional to the concentration
of [OH−], and the formation of •OH was inhibited when the pH of the reaction solution
was too low [51]. The conversion balance between FeIII and FeII on the catalyst surface
was destroyed, affecting the catalytic reaction [52], and the specific reaction mechanism
remains to be explored. Nevertheless, the particle catalyst prepared in this study solved the
problem of pH limitation of the traditional homogeneous or heterogeneous system very
well [53] and still had a good decolorization effect under alkaline conditions, which was
conducive to the extensive application of the heterogeneous Fenton system.

2.2.6. Influence of Temperature on Degradation of Rhodamine B

The effect of Fenton-like oxidation reaction on decolorization efficiency and mineraliza-
tion of 200 mg/L RhB dye solution at different temperatures was studied. From the acidic
(c) and (d) groups with pH 3 and alkaline (e) and (f) groups with pH 10 in Figure 4, the
catalyst dosage was 10 g/L and H2O2 concentration remained unchanged at 196 mmol/L.
As can be seen from Figure 5, regardless of the system, with the increase in temperature,
the oxidation degradation rate was accelerated, RhB removal rate and the removal rate of
TOC increased. When pH was 3 and reaction temperature was 35 ◦C, the reaction rate of
RhB had an obvious rise after fall, and this trend remained constant. This was because the
particle catalyst only had an adsorption effect on RhB at the beginning, or the adsorption
rate was much higher than the oxidative degradation rate. With the progress of the reaction,
a large amount of H2O2 entered into the iron oxide inside the particle catalyst and on
the surface of the particle catalyst to form a heterogeneous Fenton system and generate
active free radicals. The RhB molecules adsorbed on the pore surface were oxidized and
degraded into small molecules that fall off from the surface, and then continued to adsorb
RhB molecules in the solution, forming a cycle of adsorption–degradation–desorption–re-
adsorption–re-degradation–re-desorption. At that time, the oxidation degradation process
was dominant, so the reaction rate in the system increased twice. The energy was required
for the formation of active free radicals, so the higher the temperature in the system, the
higher the energy [54], the greater the probability of breaking the O-O H2O2 bond and
the higher the concentration of active free radicals, which significantly accelerated the
process of oxidative degradation [55]. Therefore, there was no secondary increase in the
reaction rate when the reaction temperature was 55 ◦C. In actual industrial applications
such as printing and dyeing, the wastewater discharge temperature is higher, so the reaction
temperature of 55 ◦C was chosen for the follow-up experiment.

2.3. Study on Sustainability and Stability of the Granular Catalyst

It is an ideal research target for heterogeneous Fenton catalysts with certain regenera-
tion, reuse and good stability. The particle catalyst reached a saturation state after 360 min.
Therefore, H2O2 was added after the particle catalyst was adsorbed for 360 min to investi-
gate the change in the concentration of the RhB dye under the optimal catalytic reaction
conditions. As can be seen from Figure 6, only when a granular catalyst was presented in
the solution, the RhB residual rate was 50.26% after 360 min. After that, with the increase
in adsorption time, the concentration of the RhB dye did not decrease much. At 480 min,
the residual rate of RhB was still as high as 47.07%, which indicated that the adsorption of
RhB on the granular catalyst reached saturation. Therefore, a certain amount of H2O2 was
added immediately after the particle catalyst was adsorbed and saturated. It can be seen
that under both acidic and alkaline conditions, the concentration of RhB in the solution
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decreased rapidly, and the residual rate of RhB was less than 1% after 120 min, indicating
that after adding H2O2, the particle catalyst could effectively degrade and completely
decolorize the RhB molecules adsorbed on the surface of particle channels, so the prepared
particle catalyst had a certain in situ regeneration performance.
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In practical engineering applications, the catalyst itself must be reusable and have
an excellent stable structure [56,57], so the reusability of the annular catalyst is also an
important evaluation index. The granular catalyst was put into a 100 mL RhB solution
with an initial concentration of 200 mg/L; the catalyst dosage was kept at 10 g/L, the H2O2
concentration was 196 mmol/L, the pH value was 3 and 10, and the solution temperature
was 55 ◦C. The reaction was repeated five times, the granular catalyst was removed and
washed then dried with deionized water. As can be seen from Figure 7a,b, RhB can be
effectively decolorized and degraded by a granular catalyst 180 min after five repeated
reactions under acidic and alkaline conditions. Decoloring performance remained the
same, and the basic removal rate was stable and constituted over 98%, which showed
that the preparation of catalysts had good reusability. However, the mineralization effect
of RhB decreased. After the first use of granular catalyst, the mineralization rate of RhB
reached 28.11% (pH = 3) and 25.75% (pH = 10). After repeated reuse, the mineralization
rate decreased. The mineralization rate of the fifth use was only 22.16% (pH = 3) and
16.28% (pH = 10), as shown in Figure 7c. This was due to the dissolution of a small amount
of infirm bound iron ions on the catalyst’s surface after each repeated reuse, as shown
in Figure 7d. Another reason was that a small amount of organic matter in the previous
reaction was adsorbed and remained on the surface of the catalyst channel, resulting in the
reduction of active sites and the TOC removal rate.

2.4. Study on the Degradation Effect of Different Dyes by the Granular Catalyst

The above results showed that the granular catalyst had a significant degradation
effect on RhB. The feasibility of its application in dye wastewater can be better clarified
through the degradation experiment of different dyes. Methylene blue and Congo red
were used as the target pollutants to degrade as RhB in the same reaction system. Figure 8
showed that under alkaline conditions, the reaction rate of cationic RhB was faster than that
of the acidic conditions, and the TOC removal rate in the acidic conditions was higher than
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that of alkaline conditions. The other cationic dye (methylene blue) also showed a similar
trend; the difference was a good effect on the mineralization of the methylene blue on
rhodamine B. For cationic dyes, the alkaline condition of the heterogeneous Fenton system
was conducive to the oxidation and decolorization of dyes, while the acidic condition was
conducive to the degradation and mineralization of dyes. For anionic dyes like Congo red,
the decolorization and mineralization effects were worse than those of cationic dyes, which
was because the surface of ferric attapulgite granular catalyst prepared in this experiment
was partially replaced by Al3+ with Si4+ in the 4-valence coordinates, and by Mg2+ with
Al6+ in the 6-times coordinates, resulting in electronegativity on the surface of the granular
catalyst. Therefore, it has a certain repulsive effect on anionic dyes.
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2.5. Dynamic Study on the Catalytic Degradation Process of the Granular Catalyst
2.5.1. Dynamic UV-VIS Spectra of RhB during the Reaction Process

The degradation process of RhB was described qualitatively by UV-VIS spectroscopy.
Under the optimal reaction conditions, samples were taken at different times for dilution
and placed in a quartz colorimetric dish for full-wavelength scanning within the wavelength
range of 250–800 nm, as shown in Figure 9. It can be seen from the figure that the RhB
solution had the maximum characteristic absorption peak at 554 nm in the visible region,
which was mainly caused by the benzene amino group, carbonyl group, and four ethyl
groups in RhB molecular structure [58]. According to relevant literature, with the progress
of the reaction process, the degradation of RhB molecule mainly went through n-site diethyl,
destruction of the large conjugated structure, ring-opening and mineralization, etc. The
macroscopic manifestation was the gradual fading of dye color, and the absorption peak
at 554 nm of the UV-VIS spectrum in the figure also gradually weakened. At 180 min, it
can be seen that the absorption peak almost disappeared, indicating that the oxidation
decolorization of RhB was basically completed and decomposed into small molecule
intermediates or completely mineralized into CO2 and H2O. This was due to the similar
activity of the Fenton process for the production of oxygen free radicals, which directly
attacked the molecular structure of the RhB conjugate with a large variety of anthracene (i.e.,
benzene amine and carbonyl), which led to its cracking and loss of characteristic absorption
peak. At the same time, the hydroxylation effect led to the redshift of the absorption peak,
and the N-ethyl process caused a blue shift in its absorption peak [59]. Therefore, it can
be concluded that the degradation process of the RhB molecule in this experiment is the
simultaneous destruction of n-site diethyl and large conjugated oxanthracene structures,
and the red-shift and blue-shift effects cancel each other out, thus only showing a decrease
in absorbance.
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2.5.2. Determination of Active Substances in the Reaction Process

In order to investigate whether the prepared granular catalyst was a free radical
reaction in catalytic oxidation of RhB, the free radical trapping agent ascorbic acid was
added in the reaction process to determine the presence of free radicals in the catalytic
system according to the degradation of RhB [60]. Active substances that can catalyze

109



Catalysts 2022, 12, 669

reactions in heterogeneous Fenton systems mainly include hydroxyl radical (•OH) [61],
peroxide radical (•OOH) [62], and high-valent iron (FeIV) [63]. To confirm the types of free
radicals playing a leading role in the heterogeneous Fenton system, different concentrations
of tert-butanol (TBA) and potassium iodide were added as hydroxyl radical trapping
agents under the optimal reaction conditions [64–66] to determine the existence of hydroxyl
radicals in the reaction process. At the same time, a certain concentration of p-benzoquinone
was added to the reaction solution to determine whether there were peroxy radicals in the
reaction process.

As can be seen from Figure 10a, the addition of ascorbic acid led to a gradual decline in
the degradation rate of RhB. When the amount of ascorbic acid was 2.5 mmol/L, the residual
rate of RhB was almost equal to the adsorption rate of the catalyst, which preliminarily
proved that the heterogeneous Fenton reaction system was a free radical reaction. As
can be seen from Figure 10b,c, the catalytic degradation rate of the reaction solution with
tert-butanol was reduced, indicating that a hydroxyl radical existed in the reaction solution
and participated in the catalytic degradation process. However, as the concentration of tert-
butanol increased, the degradation of RhB was not completely inhibited. The degradation
rate was still 74.97% after 240 min, indicating that there were other active substances in the
reaction system. After adding 0.2 mmol/L potassium iodide, the degradation rate of RhB
decreased, and the degradation rate of RhB was 79.68% after 180 min. Potassium iodide
captured hydroxyl radicals on the surface of the granular catalyst, but its inhibition was
relatively small compared with tert-butanol, indicating that the granular catalyst catalyzed
the degradation of RhB. The RhB molecules were first adsorbed on the surface of the
granular catalyst and then degraded, while hydroxyl radicals catalyzed a small part of
RhB molecules in the liquid phase. Figure 10d showed that under the acid condition, the
degradation of RhB inhibition was limited, indicating that the heterogeneous Fenton system
produced a very little amount of oxygen free radicals, from which it can be concluded
that the hydroxyl free radical reaction in the process of catalytic degradation of RhB
was dominant.
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Figure 10. Effects of different types of free radical trapping agents on degradation of rhodamine B:
(a) Ascorbic acid; (b) TBA; (c) KI and TBA; (d) P-benzoquinone(c0 = 200 mg/L, cH2O2 = 196 mmol/L,
T = 55 ◦C, catalyst = 10 g/L, pH = 3).

2.5.3. Formation Rule of Hydroxyl Radical (•OH)

According to the above analysis, hydroxyl radical reaction plays a dominant role in
catalytic degradation of RhB. To investigate the rule of hydroxyl free radical, a certain
concentration of coumarin solution was used as the trapping agent of the hydroxyl free
radical, and the pH of the solution was 3 under the optimal reaction conditions. The
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influence on the rule of hydroxyl free radical generation was investigated by changing the
dosage of the catalyst and the hydrogen peroxide concentration.

Figure 11a,b shows that with an increase in the particle catalyst dosage, the generation
of free radicals with similar heterogeneity in the Fenton system gradually increased, and
H2O2 consumption also increased. This could be caused by the increase in the dosage of the
particle catalyst which brought more adsorption sites and its reactivity [47] and increased
the adsorption quantity of the catalyst. In addition, it increased the contact area of the
catalytic reaction. H2O2 was in contact with more iron oxides, and its decomposition rate
was accelerated, thus increasing the production of hydroxyl radical.
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of H2O2; (b,d) •OH production; (e) H2O2 concentration (T = 55 ◦C, catalyst = 10 g/L, pH = 3);
(f) catalyst dosage (cH2O2 = 196 mmol/L, T = 55 ◦C, pH = 3).

Figure 11c,d showed that with the increase in H2O2 concentration in the solution,
the production of hydroxyl radical in the heterogeneous Fenton system also gradually
increased, which could be due to the increase in H2O2 concentration under the condition
of maintaining the same number of adsorption sites and reactive sites. As a result, more
H2O2 could enter the particle catalyst and contact with the iron oxide on the pore surface,
increasing the contact frequency (the number of collisions per unit time) and resulting in
a faster decomposition rate of H2O2 and production of hydroxyl radicals [67]. However,
the generation rule of liquid hydroxyl radicals in the system was slightly different from
that of total hydroxyl radicals, as shown in Figure 11e,f. It can be seen that the production
amount of liquid hydroxyl radicals was much lower than that of total hydroxyl radicals,
indicating that the reaction system was dominated by surface catalytic degradation reaction,
supplemented by the liquid radical reaction. With the addition of the catalyst, the amount
and rate of formation of liquid hydroxyl radical increased obviously. When the addition of
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granular catalyst was 1 g/L, the amount of formation of liquid hydroxyl radical reached the
maximum. After the addition of the catalyst, the formation rate of liquid hydroxyl radical
did not increase. When H2O2 concentration was low, the generation rate of hydroxyl radical
increased first and then decreased. With the increase in H2O2 concentration, hydroxyl
radical generation in the liquid phase increased first and then decreased, indicating that
the higher the H2O2 concentration, the better. A high concentration of H2O2 will lead to
the greatest quenching of the hydroxyl radical generated in the liquid phase, reducing the
reaction efficiency.

2.6. Speculation on the Mechanism of Catalytic Oxidation of RhB Dye by the Granular Catalyst

The degradation mechanism of the heterogeneous Fenton system mainly includes the
following three kinds: heterogeneous surface catalysis mechanism, homogeneous catalysis
mechanism of iron ion dissolution, and catalytic oxidation mechanism of high iron [68]. The
heterogeneous surface catalysis mechanism is as follows: when irradiated with visible light,
the dye is excited to reduce part of iron oxide FeIII on the catalyst’s surface to FeII, and the
catalyst adsorbs the RhB dye and H2O2 on the surface of the granular catalyst. The H2O2
adsorbed on the surface of the granular catalyst reacts with FeII and FeIII on the surface
to generate active free radicals. The RhB molecules adsorbed on the catalyst’s surface are
oxidized and degraded into small intermediate products or partially mineralized into CO2
and H2O. The products are desorbed from the particle surface, and then continue to adsorb
RhB molecules in the solution, forming a cycle of adsorption–degradation–desorption–re-
adsorption–re-degradation–re-desorption, until RhB is completely degraded. The oxidative
degradation process is dominant. The homogeneous catalytic mechanism of iron ion disso-
lution is as follows: the heterogeneous Fenton particle catalyst of ferric attapulgite dissolves
a small number of iron ions during the reaction process, which forms a homogeneous Fen-
ton system with H2O2 in the solution, catalyzes the decomposition of H2O2 to generate
active free radicals, and degrades RhB. According to the previous experimental results,
the Fenton reaction in this part of dissolved iron ions insignificantly contributes to the
degradation of RhB in the system, which is a secondary path of degradation reaction. The
mechanism of catalytic oxidation with high iron is as follows: during the conversion of FeII

and FeIII on the catalyst surface, some iron oxides are converted into higher FeIV, and high
iron directly oxidizes RhB to small molecular intermediates or partially mineralizes into
CO2 and H2O [69]. This study took attapulgite particles as the supported and loaded iron
ions on the surface of attapulgite to make a heterogeneous granular catalyst, which was
used for the degradation of the RhB dye. The mechanism of the degradation process was
shown in Figure 12.
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3. Experimental Materials and Methods
3.1. Reagents and Materials

Rhodamine B (RhB; C28H31ClN2O3) was provided by the Tianjin Institute of Chem-
ical Reagents (Tianjin, China). Congo red (CR; C32H22N6Na2O6S2) was purchased from
Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai, China). Methylene blue (MB;
C16H20ClN3S) was provided by Sinopharm Chemical Reagents (Shanghai, China). Sodium
hydroxide (NaOH), 30% hydrogen peroxide (H2O2), nitric acid (HNO3), hydrochloric acid
(HCI), potassium dichromate (K2Cr2O7), concentrated sulfuric acid (H2SO4), and mercury
sulfate (Ag2SO4) were purchased from Nanjing chemical reagents (Nanjing, China). Iron
trioxide (Fe2O3), iron nitrate (Fe(NO3)3·9H2O), p-benzoquinone (C6H4O2), potassium io-
dide (KI), ascorbic acid (C6H8O6), and silver sulfate were provided by Sinopagol Chemical
reagents (Nanjing, China). Tert-butyl alcohol (C4H10O) was purchased from Shanghai
Lingfeng Chemical reagent (Shanghai, China). Coumarin (C9H6O2) was purchased from
Aladdin (Shanghai, China). 7-hydroxycoumarin (C9H6O3) and potassium titanium oxalate
(K2TiOC4O8·2H2O) were purchased from McLean (Shanghai, China). All reagents used
were analytically pure. Attapulgite (ATP) was found in Xuyi, Jiangsu Province. Attapulgite
was prepared into granular supported iron ions as the catalyst.

3.2. Preparation and Characterization of Catalyst

Different additives and attapulgite were mixed evenly in a certain proportion, and a
certain quality of deionized water was added into a molded shape for mixing and rubbed
into 1–3 mm particles. The mixture was placed in the oven at 110 ◦C to dry, and then into
the tube furnace to calcinate for a certain time. The prepared particles were immersed
in a solution of iron ion concentration of 1.6 mol/L, the ratio of solid to liquid was 20:1,
the immersion temperature was 80 ◦C, and the immersion time was 4 h. After filtration
and repeated washing several times, the obtained products were dried in a 110 ◦C oven
and then calcined in a tubular furnace at a certain temperature to prepare an iron-bearing
attapulgite granular catalyst.

The ASP-2020 specific surface area and pore size analyzer of Micromeritics were used
to measure the specific surface area at the degassing station of the analyzer at a rate of
10 ◦C/min to 300 ◦C for 10 h at the temperature of liquid nitrogen (77 K). EDS analysis
was carried out under the conditions of 40–50,000 times magnification and gold spraying
on the surface of dry samples. Ultima IV multifunctional composite X-ray diffractometer
θ = 5~80◦ (Cu target Kα, λ = 1.5406 A) was used to test the samples; the JCPDS file number
was 87–2096. Jsm-7600f Thermal field emission scanning electron microscope (JEOL) was
used to spray gold (Au) on the surface of the absolute dry samples with a magnification of
40~50,000 times.

3.3. Instruments and Analytical Methods

The absorbance of rhodamine B in the solution was determined by a TU-1810 UV-vis
spectrophotometer at 554 nm and its concentration was analyzed. Meanwhile, the solu-
tion’s Congo red and methylene blue can be determined by ultraviolet spectrophotometer
and visible spectrophotometer at 497 nm and 664 nm. The pH of the solution was measured
using an EOTECH pH 700 pH meter. A TOC-vcpn (Shimadzu, Japan) total organic carbon
analyzer was used to determine the TOC value of the solution. The concentration of Fe3+

in the reaction solution was determined by a TAS-990 Super atomic absorption spectropho-
tometer. The reaction of hydrogen peroxide with potassium titanium oxalate was carried
out in an acetic acid-sodium acetate buffer solution to form a stable orange complex. The
absorbance of this orange complex was measured at 375 nm and the concentration of
hydrogen peroxide (H2O2) was analyzed.

4. Conclusions

This study of the use of natural clay minerals content load iron load attapulgite
particles of iron catalyst was prepared by using XRD, EDS and BET methods to study the
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basic properties of the catalyst particles itself, and found that particle catalysts for RhB dye
not only have a catalytic degradation effect, but also has a certain adsorption performance
and adhere to the surface of the catalyst particles in an iron oxide crystal shape. In the
process of reaction, the amount of iron dissolved in the granular catalyst is very low. In
the catalytic reaction process, conditions are changed to investigate their effects on the
dye RhB catalytic degradation performance and find out the best reaction conditions. The
study found that under the condition of alkaline dye, the decolorization rate is greater
than the acid condition; the lower the initial concentration and reaction, the greater the
concentration of H2O2 and catalyst dosing quantity, the higher the reaction temperature,
and the greater and faster the dye RhB degradation and mineralization. However, pH
value has a great influence on the degradation and mineralization of RhB. In terms of
the decolorization effect, alkaline condition > acidic condition > neutral condition, and in
terms of the mineralization effect, acidic condition > neutral condition > alkaline condition.
Under the optimal catalytic reaction conditions, granular catalyst’s reusability, stability and
degradation effects on different types of dyes were studied. It was found that the prepared
granular catalyst has a charge-negative surface, and the degradation and mineralization
effects of cationic dyes are better than that of anionic dyes. It was found that hydroxyl
radical reaction dominated the catalytic degradation of RhB dye in a heterogeneous Fenton
system, in which surface radical reaction was the main catalyst and liquid radical reaction
was the auxiliary one. The study shows a simple and environmentally friendly route that
can be scaled up and seems to be a promising approach for industrial wastewater treatment
in the future.
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Abstract: In this work, the degradation performance of Fe2+/PAA/H2O2 on three typical pollu-
tants (reactive black 5, ANL, and PVA) in textile wastewater was investigated in comparison with
Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 had a high removal on RB5 (99%) mainly owing to the
contribution of peroxyl radicals and/or Fe(IV). Fe2+/H2O2 showed a relatively high removal on
PVA (28%) mainly resulting from ·OH. Fe2+/PAA/H2O2 and Fe2+/H2O2 showed comparative re-
movals on ANL. Additionally, Fe2+/PAA/H2O2 was more sensitive to pH than Fe2+/H2O2. The
coexisting anions (20–2000 mg/L) showed inhibition on their removals and followed an order of
HCO3

− > SO4
2− > Cl−. Humic acid (5 and 10 mg C/L) posed notable inhibition on their removals

following an order of reactive black 5 (RB5) > ANL > PVA. In practical wastewater effluent, PVA
removal was dramatically inhibited by 88%. Bioluminescent bacteria test results suggested that the
toxicity of Fe2+/PAA/H2O2 treated systems was lower than that of Fe2+/H2O2. RB5 degradation
had three possible pathways with the proposed mechanisms of hydroxylation, dehydrogenation,
and demethylation. The results may favor the performance evaluation of Fe2+/PAA/H2O2 in the
advanced treatment of textile wastewater.

Keywords: peracetic acid; advanced oxidation; reactive dyes; aniline; polyvinyl alcohol

1. Introduction

The textile industry was one of the most water-consuming and key industrial branches,
especially in developing countries. In China, the amount of textile wastewater, around
80% of which is from the printing and dyeing process [1], ranked third among all the
41 industries and accounted for 10.1% [2]. Generally, the discharged textile wastewater
was treated either by on-site treatment plants in the factory or a combination of factories
and urban wastewater treatment plants (WWTPs) to meet the wastewater discharge stan-
dard. However, the increasingly stringent discharge standard forces the advanced tertiary
treatment urgent for the enhanced removal of refractory pollutants.

Reactive dyes, aniline (ANL), and polyvinyl alcohol (PVA) are three types of typical
refractory pollutants in printing and dyeing wastewater and are of increasing environmen-
tal concern [3]. Reactive dye is the most important dyeing class for cellulosic fibers [4],
up to 10–50% of which would flow into wastewater in the dyeing process [5]. ANL is an
important intermediate in syntheses of benzidine azo dyes [2] as well as a product derived
from the biotransformation of azo dyes [6]. ANL has been listed as a priority pollutant
by the Environmental Protection Agency of the United States due to its carcinogenic and
mutagenic effects [7]. In the latest amended Discharge Standard of Water Pollutants for
Dyeing and Finishing of Textile Industry (GB 4287-2012) in China [8], the discharge limit
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of ANLs was regulated as undetected, which was actually difficult for factories to meet
at affordable expenses. PVA, a water-soluble refractory polymer, is widely used in the
sizing process of cotton blended fabrics and was lost to the effluent during the desizing
process [9]. The discharge of PVA may deteriorate the receiving body of water via causing
the lack of dissolved oxygen in the aquatic environment and the release of harmful metals
from the sediment [10]. The removal of PVA via the conventional biological process was
challenging due to its poor biodegradability [11].

The advanced oxidation process (AOP) is widely adopted as the tertiary treatment
for the removal of low-level refractory organic pollutants from the secondary effluent of
industrial textile wastewater [12–19]. Recently, Fe2+/peracetic acid (PAA) has emerged
as a potential alternative to the conventional Fe2+/hydrogen peroxide (H2O2) Fenton
AOP [20,21]. PAA has a high disinfection efficiency and less formation of harmful disin-
fection byproducts (DBPs) compared to those chlorine-based disinfectants [22]. Thus, it is
recommended as an attractive disinfectant for secondary and tertiary wastewater effluents
in many countries, (e.g., Canada and parts of Europe) [23–25]. In fact, the PAA solution is an
equilibrium mixture of PAA, H2O2, and acetic acid [26], and the PAA-based Fenton system
was defined as Fe2+/PAA/H2O2. During the Fe2+/PAA/H2O2 process, PAA played a key
role within the initial 5 s and H2O2 became the dominant oxidant afterward due to the
much higher reaction rate of PAA with Fe2+ (>650 times) compared to that of H2O2 [27].
Activation of PAA by Fe2+ may primarily generate ·OH, CH3C(O)O·, and Fe(IV) according
to reactions (1–5) [27,28]. Moreover, ·OH would also react with PAA and H2O2 to generate
secondary radicals, (e.g., CH3C(O)·, CH3C(O)OO·, and HO2·) via reactions (6–9), and the
reaction rate of ·OH with PAA was much higher compared with H2O2 [27,29]. That said,
the proportion of PAA and H2O2 would affect the distribution of organic radicals and
·OH in the Fe2+/PAA/H2O2 process. In previous research [30–33], PAA-based AOP has
exhibited structural selectivity in the removal performance of target pollutants and shown
comparable or even superior performance compared to H2O2-based AOP.

CH3C(O)OOH + Fe2+ → CH3C(O)O· + Fe3+ + OH− (1)

CH3C(O)OOH + Fe2+ → CH3C(O)O− + Fe3+ + ·OH (2)

CH3C(O)OOH + Fe2+ → CH3C(O)OH + FeIVO2+ (3)

H2O2 + Fe2+ → ·OH + Fe3+ + OH− (4)

H2O2 + Fe2+ → H2O + FeIVO2+ (5)

CH3C(O)OOH + ·OH→ CH3C(O)OO· + H2O (6)

CH3C(O)OOH + ·OH→ CH3C(O)· + H2O + O2 (7)

CH3C(O)OOH + ·OH→ CH3C(O)OH + HO2· (8)

H2O2 + ·OH→ HO2· + H2O (9)

Among the studies about the active dye degradation by PAA-based AOPs, H2O2
and PAA-related organic radicals played dominant roles in the removal of methyl blue
and Brilliant Red X-3B, respectively [21,34]. Co(II)-mediated PAA oxidation in previous
work has shown a minor contribution of CH3C(O)OO· to the degradation of ANL [30]. In
addition, the degradation of PVA has been evaluated mainly in H2O2-based AOPs with
the reaction rate constant of PVA with ·OH in the order of 106−107 M−1s−1 [35], while
scarcely in PAA-based AOP. Considering the different structural characteristics of the three
typical pollutants, there is a need to comparatively evaluate their degradation efficacies by
Fe2+/PAA/H2O2 and assess the contributions of radicals produced, respectively, by PAA
and H2O2.

The objectives of this study are to investigate: (1) the effectiveness of Fe2+/PAA/H2O2
to degrade reactive black 5 (RB5), ANL, and PVA in comparison to Fe2+/H2O2; (2) the
impact of operating conditions, (i.e., Fe2+ and PAA dosages, coexisting ions and natural
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organic matter); (3) contributions of ·OH and PAA-related radicals in their degradation
under different pH conditions; (4) the acute toxicity alteration during the process; and
(5) degradation intermediates and possible pathways. The main novelty of this work is to
investigate the relationship between Fe2+/PAA/H2O2 and pollutant structure, obtaining
the applicability of the process in textile water treatment.

2. Materials and Methods
2.1. Chemicals and Materials

RB5, ANL, sodium thiosulfate, potassium iodide, acetic acid, ferrous sulfate (FeSO4·7H2O),
phosphoric acid, sodium chloride, and sodium sulfate were of analytical grade and ob-
tained from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Ammonium molybdate
((NH4)2MoO4), sodium hydroxide (NaOH), sulfuric acid, and p-chlorobenzoic acid (pCBA)
were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China). Tert-butanol
(TBA), methanol (MeOH), and 5,5-dimethyl-1-pyrrolinr N-oxide (DMPO) were of chromato-
graphic grade and purchased from Fisher Scientific (Fair Lawn, NJ, USA). H2O2 (30%, w.t.)
solution, PVA (Type 1788) with an average molecular weight of 46,000 g/mol (hydrolysis
degree of 88%), humic acid (HA), N, N-Diethyl-p-phenylenediamine (DPD), and 5,5-dimethyl-
1-pyrrolinr N-oxide (DMPO) were purchased from Sigma-Aldrich (Shanghai, China). All
solutions were prepared with ultrapure water from a Millipore Milli-Q water system (Direct-
Q3 UV). The secondary effluent taken from a municipal wastewater treatment plant (Songjiang
District, Shanghai, China) was used as the real wastewater with dissolved organic carbon
(DOC) of around 4.5 mg C/L after filtered through a 0.45 µm membrane. PAA solution,
containing PAA:H2O2 at a molar ratio of 1.34:1, was freshly prepared according to the reaction
(Equation (10)) and stored at 4 ◦C [36].

CH3COOH + H2O2
H2SO4↔ CH3C(O)OOH + H2O (10)

2.2. Experimental Procedures

All experiments were conducted in a 200 mL glass reactor with constant magnetic
stirring at room temperature (20 ± 1 ◦C). The reaction solution contained designated
concentrations of target pollutants, the initial pH of which was adjusted to 3.0, 4.0, 5.0,
6.0, and 7.0 by sodium hydroxide (1 M) or sulfuric acid (1 M). Reactions were initiated by
adding different dosages of PAA and FeSO4·7H2O simultaneously. Samples (1–2.5 mL)
were withdrawn within 10 min at predetermined intervals and immediately quenched by
excessive sodium thiosulfate ([Na2S2O3]/[PAA]0 molar ratio >10) for the analysis of target
compounds. Meanwhile, PAA decay was also monitored by taking samples periodically
without adding any quenching agent. To explore the contribution of direct PAA oxidation
and the radicals produced from H2O2 contained in PAA solution, additional trials were also
conducted by adding PAA only or Fe2+/H2O2 (H2O2 dosage equal to the concentration
of H2O2 in PAA solution). Quenching tests were performed by spiking 100 mM TBA or
MeOH to the reaction solution before the addition of PAA and Fe2+. The concentrations of
TBA or MeOH were high enough to quench reactive radicals. To quantify the steady-state
concentration of ·OH in Fe2+/PAA/H2O2 system under different pH conditions, the ·OH
probe (pCBA) was spiked to the reaction solution and its time-dependent degradation was
also analyzed.

The effect of water matrices on the degradation of the three target pollutants in
Fe2+/PAA/H2O2 system was assessed by adding Cl− (0–2000 mg/L), SO4

2− (0–2000 mg/L),
HCO3

− (0–2000 mg/L), and HA (0–10 mg C/L), respectively, to the reaction solution. The
degradation tests were also conducted in practical wastewater effluent. Samples were
also taken for oxidized products or DOC analysis at the beginning and end of each test.
All experiments were conducted at least in duplicate, and the error bars represented the
standard deviation.
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2.3. Analytical Methods

The ANL and pCBA concentrations were measured by high-performance liquid chro-
matography (HPLC, Thermo Scientific UltiMate DioNEX 300, Waltham, MA, USA) coupled
with a Symmetry-C18 column (5 µm, 4.6 mm × 250 mm) and a UV detector. The mobile
phase for ANL was a 65:35 (v/v) mixture of methanol and ultrapure water at a flow rate
of 1 mL/min. The mobile phase for pCBA was a mixture of methanol and phosphoric
acid (70:30, v/v %) with a flow rate of 1 mL/min. The injection volumes of ANL and
pCBA samples were 10 and 100 µL, respectively. Both ANL and pCBA were analyzed
at the wavelength of 230 nm. The RB5 concentration was measured with an ultraviolet
spectrophotometer (UV1800) at a wavelength of 598 nm. The PVA concentration was
measured using the modified colorimetric method [37]. Briefly, eight 25 mL volumetric
flasks were prepared with each containing either 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mL
of 0.5 g/L standard PVA solution and diluted to 10 mL. Then, 5 mL of 4% boric acid and
2 mL of I2-KI (1.27 g/L I2 and 25 g/L of KI) were added. After equilibration for 5 min, the
solutions were diluted to 25 mL and measured at a wavelength of 690 nm.

Electron paramagnetic resonance (EPR, EMXnano231, Bruker, Rheinstetten, Germany)
was used to determine the reactive species with DMPO as the spin trapping agent, with
further details presented in SI. The oxidized products of RB5 by Fe2+/PAA/H2O2 system
were analyzed by HPLC-MS (Q Exactive Focus, Thermo Fisher Scientific, Waltham, MA,
USA), and ANL was detected by GC-MS (Thermo Fisher Scientific, Waltham, MA, USA), the
details of which were provided in SI. The PAA stock solution was regularly calibrated using
titration method [7]. Concentrations of PAA and H2O2 in PAA solution were determined
according to the Hach DPD method [38]. H2O2 concentration in the absence of PAA was
measured using a triiodide absorbance method [39]. Acute ecotoxicity was assessed by
the change of bioluminescence intensity bioluminescent with Vibrio fischeri bacteria in
toxicity analyzer (HACH, Ames, IA, USA) [40], with the details of the method given in
Supplementary Materials.

3. Results and Discussions
3.1. Process Degradation Efficiency Assessment

The degradation behaviors of Fe2+/PAA/H2O2 towards the three pollutants were
comparatively evaluated at initial pHs of 3.0, 4.0, 5.0, 6.0, and 7.0 compared with PAA
only and Fe2+/H2O2. As shown in Figure 1a, 90% of RB5 was removed through an initial
fast degradation (94%) within 5 s, followed by a slow degradation in the Fe2+/PAA/H2O2
system, while a minor RB5 degradation (<5%) occurred in PAA only system due to the slow
reaction rate. In the Fe2+/H2O2 system, RB5 removal decreased by 6% in the first 5 s and
75% in the whole process compared with Fe2+/PAA/H2O2, attributed to reactive oxidative
species (ROS) generated from PAA in addition to H2O2. By contrast, ANL removal in the
Fe2+/PAA/H2O2 system (47%) was comparable to that (39%) in the Fe2+/H2O2 system,
which suggested that the degradation efficiency of ANL in the former was mainly attributed
to the presence of H2O2 other than PAA. Interestingly, the PVA degradation efficiency was
lower in the Fe2+/PAA/H2O2 system compared with the Fe2+/H2O2 system. This was
likely because PAA reacted much faster with Fe2+ than H2O2 and thus contributed to its
preferential consumption of Fe2+. On the other hand, the presence of PAA may convert
·OH to C− via the reaction of ·OH with PAA according to Equation (10). In comparison
with previously reported results (Table 1), this process showed a relatively rapid removal
of these three pollutants, especially RB5 [41–46].
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Figure 1. Time-dependent degradation of (a,d,g,j,m) RB5, (b,e,h,k,n) PVA and (c,f,i,l,o) ANL by
different processes in a pH range of 3.0–7.0. Conditions: [PAA]0 = 15 mg/L, [H2O2]0 = 5 mg/L,
[RB5]0 = 20 mg/L, [PVA]0 or [ANL]0 = 10 mg/L, initial pH = 3.0, 5.0, and 7.0, T = 21 ± 1 ◦C.

Table 1. Comparison of different AOPs in removing RB5, ANL, and PVA with Fe2+/PAA/H2O2 system.

AOPs Pollutants
Pollutant

Concentration
(mg/L)

Reaction
Time
(min)

Initial
pH

Catalyst
Dose

(mg/L)

Oxidant
Dose

Removal
Efficiency

(%)
References

Ag3PO4/Visible
light RB5 50 120 11.0 500 150 W 91 [41]

O3/Co-Ce-O RB5 100 80 7.0 1000 60 LPH 96 [42]

122



Catalysts 2022, 12, 684

Table 1. Cont.

AOPs Pollutants
Pollutant

Concentration
(mg/L)

Reaction
Time
(min)

Initial
pH

Catalyst
Dose

(mg/L)

Oxidant
Dose

Removal
Efficiency

(%)
References

Fe3O4/PMS RB5 50 60 7.0 250 614.76 mg/L 94.86 [43]
AmGO/UV-A RB5 100 120 8.0 5000 40 W 75 [44]

Fe2+/PAA/H2O2

RB5 20 10 3.0 1.1
15/5 mg/L

94
This workANL 10 10 3.0 2.2 47

PVA 10 5 3.0 2.2 20

UV/SPC ANL 93.13 120 6.8 314 17.85
mw/cm2 54.25 [45]

UV/NiFe2O4 PVA 25 140 6.0 300 15 W 94.3 [46]

Note: PS, persulfate; PMS, peroxymonosulfate; AmGO, amino-Fe3O4-functionalized graphene oxide; SPC, sodium
percarbonate; LPH, Litres per hour.

The ·OH was identified in Fe2+/PAA/H2O2 system via EPR. Figure S1 showed that
the characteristic peak of the DMPO-HO· spin adduct signal appeared in the spectrum,
suggesting the existence of ·OH in the system. To differentiate between the contributions
of ·OH and other ROSs, (i.e., peroxyl radicals and Fe(IV)), TBA was used to quench ·OH
(k·OH/TBA = (3.8–7.6) ×108 M−1s−1) [47], and MeOH was used as a quencher for both
·OH (k·OH/MeOH = 9.16×109 M−1s−1) [48] and acetyl(per)oxyl radicals, (i.e., CH3COO·
and CH3C(O)OO·) [30]. As shown in Figure 1a–c, TBA significantly inhibited the removal
of ANL and PVA by 15% and 17%, respectively, but showed negligible influence on RB5
removal. By contrast, MeOH inhibited the removal of RB5, ANL, and PVA by 25%, 37%, and
17%, respectively. These results further indicated that PVA degradation mainly depended
on ·OH, ANL mainly on both ·OH and other ROSs, while RB5 was mainly on other ROSs
compared to ·OH.

The influence of pH on the degradation of these three pollutants was investigated in
a range of 3.0–7.0. Figure 1 showed that their degradation efficiencies declined with the
increase in pH, the extent of which followed an order of RB5 > ANL > PVA. The pH effects
for RB5 and PVA were more significant in Fe2+/PAA/H2O2 compared with Fe2+/H2O2,
while similar for ANL. These results indicated that other ROSs were more susceptible to
pH than ·OH, likely due to the higher reaction rate constants in Equations (1)–(3) (16,000–
110,000 M−1 S−1) compared with Equations (4) and (5) (63–76 M−1 S−1) [27]. Therein, the
former could be inhibited more significantly at the elevated pH mainly because of the
higher OH− concentration. Meanwhile, the higher pH could result in a decline in Fe2+

according to reaction 11.
Fe2+ + OH− → Fe(OH)2 (11)

3.2. Effects of PAA and Fe2+ Dosages on Pollutants’ Removal

The effects of PAA and Fe dosages on the degradation efficiencies of the three pollu-
tants were evaluated. As shown in Figure 2a–c, their removals increased with the PAA
dosage rising from 5 to 15 mg/L likely attributed to the increased number of radicals.
As the PAA dosage further rose to 30 mg/L, their removals either remained stable (RB5)
or decreased, which may be explained by the quenching effect of PAA and/or H2O2 on
radicals [30]. These results indicated that the optimal PAA dosage was 15 mg/L.
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Conditions: [RB5]0 = 20 mg/L, [PVA]0 and [ANL]0 = 10 mg/L, initial pH = 3.0, T = 21 ± 1 ◦C.

Moreover, the influence of Fe2+ dosage on their removals was studied with the PAA
dosage of 15 mg/L. Figure 2d–f showed that RB5 removal was relatively stable against Fe2+

dosage from 0.55 to 2.20 mg/L, likely owing to the sufficient Fe2+ even at a low dosage
(0.55 mg/L) for the activation of PAA/H2O2. ANL removal increased from 11% to 38% with
the elevated Fe2+ dosage, implying the enhanced activation of Fe2+ on PAA/H2O2. While
PVA removal increased initially (Fe dosage < 2.20 mg/L) and then remained unchanged.
These results demonstrated that the dosages of both Fe2+ and PAA/H2O2 had a significant
influence on the removal of these pollutants.
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3.3. Effects of Coexisting Inorganic Anions and Humic Acid on Pollutants’ Removal

3.3.1. Effects of Coexisting SO4
2−, Cl−, and HCO3

−

Considering that textile wastewater generally had high contents of SO4
2−, Cl−, and

HCO3
−, their effects on the removal of the three pollutants were investigated with the

anions’ concentrations of 0–2000 mg/L. Figure 3 demonstrated that all these anions in-
hibited their removals, the extent of which followed an order of HCO3

− > SO4
2− > Cl−.

The inhibition of HCO3
− was probably because of the quenching effect of HCO3

− on
·OH to generate less reactive HCO3

· according to reaction (12) with a high reaction rate
constant (>108 M−1s−1) [49]. In addition, HCO3

− may consume Fe2+ to form nonreactive
Fe2+-HCO3

− complexes [20], and probably cause a pH increase simultaneously. Among
these three pollutants, PVA was the most sensitive against these anions, indicating the
possibly easier quenching of ·OH by these anions than other ROSs. As for RB5, SO4

2− at
2000 mg/L or HCO3

− at 200 and 2000 mg/L significantly decreased the removals from
98 to 82.5% or from 98.6 to approximately 81.2%, respectively. The inhibition of SO4

2−

and Cl− was likely because they could convert ·OH and peroxyl radicals to SO4·− and
chlorine-containing radicals which may show relatively weak oxidative capacity towards
these pollutants [36].

HCO3
− + ·OH→HCO3

· + OH− (12)
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Figure 3. Effect of coexisting SO4
2−, Cl−, and HCO3

− on the degradation of (a) RB5, (b) ANL, and
(c) PVA in Fe2+/PAA/H2O2 system. Conditions: [PAA] = 15 mg/L, [RB5]0 = 20 mg/L, [PVA]0 or
[ANL]0 = 10 mg/L, pH = 3.0, T = 21 ± 1 ◦C, [anion] = 0, 20, 200, and 2000 mg/L.
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3.3.2. Effects of Background HA and Real Water Matrix

The influence of HA on the degradation of these three pollutants was investigated.
Figure 4 showed that HA at a low concentration of 1 mg C/L had a minor effect on their
removals, while notable inhibition at 5 and 10 mg C/L. In addition, the inhibition effect
followed an order of RB5 > ANL > PVA, indicating a probably higher scavenging capacity
of HA on peroxyl radicals compared with ·OH [36]. As for the effect of the water matrix,
the removals of RB5, ANL, and PVA decreased from 99%, 35%, and 18% to 56%, 15%, and
7%, respectively. The more pronounced effect on PVA was probably because ·OH, with
a non-selective oxidation property, tended to be consumed by background organics in
practical wastewater compared to other ROSs.
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Figure 4. Effect of coexisting HA and real water matrix on the degradation of RB5, PVA and
ANL in Fe2+/PAA/H2O2 system. Conditions: [PAA] = 15 mg/L, [RB5]0 = 20 mg/L, [PVA]0 or
[ANL]0 = 10 mg/L, pH = 3.0, T = 21 ± 1 ◦C.

3.4. Acute Toxicity Evaluation

A bioluminescent bacteria test was used to evaluate the acute toxicity alteration
induced by different AOPs. Figure 5 showed that, after Fe2+/PAA/H2O2 treatment, the
toxicity of RB5 and PVA decreased while that of ANL increased. For all these pollutants,
the Fe2+/PAA/H2O2 treated systems possessed lower toxicity compared with Fe2+/H2O2
treated ones, implying the eco-friendly advantage of the former. In order to further reduce
the toxicity of the effluent, the combination of Fe2+/PAA/H2O2 and subsequent adsorption
treatment might be a potential approach.
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Conditions: [PAA] = 15 mg/L, pH = 3.0, T = 21 ± 1 ◦C. RB5: ([RB5]0 = 20 mg/L, Fe2+:
PAA:H2O2 = 1.1 mg/L:15 mg/L:5 mg/L, Fe2+: H2O2 = 1.1 mg/L:5 mg/L); PVA or ANL: ([PVA]0
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3.5. Intermediate Products and Proposed Pathways

Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three
pollutants, RB5 was selected as the typical pollutant to identify the degradation prod-
ucts and possible pathways. Nine intermediates were identified (Figure S2) and their
structures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible
degradation pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3
(m/z 221), C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein,
the main mechanisms probably included hydroxylation, dehydrogenation, and demethyla-
tion, which was consistent with the previously reported oxidation mechanism related to
peroxyl radicals [50,51].

Table 2. Details and proposed molecular structure of detected degradation intermediates during
Fe2+/PAA/H2O2 oxidation of RB5.

No. Retention Time
(min)

Chemical
Formula Molecular Mass Experimental

Mass (m/z) Proposed Structure

(1) 5.72 C18H16N3NaO13S4 633.58 634.15

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(5) 9.94 C26H25N3O8S2 571.62 572.41

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(6) 3.71 C26H25N3O7S2 555.62 556.39

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(7) 4.29 C16H15N3O 265.31 267.00

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(8) 4.29 C10H11N3O3 221.21 223.07

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

127



Catalysts 2022, 12, 684

Table 2. Cont.
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For ANL, six main intermediates were identified with their proposed structures (Ta-
ble S1) and possible degradation pathways (Figure S3) [52,53]. ANL was firstly attacked 
by OH to form nitrobenzene (m/z 123), N-phenylacetamide (m/z 135), and azoxybenzene 
(m/z 198), all of which could be further degraded to CO2 and H2O. 

4. Conclusions 

In this work, the degradation of RB5, ANL, and PVA by Fe2+/PAA/H2O2 was investi-
gated compared with Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 and Fe2+/H2O2 were relatively 
suitable for the degradation of RB5 (94%) and PVA (25%), respectively, while exhibiting 
similar removal efficiency on ANL. In addition, Fe2+/PAA/H2O2 was more pH-dependent 
compared with Fe2+/H2O2. Quenching test results indicated that PVA degradation mainly 
depended on OH, ANL mainly on both OH and other ROSs (peroxyl radicals and 
Fe(IV)), while RB5 was mainly on other ROSs. Both HCO3− (20–2000 mg/L) and HA (5–10 
mg C/L) showed great inhibition in their removals. Among these pollutants, practical ef-
fluent showed the greatest inhibition on PVA removal. Toxicity test results demonstrated 
that, for all these pollutants, Fe2+/PAA/H2O2 treated systems had lower toxicity compared 
with Fe2+/H2O2 treated ones. Three pathways of RB5 degradation were proposed with the 
possible mechanisms including hydroxylation, dehydrogenation, and demethylation. 
This work may provide guidance to assess the suitability of Fe2+/PAA/H2O2 to efficiently 
remove typical pollutants in textile wastewater. 
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For ANL, six main intermediates were identified with their proposed structures
(Table S1) and possible degradation pathways (Figure S3) [52,53]. ANL was firstly attacked
by ·OH to form nitrobenzene (m/z 123), N-phenylacetamide (m/z 135), and azoxybenzene
(m/z 198), all of which could be further degraded to CO2 and H2O.

4. Conclusions

In this work, the degradation of RB5, ANL, and PVA by Fe2+/PAA/H2O2 was in-
vestigated compared with Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 and Fe2+/H2O2 were
relatively suitable for the degradation of RB5 (94%) and PVA (25%), respectively, while
exhibiting similar removal efficiency on ANL. In addition, Fe2+/PAA/H2O2 was more
pH-dependent compared with Fe2+/H2O2. Quenching test results indicated that PVA
degradation mainly depended on ·OH, ANL mainly on both ·OH and other ROSs (peroxyl
radicals and Fe(IV)), while RB5 was mainly on other ROSs. Both HCO3

− (20–2000 mg/L)
and HA (5–10 mg C/L) showed great inhibition in their removals. Among these pol-
lutants, practical effluent showed the greatest inhibition on PVA removal. Toxicity test
results demonstrated that, for all these pollutants, Fe2+/PAA/H2O2 treated systems had
lower toxicity compared with Fe2+/H2O2 treated ones. Three pahways of RB5 degradation
were proposed with the possible mechanisms including hydroxylation, dehydrogena-
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tion, and demethylation. This work may provide guidance to assess the suitability of
Fe2+/PAA/H2O2 to efficiently remove typical pollutants in textile wastewater.
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Abstract: In recent years, with the large-scale use of antibiotics, the pollution of antibiotics in the
environment has become increasingly serious and has attracted widespread attention. In this study,
a novel CDs/g-C3N4/BiPO4 (CDBPC) composite was successfully synthesized by a hydrothermal
method for the removal of the antibiotic tetracycline hydrochloride (TC) in water. The experimental
results showed that the synthesized photocatalyst was crystalline rods and cotton balls, accompanied
by overlapping layered nanosheet structures, and the specific surface area was as high as 518.50 m2/g.
This photocatalyst contains g-C3N4 and bismuth phosphate (BiPO4) phases, as well as abundant
surface functional groups such as C=N, C-O, and P-O. When the optimal conditions were pH 4,
CDBPC dosage of 1 g/L, and TC concentration of 10 mg/L, the degradation rate of TC reached
75.50%. Active species capture experiments showed that the main active species in this photocatalytic
system were holes (h+), hydroxyl radicals, and superoxide anion radicals. The reaction mechanism
for the removal of TC by CDBPC was also proposed. The removal of TC was mainly achieved by the
synergy between the adsorption of CDBPC and the oxidation of both holes and hydroxyl radicals. In
this system, TC was adsorbed on the surface of CDBPC, and then the adsorbed TC was degraded
into small molecular products by an attack with holes and hydroxyl radicals and finally mineralized
into carbon dioxide and water. This study indicated that this novel photocatalyst CDBPC has a huge
potential for antibiotic removal, which provides a new strategy for antibiotic treatment of wastewater.

Keywords: carbon dots; photocatalysis; graphitic carbon nitride; bismuth phosphate; tetracycline
hydrochloride

1. Introduction

According to the Chinese Academy of Sciences’ antibiotic pollution map, more than
6100 tons of tetracycline (TC) antibiotics are discharged into the soil and groundwater envi-
ronment every year [1]. Antibiotic concentrations in Chinese rivers generally reach 15 µg/L,
far exceeding their toxicity threshold [2,3]. Tetracyclic antibiotics are mainly treated by bio-
logical, physical, and chemical oxidation methods [4]. Biological treatment methods mainly
rely on microbial decomposition to breakdown pollutants. Tetracycline antibiotics are diffi-
cult to completely remove by conventional biological treatment [5,6]. Physical treatment
methods include adsorption and membrane treatment technology; however, pollutants
are not degraded and can easily cause secondary pollution [7–9]. Chemical oxidation
methods mainly degrade various types of pollutants by oxidation and reduction reactions,
including ozone oxidation [10], Fenton oxidation [11,12], persulfate oxidation [13,14] and
photocatalytic technology [15,16]. Photocatalytic degradation of antibiotics with higher

132



Catalysts 2022, 12, 774

efficiency and broader applicability has been studied and applied by a large number of
scholars at this stage for the treatment of various antibiotic contaminations [17]. In recent
years, graphitic carbon nitride (g-C3N4) has been widely used in photocatalysis. g-C3N4
is a typical conjugated polymer in photocatalysts [18–20]. The conjugated polymer facili-
tates the transport and separation of photoinduced electrons and holes due to its unique
internal conjugated π-bond structure. Additionally, its unique two-dimensional layered
structure could assist the transport and migration of electrons, and with the advantages
of nontoxicity and visible light response (semiconductor band gap of 2.7 eV), it is widely
applied in photocatalytic degradation [21]. However, g-C3N4 suffers from a high photogen-
erated electron-hole recombination rate, which limits its quantum efficiency [22]. Therefore,
promoting the separation of its photogenerated carriers is crucial to promoting its pho-
tocatalytic efficiency. It is an effective way to composite different materials to overcome
their respective defects. Some researchers have prepared different composites, such as
g-C3N4/MoS2 [23], g-C3N4/BiOBr [24], and g-C3N4/BiVO4 [25], which show superior
photocatalytic performance. The material composite of BiPO4 and g-C3N4 can compensate
for each other’s defects and take advantage of the high carrier separation efficiency of
BiPO4 and the wide range of light absorption of g-C3N4 [26]. The photocatalytic degra-
dation rate of the g-C3N4/BiPO4 composite photocatalyst was 4.5 times higher than that
of P25 TiO2 and 2.5 times higher than that of pure BiPO4 under UV irradiation [27]. This
value is 2.5 times higher than that of single mesoporous g-C3N4 under visible light irradia-
tion [28]. Additionally, g-C3N4/BiPO4 composites showed superior catalytic degradation
performance in the degradation of TC, SMD, SD, and other pollutants [29–31].

However, the g-C3N4/BiPO4 material could still not absorb sunlight with wavelengths
longer than 420 nm. Carbon dots (CDs) have excellent optical properties and can make
full use of visible light over 500 nm [32,33]. CDs take advantage of water solubility
and biocompatibility. In this paper, we prepared CDs/g-C3N4/BiPO4 composite-based
precursors of g-C3N4 and inspected the performance of photocatalytic degradation TC
solution, mainly in the following aspects: (a) physicochemical characterization of the
CDBPC composite; (b) degradation performance of TC by the CDBPC composite under
visible light; (c) degradation kinetics of TC; and (d) proposed reaction mechanism of
TC degradation.

2. Results and Discussion
2.1. Characterization of CDBPC

As shown in Figure 1a, the CDBPC catalytic material presented crystal rods and
spherical crystals, which agglomerated together and were accompanied by tiny spherical
crystals. It was presumed that the crystal rods might be BiPO4. As shown in Figure 1b,
the diameter range of crystal rods varied in size, fluctuating in the range of 100–900 nm,
while the diameter of spherical crystals was approximately 1 µm. The crystal rods had a
smoother surface than the spherical crystals but still had tiny spherical crystals at the edges.
In contrast, the surface of the spherical crystals was rougher and more porous. Figure 1c,d
presents the transmission electron microscopy scans of the CDBPC composite material.
Figure 1c shows that the crystal rods and spherical crystals were tightly wrapped together.
Figure 1d shows that the spherical crystal structure was evenly attached to the crystal rods.
Therefore, it was presumed that spherical crystals were CD crystals, which was consistent
with the results of previous studies [34]. The distribution of elements on the surface of
CDBPC material was analyzed by EDS mapping, and the results are shown in Figure 1e–j.
The CDBPC sample was mainly composed of five elements, including C, N, O, P, Bi, etc.
As shown in the SEM image (Figure 1), the rod-shaped crystals of BiPO4 were mainly
concentrated in the southwest corner, while g-C3N4 was mainly distributed in the northeast
corner. EDS mapping scans revealed that P, O, and Bi elements were mainly concentrated
in the southwest corner and N elements were mainly distributed in the northeast corner,
which was consistent with the distribution of BiPO4 and g-C3N4 materials. The C element
is evenly distributed on the surface of the material, mainly because the C element consists

133



Catalysts 2022, 12, 774

of CDs and g-C3N4. Additionally, CDs exhibited excellent water solubility and were evenly
distributed on the surface of materials.
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Figure 1. SEM (a,b,j) and TEM (c,d) images of CDBPC, EDS elemental mapping images of the
corresponding area: (e) Bi, (f) P, (g) O, (h) C and (i) N.

The semi-quantitative mass ratio and atomic fraction analysis of each element was
carried out by EDS, and the results were shown in Table 1. Accordingly, the C element
accounted mass ratio of 34.84 wt%, N element mass ratio accounted for 27.98 wt%, the P
element mass ratio accounted for 1.61 wt%, and the Bi mass ratio element accounted for
9.66 wt%.

Table 1. Elemental composition of CDBPC composite.

Chemical Elements C N Bi P O

mass ratio (wt %) 34.84 37.98 15.91 1.61 9.66

atomic fraction (%) 43.26 40.45 0.69 0.78 14.83

As seen in Figure 2b, the adsorption–desorption curve of the CDBPC material was type
IV, indicating the presence of a homogeneous mesoporous structure in the material, which
was multilayered. Therefore, it caused the hysteresis loops. The curve belonged to the H3
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type. The hysteresis loop was not closed, probably because the adsorption equilibrium
was not reached when the relative pressure was close to the saturation vapor pressure [35].
This result indicated that the CDBPC materials had narrow and long pore structures. The
jump in the curve of the adsorption isotherm at a relative pressure of 0.1 could illustrate
the presence of microporosity in the sample material. From Figure 2a, CDBPC was a
mesoporous material with a high pore volume. When the average pore size was between
25 and 5 nm, the pore volume accumulated to 0.01 cm3/g, and the average pore size was
≥5 nm. The cumulative rate of pore volume increased when the average pore size was
between 5 and 2.5 nm, reaching a maximum of 0.09 cm3/g cumulatively at an average
pore size ≥2.5 nm. The pore-specific surface area reached a maximum value of 162 m2/g
when the average pore size was ≥2.5 nm. After calculation by the BET method, the specific
surface area of the CDBPC material reached 518.4978 m2/g with an average pore diameter
of 2.14 nm and a pore volume of 0.2774 cm3/g.
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Figure 2. Pore size and volume accumulation curves (a) and (b) nitrogen adsorption–desorption
isotherm of CDBPC.

As shown in Figure 3, CDBPC exhibited the peaks at 17.02◦, 19.18◦, 21.50◦, 27.32◦,
29.00◦, 31.33◦, 34.62◦, 36.84◦, 41.92◦, 52.80◦, 56.68◦, 61.22◦ and 70.91◦, corresponding to
(101), (011), (111), (200), (120), (200), (−212), (202), (−103), (−402), (132), (233) and (−134)
of BiPO4 (JCPDS 80-0209), respectively. The lattice spacing of d(120) is 0.3706 and was
calculated by Bragg’s diffraction law, which is confirmed by the HRTEM reported in the
study [10]. Our calculated value was in very good approximation to standard values. The
diffraction peak of CDBPC materials at 26.1◦ was the characteristic peak of hexagonal
CDs (JCPDS 87-1523). CDBPC had broad peaks at 13.0◦, 47.62◦, and 53.66◦, which were
characteristic of g-C3N4 (JCPDS 87-1524, 87-1526). The diffraction peaks of BiPO4 and
g-C3N4 were sharp and intense, indicating their highly crystalline nature. No impurity
peaks were observed, confirming the high purity of the products. From the number and
area of peaks detected by XRD, it was shown that BiPO4, followed by g-C3N4 and CDs,
was the main component, which was consistent with the results of previous studies [36,37].
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Figure 3. XRD patterns of CDBPC.

The CDBPC material was analyzed by Fourier transform infrared spectrograms, and
the results are shown in Figure 4. The peaks in the wavenumber range between 680 and
480 cm−1 were caused by bending vibrations of BiPO4, while the peaks near 560 cm−1

were due to O-P-O bonding vibrations. A sharp peak at approximately 1100 cm−1 with a
small and not obvious width was due to the stretching vibration of C-O, and the adsorption
peak at 1400 cm−1 resulted from C-OH stretching vibrations, which was consistent with
previous studies [38]. The characteristic peak near 1500 cm−1 was attributed to the C=N
stretching vibration in the carbon–nitrogen heterocycle, which was in agreement with other
studies [39]. The spike near 1700 cm−1 with a small width belonged to the C=O stretching
vibration of the carboxylic groups, which meant that carboxylic groups were present on the
surface of the composite material. There was also a relatively wide peak near 3400 cm−1,
and such a peak was mainly caused by C-H bending; another weaker and relatively wide
peak near 3500 cm−1 was due to the bending vibration of -OH.

As seen in Figure 5a, both CDBPC and BiPO4/g-C3N4 had obvious absorption band
edges at 280 nm and 410 nm. Compared with BiPO4/g-C3N4, the absorption intensity
of CDBPC decreased, but its absorption range increased significantly. A redshift in the
absorption band edge of CDBPC implied that the addition of g-C3N4 reduced the band
gap of the photocatalyst. The energy band gap of the two materials was calculated by a
Tauc plot, and the results are shown in Figure 5b. The energy band gap was 2.98 eV for
BiPO4/g-C3N4, 2.68 eV for the CDBPC material, and 2.98 eV for BiPO4/g-C3N4, indicating
that the addition of CDs reduced the energy band gap and resulted in a wider light
absorption range.
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2.2. Effect of Preparation Conditions on CDBPC Catalytic Performance

The effect of CD loading on the catalytic efficiency of TC degradation was investigated,
with CD loading ranging from 3% to 30%, and the results are shown in Figure 6. After
60 min of light avoidance adsorption, the highest removal rate of TC was only 4%, which
indicated that the adsorption performance of the CDBPC material was poor. During the
photocatalytic reaction, the degradation rate of TC gradually improved with increasing
time and became stable at 210 min. The catalytic degradation efficiency was 45.5%. When
the CDs loading was 3 wt%, the catalytic degradation efficiency was 48.5% at 210 min,
and the catalytic degradation efficiency reached 68.86% when the CDs loading was 5 wt%.
Subsequently, when the CDs loading was increased to 10 wt% and 20 wt%, the degradation
effect decreased slightly. When the loading of CDs was raised to 30 wt%, the removal
efficiency dropped dramatically, and the final degradation rate was only 27.27%. Firstly,
due to the excessive CDs covering the g-C3N4 and BiPO4 materials, the two materials could
not be excited by light to produce electron holes, and only the light energy that penetrated
the CDs could have an effect [39]. Secondly, it was possible that the excessive CDs reduced
the number of active sites in the CDs/g-C3N4/BiPO4 composites, which reduced the
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effective collision probability between the composites and TC [40]. Thus, it was observed
that increasing the loading of CDs appropriately was beneficial to improve the degradation
efficiency of TC. However, excessive loading was not conducive to degradation. Under the
experimental conditions of this paper, the optimal CDs loading was 5 wt%.
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2.3. Effects of Operating Parameters on the Degradation of TC

The pH had a strong impact on the photocatalytic degradation process. It determined
the surface charge properties of the composite, affected the adsorption and degradation
ability of the composite on the target pollutant, and determined the ionized state of the
catalyst surface. In this paper, the effect of pH on the degradation rate of CDBPC was
investigated, and the results are shown in Figure 7a. According to the figure, the pH
variation had little effect on the adsorption efficiency during the light-avoidance adsorption
stage, which was maintained at a low level. In the photocatalytic degradation stage, the
pH was in the range of 4–14, and the degradation rate decreased gradually from 74.89% to
13.67% with increasing pH. When the pH was 2, the degradation rate of TC was 75.02%,
which was close to that at pH 4. This was mainly caused by two reasons: (a) acidic
conditions could inhibit the decomposition of −OH and the oxygen evolution reaction and
improve the utilization of free radicals; (b) compared with the −OH oxidation potential
under alkaline conditions (2.02 V), the −OH oxidation potential under acidic conditions
(2.85 V) exhibited stronger oxidation performance. After comprehensive consideration,
the optimal pH value was 4. In general, the acidic conditions were more favorable for the
photocatalytic degradation of TC by CDBPC.

The effect of CBPC dosage on the degradation efficiency of TC was studied, and the
results are shown in Figure 7b. When the doses of CDBPC were 0.1 g/L, 0.2 g/L, 0.5 g/L
and 1 g/L, the degradation rates of TC were 39.6%, 49.3%, 69.5% and 73.2%, respectively.
At this time, as the dosage increased, the degradation rate increased, mainly because the
addition of a catalyst could enhance the chance of contact between the catalyst and solute,
thereby improving the degradation efficiency. As the dosage continued to increase to 2 g/L
and 3 g/L, the degradation rate of TC not only did not improve but also decreased slightly
to 71.4% and 71.7%, respectively. This might be due to the high dosage of CDBPC, which
caused the materials to block the light from each other and reduced the production of active
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species. A large number of catalysts might agglomerate to hinder the contact between the
materials and the contaminants.
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Figure 7c shows the effect of the initial concentration of TC solution on the photo-
catalytic degradation rate. In general, the initial concentration of TC had little effect on
the light-avoiding adsorption stage. In the photocatalytic stage, when the concentration
of TC was 5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, 50 mg/L, and 100 mg/L, the degrada-
tion rates were 79.3%, 75.5%, 69.0%, 51.2%, 34.9%, and 19.7%, respectively. As the initial
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concentration increased, the degradation rate gradually decreased, while the amount of
TC degradation increased instead. Mainly due to the high initial concentration of the TC
solution, the catalyst had more contact opportunities with TC, and thus, the amount of TC
degradation was greater. Similarly, because of the high initial concentration of TC solution,
the degradation rate of TC was lower, which was consistent with previous studies. In
summary, under the current experimental conditions, CDBPC materials provided excellent
photocatalytic degradation effects for TC solutions within 20 mg/L.

2.4. Degradation Kinetics of TC

TC degradation was fitted to pseudo-first-order kinetics and pseudo-second-order
kinetics models, respectively (Figure 8). The goodness of (R2), slope (k), and half-lives (t1/2)
of the kinetic equations for the different TC initial concentrations and different initial pH
values were calculated in Table 2. For different initial TC concentration conditions, the R2

values of the pseudo-first-order kinetics model ranged from 0.9314 to 0.9937, while that of
the pseudo-second-order kinetics model ranged from 0.955 to 0.9949. This suggests that TC
degradation was more consistent with the pseudo-second-order kinetics model. As shown
in Figure 8c,d, there was a significant difference in the degradation effect under different
initial pH conditions. The fitting linear correlation coefficient was only 0.63–0.74 when the
pH value was greater than 7. In the range of pH 2–7, the R2 values for the pseudo-first-order
kinetics ranged from 0.9087 to 0.972, while the R2 values ranged from 0.9438 to 0.9985
for the pseudo-second-order kinetics, suggesting that TC degradation with different pH
conditions was more consistent with the pseudo-second-order kinetics.
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As seen in Table 2, when the initial concentration of TC was 5 mg/L, the degradation
rate constant was the largest (2.3 × 10−3 min−1) and the t1/2 time was the lowest (only
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87 min). As the initial concentration increased, the degradation rate constant decreased
continuously. When the initial concentration of TC was 100 mg/L, the degradation rate
constant was 0.03 × 10−3 min−1, and t1/2 was 333.3 min. Compared with the initial
concentration of TC of 5 mg/L, the degradation rate constant was only 1/76, and t1/2 was
3.83 times longer.

Table 2. TC degradation kinetics parameters with different TC initial concentrations.

Initial Concentration
(mg/L)

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

K (min−1) R2 t1/2 (min) K (10−3 min−1) R2 t1/2 (min)

5 0.0072 0.9459 96.3 2.3 0.9876 87.0

10 0.007 0.9314 99.0 0.9 0.9858 111.1

20 0.0065 0.9731 106.6 0.5 0.9965 100.0

30 0.0047 0.9485 147.5 0.2 0.9606 166.7

50 0.0023 0.9481 301.4 0.1 0.955 200.0

100 0.0005 0.9937 1386.3 0.03 0.9949 333.3

As shown in Table 3, a lower pH value was more favorable for the degradation of
TC due to the higher OH oxidation potential. When the pH value was 2, the degradation
rate was 1.5 × 10−3 min−1, and t1/2 was 67.9 min. When the pH value was 4, the highest
degradation rate constant was reached, which was 1.9 × 10−3 min−1, and t1/2 was 53.2 min.
As the pH value increased, the degradation rate constant gradually decreased, while
t1/2 gradually increased. When the pH value reached 12, the degradation rate constant
was 0.05 × 10−3 min−1, and the t1/2 was 1904.2 min. Compared with the pH of 4, the
degradation rate constant was 1/38, and the t1/2 was 35.79 times longer.

Table 3. TC degradation kinetics parameters with different initial pH.

Initial Concentration
(mg/L)

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

K (min−1) R2 t1/2 (min) K (10−3 min−1) R2 t1/2 (min)

5 0.0072 0.9459 96.3 2.3 0.9876 87.0

10 0.007 0.9314 99.0 0.9 0.9858 111.1

20 0.0065 0.9731 106.6 0.5 0.9965 100.0

30 0.0047 0.9485 147.5 0.2 0.9606 166.7

50 0.0023 0.9481 301.4 0.1 0.955 200.0

100 0.0005 0.9937 1386.3 0.03 0.9949 333.3

2.5. Free Radical Identification

BQ, EDTA-2Na and TBA were used as superoxide radical (O2−), hole (h+), and hy-
droxyl radical (OH) scavengers, respectively [41]. As shown in Figure 9, the photocatalytic
reaction was almost completely inhibited by the addition of EDTA disodium, indicating
that hole (h+) was the most dominant active substance for TC degradation. The addition of
BQ and TBA also had some effect on the photocatalytic performance, but the effect was
not as obvious as that of the hole (h+), indicating that ·O2− and OH were also involved
in the photocatalytic reaction. The CDs/g-C3N4/BiPO4 composite prepared in this study
exhibited an excellent photocatalytic performance.

141



Catalysts 2022, 12, 774

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 

20 0.0065 0.9731 106.6 0.5 0.9965 100.0 
30 0.0047 0.9485 147.5 0.2 0.9606 166.7 
50 0.0023 0.9481 301.4 0.1 0.955 200.0 

100 0.0005 0.9937 1386.3 0.03 0.9949 333.3 

Table 3. TC degradation kinetics parameters with different initial pH. 

Initial Concentration 
(mg/L) 

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model 
K (min−1) R2 t1/2 (min) K (10−3 min−1) R2 t1/2 (min) 

5 0.0072 0.9459 96.3 2.3 0.9876 87.0 
10 0.007 0.9314 99.0 0.9 0.9858 111.1 
20 0.0065 0.9731 106.6 0.5 0.9965 100.0 
30 0.0047 0.9485 147.5 0.2 0.9606 166.7 
50 0.0023 0.9481 301.4 0.1 0.955 200.0 

100 0.0005 0.9937 1386.3 0.03 0.9949 333.3 

2.5. Free Radical Identification 
BQ, EDTA-2Na and TBA were used as superoxide radical (O2−), hole (h+), and hy-

droxyl radical (OH) scavengers, respectively [41]. As shown in Figure 9, the photocata-
lytic reaction was almost completely inhibited by the addition of EDTA disodium, indi-
cating that hole (h+) was the most dominant active substance for TC degradation. The 
addition of BQ and TBA also had some effect on the photocatalytic performance, but the 
effect was not as obvious as that of the hole (h+), indicating that ∙O2− and OH were also 
involved in the photocatalytic reaction. The CDs/g-C3N4/BiPO4 composite prepared in 
this study exhibited an excellent photocatalytic performance. 

 
Figure 9. Effect of different quenchers on the photocatalytic degradation of TC. 

  

Figure 9. Effect of different quenchers on the photocatalytic degradation of TC.

2.6. Proposed Reaction Mechanism

Figure 10 displays the possible photocatalytic degradation mechanism of T composites.
The semiconductor BiPO4 and g-C3N4 were combined to form a heterogeneous structure
with CDs attached to its surface and junction. The semiconductor BiPO4 could directly
absorb energy with wavelengths less than 320 nm in sunlight, and g-C3N4 could directly
absorb energy with wavelengths less than 420 nm. The two materials could absorb solar
energy with wavelengths greater than 500 nm by the CDs particles attached to their surfaces
to enhance the utilization. After the absorption of solar energy by both materials, electrons
in the VB were excited and jumped to the CB, thus generating holes in the VB. The holes
(h+) could directly degrade TC into intermediate products CO2 and H2O, and the holes (h+)
could also react with OH− or H2O to produce −OH. Then, the hydroxyl radicals could
interact directly with TC degradation [42–44]. The jumped electrons then combined with
O2 to produce ·O2−, and superoxide radicals could catalyze TC degradation.
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3. Materials and Methods
3.1. Materials and Chemicals

TC was purchased from Aladdin Reagent (Shanghai) Co., Ltd. (Shanghai, China)
and stored at 4 ◦C. EDTA disodium, tert-butyl alcohol (TBA), benzoquinone (BQ) and
other chemicals were obtained from Sinopharm Chemical Reagent Co., Ltd., (Shanghai,
China). All chemicals used in the experiments were of analytical grade. A stock standard
solution of TC (1000 mg/L) was prepared in ultrapure water and then diluted with double
distilled water.

3.2. Preparation of CDs/g-C3N4/BiPO4

Graphitic carbon nitride (g-C3N4) was prepared by high-temperature calcination
at 550 ◦C employing melamine as the source material. A certain amount of citric acid
and ethylenediamine monohydrate was placed in a hydrothermal reactor and reacted
at 180 degrees C for 24 h. The mixed solution was subsequently freeze-dried to obtain
CDs. A certain amount of g-C3N4 was placed in water for ultrasonic stirring, and then
Bi(NO3)3·5H2O and NaH2PO4·2H2O were added in a molar ratio of 1:1 and synthesized in
a hydrothermal reactor at 160 ◦C. The suspended solid was subsequently filtered, washed,
and dried to obtain the g-C3N4/BiPO4 complex. Certain amounts of CDs were codissolved
with g-C3N4/BiPO4 in ethanol and then dried at 70 ◦C. The materials were calcined in a
muffle furnace at 300 ◦C to obtain 3 wt%, 5 wt%, 10 wt%, 20 wt%, and 30 wt% CDBPC
composite photocatalysts.

3.3. Photocatalytic Activity of the CDBPC Composite by Beaker Experiments

All of the experiments in this work were carried out in a dedicated photocatalytic
reactor, as illustrated in Figure 11. The adsorption phase was carried out in the dark, and
the photocatalytic phase was carried out with a 500 W xenon lamp that simulated visible
light, with the UV component isolated by a filter.
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To evaluate the effect of an initial pH value, experiments were conducted in the initial
pH range of 2.0–12.0. 0.1 M NaOH and H2SO4 was used to adjust the pH values. The
related description has been added in the revised manuscript accordingly. Four catalyst
dosages (0.2, 0.5, 1.0, 2.0, and 3.0 g/L) were used to assess the effect of the photocatalyst
dosages on TC degradation. The effect of the initial TC concentration was examined at five
concentrations (5, 10, 20, 30, 50, and 100 mg/L). To identify the role of the generated reactive
oxygen species such as holes (h+), HO, and O2−, scavengers such as EDTA disodium,
tert-butyl alcohol, and benzoquinone (BQ) were used. All experiments except repetitive
experiments were conducted three times, and the relative standard deviations were usually
within 3% unless otherwise stated.
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3.4. Analytical Methods

The TC concentration was analyzed by an Agilent 1100 LC system using a C18 column
(5 µm, 150 × 4.6 mm, Phenomenex, Torrance, CA, USA) with a UV detector at 280 nm.
The X-ray diffraction (XRD) pattern was conducted on a D/max 2200 vpc Diffractometer
(Rigaku Corporation, Tokyo, Japan) with a Cu Karadiation at 30 kV and 30 mA. Scanning
electron microscopy (SEM) was performed on gold-coated samples using a Quanta-400F-
mode field emission scanning electron microscope (FEI, Lausanne, Switzerland). The SBET
was determined with an Autosorb-iQ-MP automated gas sorption analyzer (Quantachrome
Instruments, Boynton Beach, FL, USA) by nitrogen adsorption/desorption isotherms and
calculated by the Brunauer–Emmett–Teller (BET) method.

3.5. Reaction Kinetics

The photocatalytic degradation of TC can be described by the pseudo-first-order
kinetic and pseudo-second-order kinetic models, as shown in Equations (1) and (2), respec-
tively [45].

ln(C0/Ct) = k × t (1)

C−1
t − C−1

0 = k × t (2)

The half-lives (t1/2) of the first-order kinetic and pseudo-second-order kinetic models
were calculated via Equations (3) and (4):

t1/2 = In(2)× k−1 (3)

t1/2 = C−1
0 × k−1 (4)

where C0 is the TC concentration at the initial time, Ct is the TC concentration at any time
“t”, and k is the degradation rate constant.

4. Conclusions

This paper constructed a novel CDs/g-C3N4/BiPO4 composite photocatalyst, which
could overcome the respective defects of g-C3N4 and BiPO4. The introduction of CDs could
enhance the visible light utilization range and solubility and improve catalytic efficiency.
The CDs/g-C3N4/BiPO4 composite catalytic material exhibited excellent catalytic activity.
During the visible light photocatalytic reaction, CDs/g-C3N4/BiPO4 showed the strongest
catalytic activity when the loading of CDs was 5 wt%, and the TC degradation rate reached
68.85%. The CDs/g-C3N4/BiPO4 composite had a wider adsorption range with an energy
band gap of 2.68 eV, and the main active species were holes (h+), followed by OH and
O2−. Finally, the probable photocatalytic mechanism for TC degradation over the CDBPC
composite photocatalyst was shown.
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Abstract: Octogen (HMX) is widely used as a high explosive and constituent in plastic explosives,
nuclear devices, and rocket fuel. The direct discharge of wastewater generated during HMX produc-
tion threatens the environment. In this study, we used the electrochemical oxidation (EO) method
with a PbO2-based anode to treat HMX wastewater and investigated its degradation performance,
mechanism, and toxicity evolution under different conditions. The results showed that HMX treated
by EO could achieve a removal efficiency of 81.2% within 180 min at a current density of 70 mA/cm2,
Na2SO4 concentration of 0.25 mol/L, interelectrode distance of 1.0 cm, and pH of 5.0. The degrada-
tion followed pseudo-first-order kinetics (R2 > 0.93). The degradation pathways of HMX in the EO
system have been proposed, including cathode reduction and indirect oxidation by •OH radicals.
The molecular toxicity level (expressed as the transcriptional effect level index) of HMX wastewater
first increased to 1.81 and then decreased to a non-toxic level during the degradation process. Protein
and oxidative stress were the dominant stress categories, possibly because of the intermediates
that evolved during HMX degradation. This study provides new insights into the electrochemical
degradation mechanisms and molecular-level toxicity evolution during HMX degradation. It also
serves as initial evidence for the potential of the EO-enabled method as an alternative for explosive
wastewater treatment with high removal performance, low cost, and low environmental impact.

Keywords: electrochemistry; octogen; wastewater; hydroxyl radical; toxicity

1. Introduction

Octogen [octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)] is a highly explosive
material widely used in plastic explosives, nuclear devices, rocket fuel, and other prod-
ucts [1]. As a heterocyclic compound with an eight-membered ring, HMX exhibits higher
stability and detonation capacity than other conventional explosives [2,4,6-trinitrotoluene,
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)]. However, HMX poses potential threats to
soil microorganisms, plants, animals, and humans [2]. It damages the central nervous,
renal, and hepatic systems of mice and rats when oral exposure levels exceed 200 mg/kg [3].
HMX can also enter the human body through inhalation, dermal contact, and diet, induc-
ing adverse effects on the central nervous system [4]. The US Environmental Protection
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Agency (EPA) recommends that cumulative human exposure to HMX should not exceed
400 µg/L [4]. Owing to the persistent and non-degradable nature of HMX, it may leak
into the surrounding water and soil during production, storage, and application. Con-
tinuous accumulation in the environment may impact living organisms [5] and affect the
functioning of ecosystems [6]. Therefore, methods for the effective removal of HMX are
urgently required.

Biological and physical methods are typically used to treat HMX wastewater. Al-
though physical methods (e.g., membrane separation and reverse osmosis) are effective
and easy to perform, they are expensive and can cause secondary pollution [7,8]. Biological
treatments are the most economical method by which to remove readily biodegradable
organic matter from wastewater. However, high levels of persistent organic matter and
toxic substances, such as HMX, greatly reduce the efficiency of biological treatments [9–11].
Zhao et al. [12] conducted in situ HMX degradation in low-temperature marine sediments
under anaerobic conditions and found that 50 days were required to degrade 50% of the
HMX. Kanekar et al. [13] investigated the potential of soil yeast (Pichia sydowiorum MCM
Y-3) to treat HMX wastewater in a fixed-film bioreactor (FFBR) and found that only 28–50%
of the HMX was removed (HRT of one week). Therefore, it is crucial to choose a method
that can effectively degrade HMX with a low environmental impact. Advanced oxidation
processes (AOPs) can improve the biodegradability of wastewater while simultaneously
treating pollutants [14,15]. Among these processes, the electrochemical oxidation (EO)
process, which utilizes a cathode and anode to convert electric energy into chemical energy
under an external electric field, has been widely used to treat organic wastewater that
is difficult to biodegrade [16]. The EO method can be divided into direct and indirect
oxidation reactions [17]. During direct oxidation, pollutants are adsorbed onto the anode
surface and then oxidized into small-molecule organic matter. Indirect oxidation involves
the oxidation of organic pollutants through the formation of strongly oxidizing intermedi-
ates, such as hydroxyl radicals (•OH), chlorate, ozone, and hydrogen peroxide, during the
electrochemical reaction [18,19]. Because the EO method can completely oxidize organic
pollutants in wastewater and results in lower chemical oxygen demand (COD) and toxic-
ity [20,21], it can be promising for explosive wastewater treatment [22]. Recent studies have
revealed that RDX-containing wastewater can be effectively treated by using EO process,
resulting in 39.2% COD removal and 97.5% RDX removal, as well as significantly increased
biodegradability [16]. A previous study by Bonin et al., elucidated the capability of an EO
system with a boron-doped diamond (BDD) electrode to treat three nitramine explosives
(RDX, HMX, and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20)) [23].
However, the high cost of BDD anodes limits their large-scale industrial application [24]. In-
stead, PbO2-based anodes have been widely used in many EO systems and are considered
a valid alternative to BDD electrodes because of their good conductivity, favorable overpo-
tential, high chemical inertness, low cost, and excellent electrocatalytic performance [25–28].
Nonetheless, the application of the PbO2 electrode-based EO system for HMX wastewater
treatment and its optimal operating conditions (e.g., pH and current density) have not been
well studied.

Moreover, limited research has focused on the HMX degradation mechanisms. An-
alyzing the intermediates of HMX is essential to understand its degradation pathway.
Under anaerobic conditions, nitro derivatives are the intermediates formed by the reduc-
tion of the nitro groups on the HMX ring [11,29], mainly forming octahydro-1-nitroso-
3,5,7-trinitro-1,3,5,7-tetrazocine (1NO-HMX) or octahydro-1,5-dinitroso-3,7-dinitro-1,3,5,7-
tetrazocine (2NO-HMX) [29,30]. HMX can be converted to the ring-cleavage products,
methylene nitramine, and bis(hydroxymethyl)nitramine, which are subsequently con-
verted to formaldehyde, formic acid, and nitrous oxide [11,30]. However, the electro-
chemical degradation pathways of HMX have not been studied extensively. In addi-
tion, previous studies regarding the toxicity of energy-containing materials (e.g., RDX
and HMX) are mostly based on cellular and mammalian bioassays [31,32], and little is
known about molecular-level toxicity effects. Gou et al., recently developed a quantitative
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toxicogenomics-based assay by using cellular stress response pathways to reveal the poten-
tial toxicity mechanisms of target toxicants at the transcriptional level [33]. Compared to
conventional resource-intensive, animal-based and isolated bioassays, this high-throughput
assay is more rapid and cost-effective and can capture diverse and perhaps overlapping
modes of action (MOAs) resulting from trace-level chemicals or chemical mixtures. The as-
say has been successfully used to evaluate the toxic effects and safety of nanomaterials and
drinking water [33,34] and is therefore considered suitable for the assessment of molecular
toxicity evolution during HMX degradation.

Therefore, in this study, we used a Ti/PbO2 electrode as the anode and a copper plate
as the cathode to construct the EO system. The effects of different process parameters,
including initial pH, current density, and electrode distance, on HMX degradation were
studied. The energy consumption (EC) for HMX degradation was estimated at varying
operating conditions. Performance optimization and intermediate analysis were conducted
to reveal the EO reaction mechanism, providing critical data and guidance for the industri-
alization of HMX wastewater treatment. The toxicogenomics-based assay was performed
to investigate molecular-level toxicity effects in order to assess the potential health risks
of the treated effluent. The results provide new insights into the electrochemical degra-
dation of HMX and support the development of an effective, economically feasible, and
environmentally friendly method for explosive wastewater treatment.

2. Results and Discussion
2.1. Performance Optimization of HMX Degradation by Electrochemical Oxidation
2.1.1. Electrolyte Concentration

Na2SO4 is considered a good electrolyte owing to its stability [35]. The effect of Na2SO4
concentration on HMX removal was investigated at a current density of 30 mA/cm2, HMX
concentration of 20 mg/L, interelectrode distance of 1.5 cm, and pH of 7.0. As shown in
Figure 1a, the HMX removal efficiency increased rapidly within 30 min; however it slowed
down thereafter. When the Na2SO4 concentration increased from 0.05 to 0.25 mol/L, the
HMX removal efficiency increased from 50.2% to 64.5%. Figure 1a and Table S1 show the
linear regression of HMX removal over time during electrochemical degradation, where
ln(C0/Ct) increased linearly with time, confirming that electrochemical degradation follows
pseudo-first-order kinetics.

Electrolytes, such as Na2SO4, can facilitate the transport of electrons and ions. Gener-
ally, the conductivity of the EO system increases with increasing electrolyte concentration,
which promotes the production of reactive groups such as •OH, thus increasing the elec-
trooxidation reaction rate [36]. In addition, SO4

2− may be oxidized to S2O8
2, a powerful

oxidizing agent that facilitates the oxidation of organic pollutants [16]. However, excess
electrolyte concentrations lead to the accumulation of excess ions on the surface of the
electrodes [37]. It will prevent the effective contact of organic contaminants, or produce
unstable intermediates such as HO2· radicals, which may be detrimental to the removal of
persistent organic compounds [38]. As shown in Figure S1a, the cell voltage decreased with
the increase of electrolyte concentrations so that the EC was saved. In this study, an Na2SO4
concentration of 0.25 mol/L was found to provide the highest HMX removal efficiency
without adverse effects.
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Figure 1. The effects of different operating parameters on HMX removal efficiency. (a) Electrolyte
concentrations; (b) current densities; (c) electrode distance; (d) initial pH. The inset plot depicts
corresponding pseudo-first-order kinetics.

2.1.2. Current Density

Several studies have concluded that increasing the current density in EO systems can
improve the removal and mineralization efficiency of organic pollutants [39–41]. The effect
of the current density on HMX removal was investigated at an electrolyte concentration
of 0.25 mol/L, HMX concentration of 20 mg/L, interelectrode distance of 1.5 cm, and pH
of 7.0. As shown in Figure 1b, HMX removal increased as the applied current density
increased from 10 to 70 mA/cm2. At a current density of 70 mA/cm2, the HMX removal
performance was significantly higher than that under other current density conditions. The
HMX removal efficiency increased rapidly during the first 90 min, after which the rate of
increase decreased, reaching a maximum removal efficiency of 78.6% at 180 min. Kinetic
fitting of the HMX degradation curve at different current densities revealed a degradation
rate constant of 5.4 × 10−2 to 9.0 × 10−2 min−1 (Table S1). Notably, the degradation rate
of the contaminants increased slowly when the current density was increased from 10 to
50 mA/cm2, whereas the degradation rate increased significantly when the current density
was increased to 70 mA/cm2.

Previous studies have reported that anodic oxidation is mass-transfer-controlled un-
der low pollutants concentration or high current density conditions [42–44]. In this study,
the initial HMX concentration was set constantly at 20 mg/L, resulting in the same and
relatively limited mass transfer rate for all the tests. Therefore, the increase in the applied
current density would not enhance the electrochemical oxidation rate of HMX significantly.
Meanwhile, a continuous increase in the current density could lead to higher •OH produc-
tion and electron transfer rate between the electrode surface and HMX molecules. Because
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HMX is a heterocyclic nitramine whose structure is less electron-rich than the other aro-
matic nitramines, it is more difficult for •OH to attach to the heterocyclic compound [22,45].
Therefore, other degradation pathways (e.g., reduction on the cathode) rather than •OH
radical oxidation should contribute more to HMX degradation when the current density
increases to 70 mA/cm2, resulting in a higher degradation rate. The HMX removal per-
formance may be improved with an even higher current density. However, the EC values
largely increased from 0.50 to 4.47 kWh/g (Figure S1b and Table S3) due to the increasing
voltage and enhanced side reaction. It would also result in higher carbon emissions, which
is not feasible for real wastewater treatment. Therefore, the current density of 70 mA/cm2

was deemed the optimal condition for the following experiments.

2.1.3. Interelectrode Distance

The effect of interelectrode distance on HMX removal was investigated at a current
density of 70 mA/cm2, electrolyte concentration of 0.25 mol/L, HMX concentration of
20 mg/L, and pH of 7.0. Figure 1c shows that the interelectrode distance did not sig-
nificantly affect the HMX removal efficiency, which was stable at approximately 75%.
In general, the electric field intensity between the electrodes decreased with increasing
interelectrode distance. The organic oxidation rate at the anode is faster with a shorter in-
terelectrode distance, which may be attributed to better electrolytic performance at shorter
diffusion distances [44]. When the interelectrode distance increased, the potential difference
between the solution and anode decreased and weakened the driving force of the mass
transfer. An increase in the mass transfer distance also reduces the concentration gradient
of the solution and increases the resistance to mass transfer [46], thus leading to a decrease
in the degradation performance. However, excessive reduction in the electrode distance
leads to electrode breakdown or electrode short circuits [44,47]. Based on the obtained
results (Figure 1c), an electrode plate spacing of 1.0 cm was considered optimal.

2.1.4. pH

The pH of the solution will affect the removal performance of organic pollutants in
EO systems [48–50]. Strongly acidic (pH 3.0), acidic (pH 5.0), neutral (pH 7.0), and basic
(pH 9.0) conditions were selected to assess the effect of pH on HMX removal (Figure 1d).
After 180 min of EO treatment, the HMX removal efficiency reached 81.2% under acidic
conditions (pH 5), whereas the efficiency was only 62.4% under alkaline conditions (pH
9). Kinetic fitting of the HMX degradation curves at different pH values revealed that the
degradation rate constant was 4.9 × 10−2 to 9.2 × 10−2 min−1 (Table S1). It was observed
that the oxidation potential of •OH was higher under acidic conditions (+2.85 V) than under
basic conditions (+2.02 V) [51], suggesting that the EO system would have better pollutant
treatment performance under acidic conditions. An increase in the solution pH reduces
the oxygen evolution potential (OEP), facilitating the oxygen evolution reaction (OER),
and thus reducing the pollutant removal efficiency [52]. Similar results were observed
when the carbon felt/PbO2 anode was used for diuron degradation, and the highest
efficiency was detected at lower pH values [53,54]. However, if the acidity is too strong, the
hydrogen evolution reaction (HER) will be violent, which will also reduce the treatment
performance [55] and the lifetime of the Ti/PbO2 electrode [56]. Additionally, the changes
in calculated EC values (Figure S1d) suggested that the initial pH of 5.0 was more favorable
for both HMX degradation and cost savings.

2.2. Possible Electrochemical Degradation Mechanism of HMX

The electrochemical degradation intermediates of HMX were analyzed by using
liquid chromatography-tandem mass spectrometry (LC−MS/MS). Table S2 and Figure
S2 show the MS results for HMX intermediates within 180 min of EO treatment. Based
on these results, two possible HMX degradation pathways were identified (Figure 2). In
pathway A, the nitro group on HMX is reduced on the Cu cathode of the EO system to
produce the mononitro derivative 1NO-HMX (intermediate I, m/z = 281), which is similar
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to the previously reported microbial degradation mechanism of HMX [57]. Intermediate II
(m/z = 234) contains an active imine bond (C=N) and is formed by N−denitration [58]. This
intermediate reacts with water to form unstable α-hydroxy-alkylnitramine (intermediate
III, m/z = 252) and then produces 4−nitro−2,4−diazabutanal (intermediate IV, m/z = 120),
N2O, and formaldehyde via ring cleavage [58]. In pathway B, the •OH generated by the EO
process reacts with the carbon radical of HMX to generate hydroxyl-containing intermediate
V (m/z = 313). Intermediate V would subsequently undergo ring cleavage to generate other
intermediates such as methylene dinitramine and urea [59]. Both these by-products can be
oxidized to form acetamide and formic acid, which continue to be oxidized, accompanied
by the formation of NO3

− and/or NH4
+. Although some of the small-molecule substances

were not determined in this study, methylene dinitramine (intermediate VI, m/z = 137) was
detected, which was also found in the HMX degradation process by municipal anaerobic
sludge [30].

Figure 2. Possible pathways for the electrochemical degradation of HMX. Square brackets indicate
undetected compounds.

To further prove the proposed pathway and evaluate the contribution of •OH to HMX
degradation, a quenching experiment was conducted by adding tert-butanol (TBA) to the
EO system. TBA is a strong •OH scavenger that is widely used to differentiate between
direct oxidation and degradation with •OH radicals [60]. As shown in Figure S3, HMX
removal efficiency decreased to 73.3% in the presence of 10 mM TBA. An increase in TBA
concentration further inhibits HMX degradation. With the addition of 50 mM TBA, HMX
removal efficiency was reduced to 48.6%. This demonstrates that indirect oxidation by
•OH radicals (pathway B) plays an important role in HMX degradation, although cathode
reduction (pathway A) or other electrocatalytic degradation mechanisms [37,61,62] will
also be responsible for HMX degradation, but require further study.

2.3. Molecular-Level Toxicity Evolution during HMX Degradation
2.3.1. Molecular Toxicity Potency

A total of 114 reporter genes (Table S3) in five major stress categories (DNA stress,
oxidative stress, protein stress, membrane stress, and general stress) were investigated to
detect changes in their expression levels during HMX degradation. A slight increase in the
overall transcriptional effect level index (TELI) value from 1.68 to 1.81 within 60 min was
observed (Figure 3a), which could be attributed to the generation of relatively more toxic
intermediates than HMX in the early stages of degradation. As these intermediates were
further degraded to non-toxic end products (e.g., CO2 and H2O), the TELI values decreased,
reaching a non-toxic level of 1.48 (<the threshold value of 1.5) at 180 min. According to
the gene set enrichment analysis (GSEA) (Figure 3b), the main stress response pathways
induced during the HMX degradation process were protein stress and oxidative stress. The
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TELIprotein and TELIoxidative reached a maximum value of 3.35 and 1.86 at 30 and 60 min,
respectively. At 180 min, both values decreased to a minimum of 1.93 and 1.51, respectively.

Figure 3. (a) The TELI-based toxicity profile changes during the electrochemical oxidation of HMX.
(a) The TELI values for the 5 stress response categories and total TELI; (b) the TELI values for genes.
The green star (F) indicates the significantly affected (p < 0.05) stress response categories revealed by
the gene set enrichment analysis.

2.3.2. Molecular-Level Toxicity Effects

To further provide mechanistic insights into the evolution of molecular toxicity during
HMX degradation, the differentially expressed genes (TELIgene > 1.5) in the major stress
categories (i.e., oxidative and protein stress) based on the TELI profiles and GSEA results
were investigated (Figure 4). The number of genes showing altered expression during
HMX degradation (Figure S4) increased from 24 at the initial stage to 35 at 60 min and then
decreased to 30 at 180 min. Similarly, as shown in the hierarchical cluster (HCL) analysis
diagram (Figure S5), the upregulated genes (e.g., yeaE, zntA, and tam) and downregulated
genes (e.g., yeiG, emrA, yaaA, fpr, ibpB, clpB, rpoD, dnaJ, trxA, lon, trxC, htpX) were observed
mainly from 0 to 90 min, whereas the altered gene expression was not significant at 180 min.
These results suggest that, during the first 90 min, the degradation process produced
more toxic intermediates, which could be further degraded and converted into less toxic
end-products.
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Figure 4. Major stress response pathways and biomarker genes showed altered expression
(TELIgene > 1.5) during the electrochemical oxidation of HMX. The genes were clustered into subcate-
gories based on their functions and involvement in various pathways (Table S1).

For oxidative stress, the differential expression of reactive oxygen species (ROS) sen-
sors, including oxyR, soxR, and soxS, were induced during HMX degradation. The expres-
sion of these genes in stressful environments can scavenge oxidative free radicals and resist
oxidative stress [63]. Dysregulation of oxyR was observed from 0 to 90 min during HMX
degradation, suggesting that chemical mixtures (HMX or its degradation intermediates) led
to the production of cellular ROS. At the end of the test, no differential expression of ROS
sensor-related genes was observed, indicating a decreased level of ROS-induced oxidative
stress. We also found that the catalase/hydroperoxidase gene katG [64,65] was dysregu-
lated from 0 to 90 min, indicating that H2O2 may be produced from O2 at the cathode [66].
In addition, biomarkers involved in the detoxification pathway were dysregulated. For
example, the yaaA gene, which is associated with cellular stress responses to peroxides, can
be induced by the expression of the oxyR gene [67,68]. The fpr gene encoding a G protein-
coupled receptor can be induced by exposure to H2O2 [69]. The number of dysregulated
genes in the detoxification sub-pathway increased to 9 at 60 min and then decreased to 7
at 90–180 min, suggesting the generation of more toxic intermediate products, that could
induce oxidative stress, at the beginning of the test, but that will further degrade to less or
non-toxic end-products.

For the protein stress pathway, seven of the 12 genes showed altered expression
during HMX degradation (Figure 4), whereas rpoD and lon were not perturbed at 180 min.
Genes rpoD and lon regulate the synthesis of the RNA polymerase sigma factor and Lon
proteases, respectively [70–72]. Lon proteases are required for the degradation of misfolded
proteins. Therefore, the lack of dysregulation of those genes at 180 min indicates that the
end products did not cause substantial protein misfolding.

3. Materials and Methods
3.1. Chemicals

HMX (C4H8N8O8, ≥99%) was obtained from Xi’an Modern Chemistry Research
Institute (Xi’an, China). Sodium sulfate (Na2SO4, ≥99%), sulfuric acid (H2SO4, ≥99%),
sodium hydroxide (NaOH pellets, ≥98%), and tert-butanol (TBA) were purchased from
China National Medicines Co. Ltd. (Beijing, China). Minimal medium (M9) was purchased
from Ruichu Biotechnology Co., Ltd. (Funing, China).

3.2. Experimental Design

The electrochemical reactor (8.7 × 9.2 × 12 cm, 500 mL) is shown in Figure 5. The
dimensions of the Ti/PbO2 anode and Cu cathode were 5 cm × 10 cm and 5 cm × 6 cm,
respectively. The initial concentration of HMX was 20 mg/L. Because the performance of
the EO system can be affected by various operating conditions [44], different influencing
factors including Na2SO4 electrolyte concentrations (0.05, 0.1, 0.15, 0.2, 0.25 mol/L), applied
current densities (10, 20, 30, 40, 50, and 70 mA/cm2), anode-cathode distance (0.5, 1.0, 1.5,
2.0, and 2.5 cm), and initial solution pH values (3.0, 5.0, 7.0, and 9.0) were selected for factor
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analysis. The specifically detailed single-factor experimental parameter design is shown
in Table S4. The levels of the different factors were selected based on a previous study by
using an electrocatalytic reaction for RDX wastewater treatment [16]. The pH of the HMX
wastewater was adjusted by using diluted H2SO4 (1 mol/L) and NaOH (1 mol/L). Samples
were collected at different treatment time intervals and passed through a 0.45 µm filter.
The supernatant was stored in vials until the HMX was measured by high-performance
liquid chromatography (HPLC). All samples were analyzed at least in triplicate during
the experiment to measure HMX concentrations. All test solutions were collected from
the supernatant, passed through a 0.45 µm filter, and stored in vials until HPLC analysis.
After determining the optimal experimental conditions, HMX wastewater was collected at
different treatment times for intermediate product and toxicity analyses.

Figure 5. Electro-oxidation system for HMX wastewater treatment (1. DC power supply, 2. Copper
wire, 3. Anode, 4. Cathode, 5. Electrolyte solution, 6. Rotor, 7. Magnetic stirrer).

3.3. Chemical Analysis

The concentration of HMX in the solution was determined and quantified by using
HPLC (PerkinElmer, Waltham, MA, USA) and a UV detector at a flow rate of 0.7 mL/min.
The detection wavelength of HMX was 236 nm with a column temperature of 35 ◦C. The
mobile phase consisted of 40% acetonitrile and 60% water (v/v) The injection volume was
20 µL. The HMX removal efficiency was calculated as Equation (1):

R (%) = 1 − (C0/Ct) × 100% (1)

where C0 and Ct are the initial and residual concentrations of HMX at different
times, respectively.

The HMX degradation products were further analyzed by using LC-MS/MS. The
mass spectrometer (U3000, Thermo Fisher Scientific, Waltham, MA, USA) was equipped
with an electrospray ionization (ESI) source and operated in the positive ESI mode.

3.4. Radical Scavenger Experiment

To investigate the role of •OH in HMX degradation, TBA scavengers at different
concentrations (10, 20, and 50 mM) were added to the EO system at the beginning of the
test. The HMX removal efficiency was measured after 3 h, as described in Section 3.3.

3.5. Toxicity Analysis

A toxicity analysis of HMX wastewater was performed by using a library of
114 transcriptional fusions of the green fluorescent protein (GFP), which included dif-
ferent promoters controlling the expression of genes involved in five known stress response
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pathways, namely: oxidative, DNA, protein, membrane, and general stress pathways
(Table S2) in E. coli K12 and MG1655. A detailed toxicogenomic assay was conducted
according to previous studies [32,73]. Briefly, E. coli cells were grown with 1 × M9 in
clear-bottom black 384-well plates (Costar, Bethesda, MD, USA) for 5–6 h at 37 ◦C to reach
early exponential growth (optical density value (OD600) of ~0.2). Ten microliters of HMX
samples at different degradation times were added to each well of the 384-well plate. The
plate was then placed in a microplate reader (Cytation 5, Bio-Tek, Winooski, VT, USA)
to simultaneously measure OD600 for cell growth and GFP signals (excitation at 485 nm,
emission at 528 nm) at a time interval of 5 min for 2 h. All tests were performed in the dark
and repeated three times.

3.6. Toxicogenomics Data Analysis

Gene expression profiling data from E. coli libraries were processed as previously
described [30,57]. All the data was corrected for various controls, including a blank with
medium control (with and without HMX samples) and promoterless bacterial controls
(with and without HMX samples). The alteration in gene expression for a given gene at
each time point, due to HMX sample exposure, relative to the vehicle control condition,
without any HMX sample exposure, also referred to as induction factor I, was represented
by I = Pe/Pc, where Pe = (GFP/OD)experiment as the normalized gene expression GFP level
in the experimental condition with HMX sample exposure and Pc = (GFP/OD)vehicle in the
vehicle control condition without any HMX sample exposure.

The quantitative molecular endpoint, the TELI, was calculated by integrating the
temporal dysregulation of I values over the exposure time, as previously described [30,57].
A TELI value above the threshold of 1.5 was considered toxicity-positive [73].

3.7. Cost Estimation

To evaluate the application potential of EO systems, the energy consumption (EC)
analysis was conducted based on Equation (2) [74],

Electrical energy consumption (kwh/g) = Ucell
IT

V ∗ (Ct − C0)
, (2)

where Ucell is the average of applied voltage (V), I is the current (A), T is the time (h), V
is the sample volume (L), C0 and Ct are the initial and residual concentrations of HMX at
different times.

3.8. Data Processing

Bar and scatter plots were drawn by using the Origin 2021 software (OriginLab
Corporation, Northampton, MA, USA). Red, black, and green heat maps were plotted in
Excel 2016 (Microsoft, Redmond, WA, USA). To assess the activity of stress categories or
genes, gene set enrichment analysis (GSEA) was performed by sorting the gene list by TELI
values, as described by Subramanian et al. [75]. For each stress response category, GSEA
calculates the enrichment score; that is, it examines the genes sorted by TELI from highest
to lowest, and gives a positive statistical value (i.e., rewarding score) if the gene belongs
to the pathway of interest; otherwise, it gives a negative score (i.e., penalizing score). The
significance of each pathway (p < 0.05) was determined by comparing its ranking score
with the corresponding empirical distribution.

4. Conclusions

This study demonstrated that an EO system with a Ti/PbO2 electrode can be em-
ployed for HMX wastewater treatment. The highest HMX removal efficiency of 81.2%
was achieved within 180 min at a current density of 70 mA/cm2, Na2SO4 concentration
of 0.25 mol/L, interelectrode distance of 1.0 cm, and pH of 5.0. The degradation interme-
diates of the HMX wastewater suggest two possible electrochemical pathways: cathode
reduction and indirect oxidation by •OH radicals. Protein and oxidative stress were the
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key stress categories in HMX wastewater. The intermediates generated during the first 90
min of degradation had relatively higher molecular toxicity levels and were then gradually
converted to less toxic or non-toxic end-products. Our study provides new insights into
performance optimization, degradation pathways, and molecular-level toxicity evolution
during HMX degradation. More extensive studies regarding electrode material develop-
ment, EO reaction mechanisms, and potential health risks of real wastewater are needed for
an in-depth and comprehensive understanding of EO-enabled methods, and for developing
a promising explosive wastewater treatment method with high removal performance and
low environmental impact.
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of genes showing altered expression (TELIgene > 1.5) during the electrochemical oxidation of HMX;
Figure S5: Hierarchical cluster (HCL) analysis diagram based on differential gene expressions (mean
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sitisers and scavengers on the photocatalytic degradation of nicosulfuron. J. Photochem. Photobiol. A Chem. 2017, 336, 146–155.
[CrossRef]

61. Sun, W.; Sun, Y.; Shah, K.J.; Chiang, P.-C.; Zheng, H. Electrocatalytic oxidation of tetracycline by Bi-Sn-Sb/γ-Al2O3 three-
dimensional particle electrode. J. Hazard. Mater. 2019, 370, 24–32. [CrossRef]

159



Catalysts 2022, 12, 815

62. Yang, J.-S.; Lai, W.W.-P.; Panchangam, S.C.; Lin, A.Y.-C. Photoelectrochemical degradation of perfluorooctanoic acid (PFOA) with
GOP25/FTO anodes: Intermediates and reaction pathways. J. Hazard. Mater. 2020, 391, 122247. [CrossRef]

63. Keseler, I.M.; Bonavides-Martínez, C.; Collado-Vides, J.; Gama-Castro, S.; Gunsalus, R.P.; Johnson, D.A.; Krummenacker,
M.; Nolan, L.M.; Paley, S.; Paulsen, I.T. EcoCyc: A comprehensive view of Escherichia coli biology. Nucleic Acids Res. 2009,
37, D464–D470. [CrossRef]

64. Seaver, L.C.; Imlay, J.A. Alkyl hydroperoxide reductase is the primary scavenger of endogenous hydrogen peroxide in Escherichia
coli. J. Bacteriol. 2001, 183, 7173–7181. [CrossRef] [PubMed]

65. Seaver, L.C.; Imlay, J.A. Hydrogen peroxide fluxes and compartmentalization inside growing Escherichia coli. J. Bacteriol. 2001,
183, 7182–7189. [CrossRef] [PubMed]

66. Yeager, E. Electrocatalysts for O2 reduction. Electrochim. Acta 1984, 29, 1527–1537. [CrossRef]
67. Zheng, M.; Wang, X.; Templeton, L.J.; Smulski, D.R.; LaRossa, R.A.; Storz, G. DNA microarray-mediated transcriptional profiling

of the Escherichia coli response to hydrogen peroxide. J. Bacteriol. 2001, 183, 4562–4570. [CrossRef]
68. Liu, Y.; Bauer, S.C.; Imlay, J.A. The YaaA protein of the Escherichia coli OxyR regulon lessens hydrogen peroxide toxicity by

diminishing the amount of intracellular unincorporated iron. J. Bacteriol. 2011, 193, 2186–2196. [CrossRef]
69. Manchado, M.; Michán, C.; Pueyo, C. Hydrogen peroxide activates the SoxRS regulon in vivo. J. Bacteriol. 2000, 182, 6842–6844.

[CrossRef]
70. Burgess, R.R.; Travers, A.A.; Dunn, J.J.; Bautz, E.K. Factor stimulating transcription by RNA polymerase. Nature 1969, 221, 43–46.

[CrossRef]
71. Rosen, R.; Biran, D.; Gur, E.; Becher, D.; Hecker, M.; Ron, E.Z. Protein aggregation in Escherichia coli: Role of proteases. FEMS

Microbiol. Lett. 2002, 207, 9–12. [CrossRef]
72. Shineberg, B.; Zipser, D. The lon gene and degradation of β-galactosidase nonsense fragments. J. Bacteriol. 1973, 116, 1469–1471.

[CrossRef]
73. Gou, N.; Gu, A.Z. A new transcriptional effect level index (TELI) for toxicogenomics-based toxicity assessment. Environ. Sci.

Technol. 2011, 45, 5410–5417. [CrossRef]
74. Zeng, Q.; Zan, F.; Hao, T.; Biswal, B.K.; Lin, S.; van Loosdrecht, M.C.; Chen, G. Electrochemical pretreatment for stabilization of

waste activated sludge: Simultaneously enhancing dewaterability, inactivating pathogens and mitigating hydrogen sulfide. Water
Res. 2019, 166, 115035. [CrossRef] [PubMed]

75. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc.
Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

160



Citation: Gao, Y.; Yang, X.; Lu, X.; Li,

M.; Wang, L.; Wang, Y. Kinetics and

Mechanisms of Cr(VI) Removal by

nZVI: Influencing Parameters and

Modification. Catalysts 2022, 12, 999.

https://doi.org/10.3390/

catal12090999

Academic Editors: Hao Xu,

Yanbiao Liu and Gassan Hodaifa

Received: 26 July 2022

Accepted: 30 August 2022

Published: 5 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Kinetics and Mechanisms of Cr(VI) Removal by nZVI:
Influencing Parameters and Modification
Yizan Gao, Xiaodan Yang, Xinwei Lu, Minrui Li *, Lijun Wang and Yuru Wang *

Department of Environmental Science, School of Geography and Tourism, Shaanxi Normal University,
Xi’an 710119, China
* Correspondence: author: liminrui@snnu.edu.cn (M.L.); wangyuru@snnu.edu.cn (Y.W.);

Tel.: +86-029-85310524 (M.L.); +86-15891779702 (Y.W.)

Abstract: In this study, single-spherical nanoscale zero valent iron (nZVI) particles with large specific
sur-face area were successfully synthesized by a simple and rapid chemical reduction method.
The XRD spectra and SEM–EDS images showed that the synthesized nZVI had excellent crystal
struc-ture, but oxidation products, such as γ-Fe2O3 and Fe3O4, were formed on the surface of the
parti-cles. The effect of different factors on the removal of Cr(VI) by nZVI were studied, and the
opti-mum experimental conditions were found. Kinetic and thermodynamic equations at different
temperatures showed that the removal of Cr(VI) by nZVI was a single-layer chemical adsorption,
conforming to pseudo-second-order kinetics. By applying the intraparticle diffusion model, the
ad-sorption process was composed of three stages, namely rapid diffusion, chemical reduction, and
in-ternal saturation. Mechanism analysis demonstrated that the removal of Cr(VI) by nZVI in-volved
adsorption, reduction, precipitation and coprecipitation. Meanwhile, Cr(VI) was reduced to Cr(III) by
nZVI, while FeCr2O4, CrxFe1−xOOH, and CrxFe1−x(OH)3 were formed as end products. In addition,
the study found that ascorbic acid, starch, and Cu modified nZVI can promote the removal efficiency
of Cr(VI) in varying degrees due to the enhanced mobility of the particles. These results can provide
new insights into the removal mechanisms of Cr(VI) by nZVI.

Keywords: nanoscale zero valent iron; Cr(VI); adsorption kinetics; mechanism; modification

1. Introduction

Chromium (Cr) is one of the most abundant elements in the earth, and exists pri-
marily in two valence forms of Cr(III) and Cr(VI) in the environment [1]. Compared with
Cr(III), Cr(VI) species are more soluble, mobile, and bioavailable [2,3]. However, Cr(VI) is
approximately 100-fold more toxic to living organisms than Cr(III) [4]. Therefore, Cr(VI)
has been listed as a priority pollutant in many countries due to its carcinogenicity, persis-
tence, and bioaccumulation characteristics [5]. Effluents containing Cr(VI) originating from
metallurgical, textile dyeing, tannery, and electroplating industries are discharged into the
environment in large quantities [6], posing a serious threat to ecosystems and human health.
Thus, it is of great importance to remove and detoxify Cr(VI) from industrial effluents
before their discharge. In contrast, Cr(III) is an essential microelement for organisms, which
can regulate the efficient metabolism of glucose, lipids, and proteins in animals and human
beings [7]. Accordingly, speciation transformation from Cr(VI) into Cr(III) is usually carried
out to improve the removal efficiency and reduce chromium toxicity.

In recent years, a combination of adsorption and chemical reduction technology em-
ploying environment-friendly nanoscale zero valent iron (nZVI) materials has emerged as
a promising alternative for Cr(VI) removal. Indeed, nZVI has been extensively investigated
for environmental remediation due to its high surface energy, strong chemical reactivity,
and large surface area. As an essential part of nZVI, iron has the advantages of abundance
in the environment, nontoxicity, low cost, large storage capacity, and strong reduction
capacity (−0.44 V) [8]. It was found that when the particle size of iron particles decreased
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to nanoscale (i.e., nZVI), it had a better adsorption performance for pollutants. A compre-
hensive comparison of existing nZVI synthesis methods, whether top-down (lithographic
grinding and precision milling) or bottom-up (borohydride chemical reduction, carboth-
ermic reduction, ultrasonic, electrochemical, green synthesis, etc.), indicates that all have
certain advantages and limitations [9]. Among these methods, the chemical reduction
method is simple and feasible, and suitable for use in any laboratory; meanwhile, the
product obtained is characterized by a homogeneous structure that displays a high reactiv-
ity [10] and has the potential to be widely used in practical application. Numerous studies
have demonstrated that nZVI has an excellent removal efficiency for heavy metals [11,12],
organic dyes [13], antibiotics [14], and other refractory organic pollutants [15]. In particular,
the removal and transformation of Cr(VI) using nZVI have been extensively studied, sug-
gesting that the removal mechanism of Cr(VI) by ZVI mainly involves adsorption, redox
reaction of Fe0 to Fe2+/Fe3+ and Cr(VI) to Cr(III), and precipitation [16,17]. However, the
reaction process of Cr(VI) adsorbed on a nanoparticle shell is still unclear, and further
systematic research is needed to understand the interfacial reaction at the molecular level.

Furthermore, due to the defects of self-aggregation and rapid oxidation of nZVI,
the application of nZVI was limited. To overcome these drawbacks, attempts have been
made to modify nZVI and, thereby, alter the corresponding characteristics to enhance
its mobility and to maintain an efficient reactivity of nZVI. The common approaches to
improve the dispersion of nZVI include adhesion of nZVI on supporting materials (e.g.,
biochar and chitosan) by constructing skeleton structures for limiting the aggregation of
iron particles [12] and the coating of a certain modifier or stabilizer (e.g., surfactant and
biopolymers) on the surface of nZVI to maintain a strategic distance between nanoparticles
either by electrostatic repulsion of functional groups and/or steric aversion with steric
obstacles [18]. Mixing of nZVI with noble or transition metal (e.g., Ag, Pt, and Pd) to form
bimetallic nanoparticle is generally employed to reduce the activation energy, increase the
reactivity of nZVI particles, and enhance the reaction rate. Moreover, a hybrid modification
strategy of nZVI by combining supporting materials/modifiers and bimetallic alteration to
synergistically optimize the stability and reactivity of nanoparticles has also received much
scientific interest. Despite the diverse approaches developed for the surface modification
of nZVI and the resultant benefits, concern arises regarding the cost-effectiveness and
eco-toxicity of current modifiers or supporting materials [18]. This study was also devoted
to the development of easily accessible, economical, and environmentally friendly materials
as possible substitutes for modified nZVI, providing as many theoretical foundations as
possible for more kinds of modified nZVI.

In this study, the synthesis and characterization of nZVI and the corresponding Cr(VI)
removal performance and mechanism by nZVI were investigated. The characteristics
of nZVI were analyzed through different techniques (e.g., SEM–EDS, BET, XRD, and
FTIR). The effect of some important parameters, including initial solution pH, contaminant
concentration, adsorbent dosage, competitive anions, cations, and humic acid, on the
removal of Cr(VI) by nZVI were also studied. The main mechanism of Cr(VI) removal was
determined by XPS analysis, while the kinetics and thermodynamics of Cr(VI) removal
were also calculated. In particular, various materials were examined as cost-effective
alternatives for the surface modification of nZVI to alleviate the aggregation and oxidation
of raw nZVI particles.

2. Results and Discussions
2.1. Characterization of nZVI

The morphology of nZVI was shown in Figures 1, 2 and S1. It was observed that
spherical chain-like nZVI particles have been synthesized and that most of the particles
were in the range of 60–200 nm. The elemental composition on the surface of nZVI was
analyzed by EDS. The results showed that both Fe and O were detected on the surface of
nZVI, among which the content of Fe is more than 84.25% (Table S1). The presence of O
indicated that nZVI might be oxidized during the synthesis and drying processes, while
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the main oxides were γ-Fe2O3/Fe3O4 based on XRD analysis (Figure 2) [19]. Notably, EDS
results showed that the content of O increased from 4.84% to 27.54% after the reaction
of nZVI with Cr(VI) (Table S1), indicating that O was involved in the removal process
of Cr(VI).

The specific surface area of the synthesized nZVI was determined as 15.19 m2/g. Com-
pared with the specific surface area of those nZVI particles reported by other researchers,
our result was lower [9], which might due to the Van der Waals forces between particles and
the ferromagnetism of iron itself leading to the agglomeration of nZVI [20,21]. Additionally,
XRD patterns of the fresh nZVI revealed the crystalline structural evolution (Figure 2). An
obvious diffraction peak at 2θ = 44.68◦ (JCPDS No.06-0696) confirmed the presence of Fe0

in the synthesized nZVI [22]. The characteristic diffraction peak of Fe0 had a high peak
height and a narrow peak width, indicating that the synthesized nZVI had a good degree
of crystallization; meanwhile, the number of stray peaks was quite small, indicating that
the synthesized nZVI had a high purity. In addition, some weak peaks at 2θ = 43.5◦, 57.3◦,
and 62.9◦ representing the presence of γ-Fe2O3/Fe3O4 were observed [19]. This oxide
layer could prevent oxygen from contacting nZVI inside the particles and prevent further
oxidation of nZVI, which was consistent with the presence of the O element detected
by EDS.
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2.2. Effect of Important Parameters on the Removal of Cr(VI)
2.2.1. Effect of Initial pH

Figure 3a shows that Cr(VI) removal by nZVI strongly depended on the solution pH.
The process efficiency was significantly hindered under neutral and alkaline conditions,
while a promising removal of Cr(VI) was observed at acidic conditions. When the initial
solution pH decreased from 11.0 to 2.0, the adsorption capacity of Cr(VI) by nZVI in 120 min
remarkably increased from 7.11 to 50 mg/g (Figure S2). Additionally, Cr(VI) of 25 mg/L
could be completely removed by nZVI at pH 2.0 in 5 min, while the removal efficiency was
only 21.4% at pH 11.0 in 120 min. The effect of pH level on the removal of Cr(VI) by nZVI
was probably attributed to the following reasons. At acidic conditions, Fe0 reduces Cr(VI)
to Cr(III) by losing electrons to form Fe2+/Fe3+; meanwhile the newly formed Fe2+ can
further facilitate the reduction of Cr(VI) to Cr(III) [23]. However, higher amounts of OH−

at elevated solution pH can be easily combined with Fe2+/Fe3+ to form Fe(OH)2/Fe(OH)3
precipitates, attaching on the surface of nZVI. This process not only consumes the effective
reactant Fe2+, but also blocks the reactive sites on the nZVI surface, resulting, therefore, in
a substantial decrease in process efficiency. On the contrary, a large amount of H+ in the
solution at acidic conditions can accelerate the dissolution of hydroxide precipitates, which
increased the effective site on the surface of nZVI and improved the specific surface area of
nZVI and the adsorption/reduction capacity of Cr(VI).
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Figure 3. (a) Removal of Cr(VI) by nZVI as a function of time at different initial pH. (b) The change
of solution pH with reaction time. ([Cr(VI)] = 25 mg/L, [nZVI] = 0.5 g/L, T = 293 K).

Figure 3b shows the variation of solution pH throughout the reaction. It can be found
that the removal of Cr(VI) and the solution pH gradually stabilized after 30 min, probably
due to the rapid adsorption and reduction of Cr(VI) on the surface of nZVI at the first 30 min.
The resultant sharp decrease in Cr(VI) concentration in the solution posed a significant
impact on solution pH. When the adsorption reached an equilibrium after 30 min, the
solution pH also remained nearly stable.

2.2.2. Effect of Temperature

The removal kinetics of Cr(VI) by nZVI at different temperatures (293, 303, and 313 K)
were shown in Figure 4. It can be seen that increasing the temperature from 293 to 303 K
led to an improved removal of Cr(VI), possibly attributable to the increased collision rate
between Fe0 and Cr(VI) with the increase in temperature and, consequently, the increased
removal kinetics of C(VI) by nZVI [24]. However, when the reaction temperature further
increased to 313 K, the removal of Cr(VI) was retarded. This might be due to the enhanced
re-release of Cr(VI) adsorbed on the particle surface to the solution at high temperature,
resulting in the increase in Cr(VI) concentration in the solution.
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Figure 4. Removal efficiency of Cr(VI) by nZVI at different initial temperature.([Cr(VI)]= 25 mg/L,
[nZVI] = 0.5 g/L, pH = 3).

2.2.3. Effects of Initial Cr(VI) Concentration and nZVI Dosage

The removal rate of Cr(VI) by nZVI at different initial Cr(VI) concentrations and nZVI
dosage was illustrated in Figures 5 and S2. When the initial concentration of Cr(VI) was
fixed at 25 mg/L, the increase in nZVI dosage from 0.2 to 0.5 g/L remarkably improved
the removal rate of Cr(VI) and adsorption capacity of nZVI from 50% to 100% and from
29.9 to 50.0 mg/g, respectively. It can be seen from Figure 5a that, at nZVI dosage of
0.2 g/L, the reaction basically stopped after 15 min. Once nZVI of low dosage was added
into the solution, a relatively large number of Cr(VI) simultaneously competed for limited
adsorption sites, thereby inhibiting any further reaction. In contrast, higher nZVI dosage
could provide a larger number of active sites for reaction with the target contaminant,
accordingly allowing a better removal efficiency.
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When the applied dosage of nZVI was fixed at 0.5 g/L, removal of Cr(VI) was obvi-
ously inhibited from 100% to 54% with the increase in initial Cr(VI) concentration from
15 to 45 mg/L, corresponding to a rapid drop of nZVI adsorption capacity from 50.0 to
27.8 mg/g (see Figure S2). As more Cr(VI) approached nZVI particles, the dense passiva-
tion layers, such as Cr(III)/Fe(III)/oxide/hydroxide formed by oxidation, will be attached
on the surface of nZVI, which will quickly lose the reduction ability. The higher the con-
centration of Cr(VI), the faster the passivation layer formed on the surface of nZVI, which
significantly reduces the removal ability of nZVI [25,26], indicating that, the higher the
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initial concentration of Cr(VI), the lower the removal rate of Cr(VI). Therefore, the greater
the dosage of nZVI and the lower the initial concentration of Cr(VI) in our study range, the
better the removal of Cr(VI).

2.2.4. Effects of Co-Existing Ions

Some ions commonly present in water, including Cl−, HCO3
−, NO3

−, SO4
2−, Ca2+,

and Mg2+, were selected to explore their influence on the removal of Cr(VI) by nZVI.
Experimental results showed that all the studied ions inhibited the process efficiency;
nevertheless, the degree of inhibition distinctively varied depending on the properties of
the ions. The inhibitory effect of anions on the removal rate of Cr(VI) increased in the
order of Cl− < NO3

− < SO4
2− < HCO3

−, while the inhibition of Ca2+ and Mg2+ on Cr(VI)
removal was negligible.

It can be seen from Figure 6 that the removal of Cr(VI) decreased with the increase
in Cl− concentration. When the concentration of Cl− increased from 0 to 300 mg/L, the
removal rate of Cr(VI) decreased from 90.0% to 62.8% in 30 min. However, the inhibition
gradually weakened with the extension of reaction time, which was similar to the results
of Zhou et al. [27]. It has been reported that low concentration of Cl− may accelerate
the corrosion of the nZVI surface, while high concentration of Cl− could facilitate the
production of more iron (hydr)oxidate precipitates (e.g., β–FeOOH), which would delay
the electron transfer process of nZVI to target contaminants [28,29]. Meanwhile, the
existence of these oxides could block the effective sites on the nZVI surface, resulting in a
lower removal of Cr(VI).

Compared with the control, the removal of Cr(VI) by nZVI in 30 min was reduced
from 90% to 69.4% in the presence of 100 mg/L NO3

− (Figure 6). However, when further
increasing NO3

− to 300 mg/L, the inhibitory effect was not significantly enhanced. The
presence of NO3

− induces two inhibitory abilities by being as an active reactant competing
with Cr(VI) for nZVI and as a passivator to passivate the surface of nZVI, both of which
can reduce the effective sites on the surface of particles [30]. In addition, the reactions
between NO3

− and Fe0 according Equations (1) and (2) could consume H+ in the solution,
leading to a decrease in H+ content and, thus, inhibiting the removal of Cr(VI) to a certain
extent [31].

NO3
− + 10H+ + 4Fe0 → NH4

+ + 3H2O + 4Fe2+ (1)

2NO3
−+ 12H+ + 5Fe0 → N2 + 6H2O + 5Fe2+ (2)

As shown in Figure 6, SO4
2− had a strong inhibitory effect on the kinetics of Cr(VI)

removal by nZVI and, the higher the SO4
2− concentration, the stronger the inhibition. When

the concentration of SO4
2− increased from 0 to 300 mg/L, the removal of Cr(VI) sharply

decreased from 90% to 37%. Here, SO4
2− mainly acts as a competitive adsorption anion

and competes for the reactive sites of nZVI with Cr(VI), resulting in limited accessibility of
Cr(VI) to the surface of nZVI and, thus, reducing the removal efficiency [30]. Furthermore,
SO4

2− can form complexes with iron hydr(oxide) and consequently induce the production
of α–FeOOH and alkaline FeSO4 precipitates [32], which would further block the reactive
sites of nZVI.
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([Cr(VI)] = 25 mg/L, [nZVI] = 0.5 g/L, pH = 3, T = 293 K, Time = 120 min).

The addition of HCO3
− induced the strongest inhibition on the process performance

as shown in Figure 6, where the reaction rapidly stopped in 15 min in the presence of
100–300 mg/L HCO3

−. The inhibitory effect increased with the increase in HCO3
− con-

centration. Compared to the control with a Cr(VI) removal of 90%, the removal of Cr(VI)
dropped to only 14% with the addition of 300 mg/L HCO3

−. When HCO3
− was added

to the solution, a large amount of OH− was generated according to Equation (3) This
resulted in an obvious increase in solution pH from 3 to 6, favoring the formation of iron
(hydr)oxides, while that of the other ions (i.e., Cl−, NO3

−, and SO4
2−) was about 4. There-

fore, this might be one of the main reasons why the inhibition of HCO3
− on the process
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efficiency was the most significant. Furthermore, HCO3
− can adhere to the surface of

nZVI by forming inner-sphere surface complexes with the generated iron (hydr)oxides
to further inhibit the adsorption/reduction ability of nZVI [29,31]. Moreover, HCO3

−

could react with Fe2+ to form FeCO3 via Equation (4) or iron (oxy) hydroxyl carbonate
precipitate attaching on nZVI surface, consequently blocking the reactive sites and resulting
in a decreased performance [33,34].

HCO3
− + H2O→ H2CO3 + OH− (3)

Fe2+ + 2HCO3
−→ Fe(HCO3)2 → FeCO3 + CO2 + H2O (4)

Here, Ca2+ and Mg2+ were selected to examine the effect of hardness in water on
the removal efficiency of the nZVI system. It can be seen from Figure 6 that Cr(VI) was
completely removed in 2 h with or without Mg2+ and Ca2+. Nevertheless, the presence of
Ca2+ and Mg2+ still inhibited the reaction kinetics. The addition of 100 mg/L Ca2+ and
Mg2+ decreased the removal of Cr(VI) by the nZVI in 30 min from 90% to 69.1% and 67.5%,
respectively. However, the reaction kinetics was not significantly reduced with a further
increase in the ionic strength of Ca2+ and Mg2+. The inhibitory effect of Ca2+ and Mg2+

might be due to the formation of Ca2+ and Mg2+ hydroxides, which can be coated on the
surface of nZVI particles.

2.2.5. Effect of Humic Acid

The effect of humic acid (HA) to simulate dissolved organic matter ubiquitously
existing in aquatic systems on the process efficiency was also examined. It could be seen
from Figure 7 that Cr(VI) removal kinetics remarkably decreased with the increase in
HA concentration. As a highly heterogeneous mixture of macro organic molecules, HA
contains a large number of functional groups that are easily adsorbed on the particle surface,
blocking the effective sites of nZVI and affecting the electron transfer route between Cr(VI)
and nZVI. It was reported that the –OH and –COOH groups abundantly existing in HA
could occupy the effective sites on the surface of nZVI, which acted as a steric obstacle for
the mass and electron transfer of target contaminant and, therefore, suppressed the process
efficiency [35,36]. In addition to the strong affinity of HA to the nZVI surface, HA also
exerts an influence on the nZVI system through complexation and aggregation, forming
iron–humic acid complexes and colloids with Fe0 and Fe3+ as coordination centers, which
could alter the reactivity of nZVI and the adsorption/reduction of contaminants [37,38].
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2.3. Adsorption Kinetics and Isotherms

To understand the adsorption–reduction process and the potential rate-controlling step
of Cr(VI) removal by nZVI, the first-order, second-order, pseudo-first-order, and pseudo-
second-order kinetic models were utilized to interpret the uptake rate of Cr(VI) by nZVI
at different temperatures (293, 303, and 313 K) (the fitting parameters are provided in
Table S2). It can be ascertained that the removal of Cr(VI) by nZVI was well described by
the pseudo-second-order kinetic model with high correlation coefficient (R2 > 0.998) values
(Figure S3). Our experimental results indicate that the valence state or electron transfer
process rather than the boundary layer resistance of nZVI particles are the limiting factors
affecting the chemical rate of Cr(VI) removal. Therefore, the dynamics of Cr(VI) removal
by nZVI were highly related to the chemical redox reaction between nZVI and Cr(VI).

Equilibrium adsorption isotherm models are generally used to describe the relation-
ship between the concentration of solute in solution and the amount of solute adsorbed
on the adsorbent at equilibrium and to evaluate the adsorptive capacity of an adsorbent.
Therefore, two widely used adsorption isotherm models (i.e., Langmuir and Freundlich
isotherms [23]) were employed to fit the experimental data, respectively. It was found (see
Table S3 and Figure S4) that equilibrium adsorption data of Cr(VI) removal by nZVI were
more represented by the Langmuir model (i.e., R2 = 0.97) than by the Freundlich model (i.e.,
R2 = 0.90). The value of maximum adsorption capacity (Qm = 57 mg/g at 20 ◦C) obtained
from the Langmuir model matched well with the experimental value of 50 mg/g. Therefore,
the removal of Cr(VI) by nZVI could be considered as a single-layer chemisorption process.

2.4. Intraparticle Diffusion

Kinetic data for the adsorption of Cr(VI) onto nZVI was modelled according to the
intraparticle diffusion equation to understand the rate-determining step of this process [39].
It was found from Figure 8 and Table S4 that the adsorption process can be divided into three
stages, which consisted of an initial surface diffusion stage, then internal diffusion process of
particles, followed by the equilibrium dynamic process of adsorption and desorption [39].
Figure 8 shows that the three stages of adsorption are rendered as a continuous and
segmented process. The surface adsorption phase was completed within 15 min of the
beginning of the reaction. Due to the high specific surface area of nZVI and the large number
of available reactive sites at the initial stage, Cr(VI) in the solution can be quickly adsorbed
onto the surface of nZVI, leading to a rapid reduction in Cr(VI) concentration in the solution
in 15 min. The internal diffusion process of nZVI was completed in the following 75 min,
where Cr(VI) adsorbed on the nZVI surface reacted with Fe0 to form Cr(III), and precipitates
attached to the particle surface and then reached the adsorption equilibrium. In the first
two stages, the rate-limiting step were the surface pores of the particles. For the third stage,
it might be due to the saturation of adsorption, in agreement with the pseudo-second-order
dynamic model analysis. As also observed by Wang et al. [40], the second stage did not pass
through the origin, suggesting that both the intraparticle diffusion and chemical reactions
are important rate-limiting factors in controlling the adsorption process.
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2.5. Mechanisms of Cr(VI) Removal by nZVI

Figure 9a shows the FTIR scanning curves of nZVI before and after the reaction with
Cr(VI) in the range of 400–4000 cm−1. An obvious vibration band caused by O–H stretching
appeared at 3300–4000 cm−1 [16], which may be related to the contact between nZVI
and H2O in the environment during the testing process. The peak at 1630 cm−1 can be
considered as the characteristic bending vibration peak of O–H in H2O adsorbed on the
nZVI surface [41]. By comparing the changes of peak shapes before and after the reaction,
it can be observed that a new peak appeared at 468 cm−1 after the reaction, which be
attributed to the Fe–O of iron (hydr)oxides [42].

The XPS analysis of nZVI before and after reaction with Cr(VI) was applied to further
examine the possible interaction mechanism [43,44]. Figure 9b illustrates the full-range
XPS spectra of nZVI before and after the reaction with typical peaks of C1s (284.8 eV),
Fe2p, O1s, and Cr2p. Figure 9c,d display the detailed XPS surveys of Fe before and after
the reaction, respectively. The Fe2p1/2 and Fe2p3/2 characteristic peaks of Fe before the
reaction appeared at 721 and 707 eV, while the characteristic peaks appeared at 722 and
709 eV after the reaction. The peak shift may be caused by the redox reaction between Fe0

and Cr, which changed the density of the electron cloud on the nZVI surface. However,
the peak of Fe0 (706.8 eV) was not obvious in XPS spectra, which might be due to the
presence of oxides on the surface of nZVI [28]. It was reported that the thickness of the
oxide layer was about 2–4 nm [28,45]. Meanwhile, XPS surface analysis is subject to only
several nanometer depths, making the XPS insufficient to capture the internal state of nZVI.
As shown in Figure 9e, Cr2p1/2 and Cr2p3/2 appeared in 583 and 574 eV. However, these
peaks were not observed in the same scanning range of nZVI before the reaction, indicating
that Cr(VI) was reduced by nZVI to form precipitates attached to the particle surface.

The crystallinity variation of nZVI before and after the reaction with Cr(VI) was
compared (Figure 9f). After the reaction, the characteristic peak of Fe0 at 44.68◦ decreased,
indicating that the crystalline structure of nZVI was weakened because of the chemical
reaction of nZVI. A new peak was observed at 35.50◦, likely due to the presence of the
newly formed FeCr2O4 and iron oxides [46,47]. The enhancement of the peak at 65.0◦ may
be attributed to the generation of Fe3O4 in the reaction process, resulting from the further
oxidation of nZVI.
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Figure 9. (a) The FTIR results of nZVI pre- and post- reaction with Cr(VI); (b) wide-scan XPS survey
of nZVI before and after Cr(VI) adsorption; a magnified region in the XPS survey of nZVI before
(c) and after (d) Cr(VI) adsorption; (e) a high-resolution Cr XPS survey of nZVI before and after
Cr(VI) adsorption; (f) XRD analysis of nZVI before and after the reaction. ([Cr(VI)] = 25 mg/L,
[nZVI] = 0.5 g/L, pH = 3, T = 293 K, Time = 120 min).

Based on the literature and the above experimental results, a reasonable mechanism
of Cr(VI) removal by nZVI was proposed, as depicted in Scheme 1. It can be considered
that the main steps of nZVI to remove Cr(VI) involve adsorption, reduction, precipitation,
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and coprecipitation [30,48]. The adsorption process was initiated through the diffusion of
different forms of Cr(VI) (e.g., HCrO4

− CrO4
2−, and Cr2O7

2−) in the solution, which were
rapidly adsorbed on the surface of nZVI particles. Additionally, Fe0 can be oxidized to Fe2+

at low pH according to Equations (5) and (6). Then, redox reactions, as in Equations (7)–(11),
occurred via direct electron transfer from Fe0 and dissolved Fe2+ to Cr(VI), leading to the
generation of a higher oxidation state of iron ions (e.g., Fe2+ and Fe3+) and Cr(III) as
reduced species. Finally, FeCr2O4, CrxFe1−xOOH, and CrxFe1−x(OH)3 were eventually
formed through precipitation and coprecipitation via Equations (12)–(16) [30,48].

Fe0 + 2H2O→ Fe2+ + H2 + 2OH− (5)

2Fe0 + 2H2O + O2→ 2Fe2+ + 4OH− (6)

Fe0 + HCrO4
− + 7H+ → Cr3+ + Fe3+ + 4H2O (7)

3Fe2+ + HCrO4
− + 7H+ → Cr3+ + 3Fe3+ + 4H2O (8)

2Fe0 + Cr2O7
2− + 14H+ → 2Cr3+ + 2Fe3+ + 4H2O (9)

3Fe0 + Cr2O7
2− + 6H+ → FeCr2O4 + 2Fe2+ + 3H2O (10)

Fe0 + CrO4
2− + 8H+→ Fe3+ + Cr3+ 4H2O (11)

3Fe2+ + CrO4
2− + 4OH− + 4H2O→ 3Fe(OH)3 + Cr(OH)3 (12)

6Fe2++ 2CrO4
2−+ 8OH− → 3Fe2O3 + 2Cr(OH)3 + H2O (13)

Cr3+ + 3H2O→ Cr(OH)3 + 3H+ (14)

(1 − x)Fe3+ + xCr3+ + 3H2O→ CrxFe1−x(OH)3 + 3H+ (15)

(1 − x)Fe3+ + xCr3+ + 2H2O→ CrxFe1−xOOH + 3H+ (16)
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2.6. Comparison of nZVI and Supported nZVI for Cr(VI) Removal

Raw nZVI was prone to corrosion and agglomeration due to the ferromagnetic prop-
erties of Fe. Various materials were examined as modifiers for the synthesis of modi-
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fied nZVI to enhance the dispersibility and reactivity of nZVI particles. As shown in
Figures 10 and S5, all six selected modifiers played either a promoting or a demoting role
on the process efficiency compared with the raw nZVI. Starch, H2A, and Cu obviously
improved the removal rate of Cr(VI) from 79.9% (i.e., raw nZVI) to 100%, 90.7%, and 86%,
respectively. As can be seen from the SEM images in Figure 11, the particles exhibited an
obviously single spherical shape with the addition of starch and H2A, which significantly
improved the dispersity of the modified nZVI. Yang et al. [49] showed that soluble starch
can act as a protecting and dispersing agent to prevent nZVI from agglomerating. The
surface of the particles after adding Cu was relatively rough, which can also be considered
to increase the effective sites for Cr(VI) adsorption by increasing the specific surface area.
The remaining three kinds of modifiers (i.e., CMC, Zn, and Mn) with obvious inhibitory
effect were agglomerated in different degrees. Therefore, it can be concluded that the
aggregation degree of particles was closely related to the removal rate of Cr(VI) by nZVI.
Improved dispersity of nZVI particles could facilitate the removal of target contaminants.

The promoting mechanism of H2A and starch on the removal of Cr(VI) was similar.
They were both used as surfactants to increase the surface resistance of iron particles
and reduce the aggregation of iron particles. Furthermore, H2A could form a Fe–H2A
complex on the surface of nZVI to dissolve the metal passivation layer [50]. Similar to
H2A, starch can form discrete nZVI particles with uniform shape; meanwhile, the surface
functional groups make the synthesized nZVI more stable [18]. The internal structure of
Fe–Cu bimetallic particles was proposed by previous researchers [51] and the shell layers of
nZVI particles from inside to outside were proposed as Fe, Fe oxide, Cu, and oxide layers.
Adsorption, reduction, precipitation, and coprecipitation took place in the nZVI layer, while
adsorption and reduction of Cu2+ took place mainly in the Cu layer. Xi et al. [52] believed
that Fe–Cu can form a battery system in solution, and that Cu can activate continuously
and stably on the surface of nZVI to overcome the passivation of nZVI due to oxide layer.
It was also considered that the current effect produced by Cu2+ was beneficial to electron
transfer and accelerates the rapid reduction of Cr(VI). In addition, the comparison of Cr(VI)
removal efficiency by nZVI and other related materials was shown in Table S5.
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3. Materials and Methods
3.1. Chemicals and Materials

All chemicals of analytical grade were purchased from Sinopharm Chemical Reagent
Co., China and were used without further purification. Potassium borohydride (KBH4,
97%) and ferrous sulfate heptahydrate (FeSO4·7H2O, 99%) were used as the reductant for
the synthesis of nZVI and the source of Fe2+, respectively. Potassium dichromate (K2Cr2O7,
99.8%) was employed as the source of Cr(VI). Diphenyl carbamide (C13H14N4O, 99%)
and acetone (CH3COCH3, 98%) were used to measure residual Cr(VI). Copper(II) sulfate
pentahydrate (CuSO4·5H2O, 99%), manganese sulfate (MnSO4, 98%), zinc sulfate (ZnSO4,
99.5%), carboxy methyl cellulose (CMC, 98%), starch ((C6H10O5)n, 99%), and ascorbic acid
(H2A, 99.7%) were employed for the modification of nZVI. All solutions were prepared
with deionized water ($ = 18.25 MΩ·cm). The solution pH was adjusted with 0.1 M HCl
and 0.1 M NaOH.

3.2. Preparation of nZVI and Modified nZVI

Here, nZVI was prepared by a chemical reduction method in aqueous solution using
KBH4 as reducing agent to convert Fe2+ to Fe0 according to Equation (17) [53].

Fe2+ + 2BH4
− + 6H2O→ Fe0 + 2B(OH) 3 + 7H2 (17)

First, 250 mL of 12.5 mM Fe2+ and 15 mM KBH4 aqueous solution was freshly pre-
pared with the solution pH adjusted to 3.0 and 12.0, respectively. Then, Fe2+ solution
was transferred to a 1000 mL three-necked flask. The solution was purged with N2 and
vigorously stirred for 20 min to remove dissolved O2. Next, 250 mL KBH4 aqueous solution
was added dropwise (1~2 drops/s) into the reactor and stirred vigorously for 1 h. When
black nZVI particles appeared, the mixture was continuously stirred for 30 min. The nZVI
was separated by magnet, washed with ethanol and deionized water, and then dried in a
vacuum oven at 75 ◦C for 12 h. The obtained nZVI was used up within two days to ensure
excellent reduction ability.

The preparation procedures of modified nZVI were as follows: dissolve 3.475 g
FeSO4·7H2O (i.e., 12.5 mM) in 250 mL deionized water, and then add different dispersants
(10 g/L H2A, 0.2% starch, and 0.5% CMC) to obtain H2A–nZVI, starch–nZVI and CMC–
nZVI, while Fe–Cu, Fe–Zn, and Fe–Mn bimetals were synthesized by mixing 3.475g of 95%
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Fe2+ and 5% Cu2+, Mn2+, and Zn2+, respectively, with 250 mL deionized water at pH 3. The
method of synthesis was the same as the previous procedures. All synthetic experiments
were carried out at 293 K.

3.3. Experimental Procedures

The experiments for Cr (VI) removal by the nZVI were conducted at room temperature
(T = 293 K) in 100 mL glass vials. The adsorption reaction was initiated by dosing 50 mL of
25 mg/L Cr(VI) solution and a specific amount of nZVI particles into the glass vials, and
the mixture was placed in the shaking incubator (150 rpm) during the batch experiment.
At pre-determined time intervals, the nZVI particles were separated from the supernatant
by a strong magnet, and approximately 8 mL of the supernatant was collected with a
disposable syringe, then filtered through a 0.22 µm filter for measuring the residual Cr(VI)
concentrations in the solution. In addition, the separated black nZVI particles were collected
and vacuum-dried for further tests. All the experiments were conducted in triplicate,
whereby the average values were presented.

The influences of some main parameters on the Cr(VI) removal by nZVI particles
were examined by varying initial solution pH (2–11), temperature (293–313 K), adsorbent
dosage (0.2–0.5 g/L), and Cr(VI) concentration (15–45 mg/L). Furthermore, the impacts of
coexisting ions (e.g., Cl−, HCO3

−, NO3
−, SO4

2−, Ca2+, and Mg2+) and humic acid ranging
from 100 to 300 mg/L on the process efficiency were also evaluated. The removal efficiency
of Cr(VI) by modified nZVI (e.g., H2A–nZVI, starch–nZVI, CMC–nZVI, Fe–Cu, Fe–Zn, and
Fe–Mn) under the same experimental conditions were investigated for comparison.

3.4. Characterization and Analytical Methods

The morphologies and semi-quantitative surface composition analysis of the synthe-
sized nZVI were examined by a scanning electron microscope (SEM, MLA650F, FEI, Hills-
boro, America) equipped with an energy dispersive X-ray spectrometer (EDS, XFlash6130,
Bruker, Siegsdorf, Germany). The Brunauer–Emmett–Teller analysis was performed to
determine the specific surface area (BET, JWGB, JW-BK112, Beijing, China). To assess the
crystallinity and chemical composition of the samples, X-ray diffraction (XRD) analysis was
conducted using a BrukerD8 Advance X-ray diffractometer system. The main valence state
changes of Cr and Fe species on nZVI surface during the reaction process were examined
using X-ray photoelectron spectroscopy (XPS, Kratos Analytical, Axis Ultra, Manchester,
UK). The functional groups were identified by a Fourier-transform infrared spectrometer
(FTIR, Bruker, Tensor27, Siegsdorf, Germany).

The concentration of Cr(VI) was measured by 1,5-diphenylcarbazide spectrophotom-
etry at 540 nm using a UV–Vis Spectrophotometer [47]. The Cr(III) concentration was
calculated using the difference value between Crtotal and Cr(VI).

4. Conclusions

Nanoscale zero valent iron was prepared by a chemical reduction method and the
adsorptive and removal efficiency of Cr(VI) from aqueous solution by nZVI was explored.
The XRD spectra and SEM–EDS images showed that the synthesized nZVI particles had a
good crystalline spherical structure. However, oxidation products, such as γ-Fe2O3 and
Fe3O4, were formed on the surface of the particles. The BET analysis indicated a specific
surface area of nZVI of 15.19 m2/g. Experimental results showed that, at pH 3 and 20 ◦C, the
removal rate of Cr(VI) can reach 100% after 90 min of the reaction, of which the adsorption
capacity was 50 mg/g, and the initial pH, Cr(VI) concentration, and nZVI dosage all affect
the removal efficiency of Cr(VI). The process of Cr(VI) removal by nZVI was in accordance
with the pseudo-second-order kinetic model (R2 > 0.99), the Langmuir adsorption isotherm
model (R2 > 0.97), and the three-stage diffusion process (adsorption stage, redox stage and
adsorption–analytic equilibrium stage). The order of the inhibition of coexisting ions on
Cr(VI) removal from strong to weak was HCO3

− > NO3
− > SO4

2− > Cl−. The presence
of humic acid also had a strong inhibitive impact on the process efficiency, while the
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effect of cations (i.e., Mg2+ and Ca2+) was insignificant. Here, FTIR, XPS, and XRD were
used to characterize the nZVI before and after the reaction with Cr(VI). Accordingly, a
plausible mechanism for Cr(VI) removal by nZVI was proposed, including adsorption,
reduction, precipitation and coprecipitation, in which the reducing products were FeCr2O4,
CrxFe1−xOOH, and CrxFe1−x(OH)3. In addition, the modification of nZVI by various
materials has been investigated to further enhance the performance. It was found that
Fe–starch, Fe–ascorbic acid, and Fe–Cu had better removal rates of Cr(VI) than pure
phase nZVI, because the presence of starch and ascorbic acid could effectively reduce the
agglomeration between nZVI particles. Our study suggest that nZVI is an effective and
green technology for Cr(VI) removal and that it has a promising application prospects.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal12090999/s1. Text S1; Figure S1: The EDS results of pre- (a)
and post- (b) reaction of Cr(VI) with nZVI; Figure S2: Changes of adsorption capacity with pH, initial
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Abstract: Herein, we report and demonstrate a photoelectrochemical filtration system that enables the
effective decontamination of micropollutants from water. The key to this system was a photoelectric–
active nanohybrid filter consisting of a carbon nanotube (CNT) and MIL–101(Fe). Various advanced
characterization techniques were employed to obtain detailed information on the microstructure,
morphology, and defect states of the nanohybrid filter. The results suggest that both radical and
nonradical pathways collectively contributed to the degradation of antibiotic tetracycline, a model
refractory micropollutant. The underlying working mechanism was proposed based on solid experi-
mental evidences. This study provides new insights into the effective removal of micropollutants
from water by integrating state–of–the–art advanced oxidation and microfiltration techniques.

Keywords: nanohybrid filter; photoelectrochemical filtration; carbon nanotubes; MIL-101(Fe);
tetracycline

1. Introduction

Recently, the environmental pollution associated with organic micropollutants in
aquatic environments has received increasing environmental concern [1,2]. Micropollutants
mainly consist of a vast and expanding category of anthropogenic substances such as phar-
maceutical and personal care products (PPCP) and many other emerging compounds [3,4].
Their limited concentration and vast diversity have posed tremendous challenges for
current wastewater treatment [5]. It is therefore highly desirable to develop advanced
treatment approaches to remove micropollutants from water.

Peroxymonosulfate (PMS)–based advanced oxidation technology has recently emerged
as a promising solution to address this issue [6]. Various heterogeneous catalysts have been
widely used for PMS activation to produce highly reactive species. Among these, iron–
based catalysts are of particular interest due to their exceptional high performance and cost
effectiveness [7,8]. Yet, their application is significantly hindered by the challenges associ-
ated with the post-separation of powder-like catalysts from the reaction solution, potential
Fe ion leaching and poor mass transport in conventional batch reactors. To immobilize the
catalysts onto a carbonaceous support could avoid the agglomeration issue of powder-like
materials. To this end, carbon nanotubes (CNTs) may serve as the ideal platform to host
these nanoscale catalysts because of their rich surface chemistry, excellent electrical con-
ductivity, large surface area and desirable chemical stability [9,10]. We have previously
developed a photoelectrochemical filtration system that enables the effective detoxification
of toxic heavy metal ions using photogenerated holes (h+) (e.g., to transform highly toxic
Sb(III) into less toxic Sb(V)) [11]. The key to this system was a nanohybrid filter consisting
of electroactive CNT and photo-responsive metal-organic frameworks (MOF, MIL-88(B)).
These introduced Fe ions were uniformly distributed onto oxylated functional moieties
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of CNT, and the exerted electric field favors the cycling of Fe3+/Fe2+ pairs [12]. This not
only avoids the post-separation of the MIL-88(B) catalysts, but also demonstrates enhanced
material stability. In addition, the flow-through design outperformed the conventional
batch reactor due to convection-enhanced mass transport [13].

Based on these findings, we hypothesized that such photoelectrochemical filtration
design may also serve as a high-performance system towards PMS activation and mi-
cropollutant decontamination. On one hand, under irradiation, the photogenerated holes
(h+) may directly contribute to the degradation of organic micropollutant molecules upon
contact or indirectly induce the generation of other aggressive reactive radicals (such as
hydroxyl radicals) [14]. The applied electric field would facilitate the cycling of Fe3+/Fe2+

within the system [15]. On the other hand, the photogenerated electrons (e−) may cleave
the O–O bond of PMS via the one-electron pathway; also, CNT itself was proven to be
effective to activate PMS via nonradical pathway [16,17]. All these routes collectively
contribute to the effective degradation of micropollutants in water. To do this, we firstly
report on the preparation and demonstration of a MIL-101(Fe)@CNT nanohybrid filter to
serve as both an electrode material and a filtration medium. Among them, the MIL-101(Fe)
exhibits excellent light absorptive ability and large specific surface area properties, while
the conductive CNT network structure promotes the separation of e− and h+. The catalytic
degradation performance was tested using antibiotic tetracycline as the model micropol-
lutant. Secondly, the effects of operational parameters and environmental factors on the
efficacy of the proposed photoelectrochemical filtration system was systematically investi-
gated. A plausible underlying working mechanism of the technology was proposed based
on extensive experimental evidence. The outcomes of the present study are dedicated to
providing an enhanced strategy towards the effective decontamination of micropollutants
from water.

2. Results and Discussion
2.1. Characterization of the Nanohybrid Filter

Figure 1 compares the FESEM image of the conductive CNT filter in the absence and
presence of MIL-101(Fe) nanoparticles. As can be seen, the pristine CNT filter showed
a smooth surface with CNT intertwined with it to form a 3D porous network. The in-
troduction of MIL-101(Fe) led to a rather rough surface, and those nanoparticles were
uniformly distributed on the CNT surface. Furthermore, as the iron precursor concentra-
tion increased from 0 to 3 mM, the loading amount of MIL-101(Fe) gradually increased
consequently. However, further increasing the precursor concentration to 4.5 mM leads
to evident particle agglomeration. The successful loading of MIL-101(Fe) was further
verified by the XRD pattern of the MIL-101(Fe)@CNT nanohybrid filter. The characteristic
diffraction peaks centered at 8.5, 9.1, 18.6, 21.4 and 25.0◦ were observed, in good accordance
with that of MIL-101(Fe) [7] (Figure S1a). The TGA curve indicated that approximately
1.1 mg of MIL-101(Fe) was loaded onto an effective filtration area of 7.1 cm2 (Figure S1b).
In addition, the atomic ratio of C, O and Fe on the composite filter surface was 86.92%,
11.80% and 1.31%, as determined by the energy-dispersive spectra analysis (Figure S2). All
this evidence collectively indicated the successful preparation of the MIL-101(Fe)@CNT
nanohybrid filter. Since MIL-101(Fe) is a well-known photocatalyst with several intriguing
attributes, the cyclic voltammetry curve of the MIL-101(Fe)@CNT nanohybrid filter in
50 mM Na2SO4 electrolyte solution was examined (with/without UV light irradiation).
The saturated photocurrent intensity was 2.05 times higher than that in the absence of
light irradiation, suggesting a significant contribution from MIL-101(Fe) (Figure S3a). Elec-
trochemical impedance spectroscopy analysis showed a charge transport resistance of
141.7 Ω for the MIL-101(Fe)@CNT nanohybrid filter, much lower than that of MIL-101(Fe)
(1333.1 Ω, Figure S3b). This indicates that the combination of CNT and MIL-101(Fe) favors
the separation of photogenerated electron-hole pairs and the rapid transport of photogen-
erated electrons throughout the conductive networks [11].
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Figure 1. Characterization: comparison of the FESEM image of (a) CNT filter and (b–d) the presence
of varying amounts of MIL-101(Fe).

2.2. Photoelectrochemical Degradation of Tetracycline

After successful preparation of the MIL-101(Fe)@CNT nanohybrid filter, we further
examined its efficacy towards the photoelectrical activation of PMS to degrade antibiotic
tetracycline in a continuous-flow configuration. As shown in Figure 2, only 13.9% TC
removal within 20 min was achieved in the presence of PMS alone due to its limited
oxidative ability [18].
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Figure 2. Photoelectrochemical degradation of TC in different systems: (a) TC degradation and
(b) corresponding rate constants and rate constants of residual PMS concentrations without TC addition
in different systems. Experimental conditions: MIL-101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied
voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.
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Since the catalytic reaction was conducted after the sorption saturation of the CNT
filter, any contributions from physical adsorption of the filter can be excluded. A 25.9%
TC removal was observed using a CNT-alone filter when exerting UV irradiation and
electric field. This indicates that the PMS activation by UV and electric field is not very
effective. Further combining the CNT filter with the MIL-101(Fe) catalyst, i.e., the MIL-
101(Fe)@CNT nanohybrid filter, only leads to a TC removal efficiency of 36.8% without
applying UV irradiation and electric field, indicating that the catalytic activity of MIL-
101(Fe) towards PMS activation is limited as well, possibly due to the short residence time
within the filter [19,20]. Moreover, the composite (128.1 mg L−1) has a relatively high
specific area compared to CNT (99.6 mg L−1), which can be ascribed to the introduction
of MIL-101(Fe) and the formation of a densely covered three-dimensional network. The
TC removal efficiency further increased to 49.2% or 62.1%, respectively, by applying UV
irradiation or electric field to the MIL-101(Fe)@CNT nanohybrid filter with corresponding
pseudo-first-order rate constants (k) of 0.031 min−1 and 0.044 min−1 (Table S1). It is of
note that an evident photo-electric synergistic effect was identified. When simultaneously
applying UV irradiation and electric field, a complete TC removal was obtained using the
nanohybrid filter within the same reaction period. The k of 0.174 min−1 was 5.6 times and
3.95 times higher than that only applying UV irradiation and electric field, respectively. In
addition, PMS self-decomposition rate using the MIL-101(Fe)@CNT nanohybrid filter in
different catalytic systems was also determined. As shown in Figure S4, the residual PMS
in the photoelectrical catalytic, photocatalytic, electrocatalytic and PMS-alone systems was
0.35 mM, 0.56 mM, 0.71 mM and 0.85 mM, respectively, with a corresponding decay rate
constant of 0.047 min−1, 0.026 min−1, 0.017 min−1 and 0.008 min−1. As a comparison, the
residual PMS and decay rate constants using a CNT-alone filter in a photocatalytic system
were 0.90 mM and 0.014 min−1, respectively. All these encouraging results quantitatively
exemplified the advantages of combing UV irradiation, electric field, MIL-101(Fe) and CNT
towards effective cleavage of the O–O bond of PMS and efficient TC removal [21].

2.3. Mechanism Insights

EPR and quenching experiments were conducted to examine the responsible reactive
species within the proposed photoelectrochemical filtration system. As shown in Figure 3a
and b, in the PMS-alone system, only very weak signals associated with the quartet DMPO–
HO• adduct (1:2:2:1) and the triplet TEMP–1O2 adduct (1:1:1) were identified [22,23]. This
suggests that reactive oxide species (ROS) are hardly generated from the self-decomposition
of PMS. In other cases, characteristic peaks of DMPO–HO• and TEMP–1O2 adducts were
detected, and the strongest signals were obtained in the photoelectrochemical filtration
system. The characteristic signals of the DMPO–SO4

•− adduct was only detected in the
presence of the MIL-101(Fe)@CNT nanohybrid filter. This phenomenon could be explained
by the unique Fe3+/Fe2+ interconversion property of MIL-101(Fe) [24]. For example, Bi
et al. [25] prepared graphitic carbon-nitride-functionalized MIL-101(Fe) that removed 100%
of tetracycline hydrochloride within 40 min, which was attributed to the generation of
SO4

•− and HO• active species assisted by visible light coupled with the composite.
Furthermore, quenching experiments were further employed to identify the dominant re-

active species involved in the photoelectrochemical filtration system. Methanol can selectively
quench with both SO4

•− (k = 2.5 × 107 M−1 s−1) and HO• (k = 9.7 × 108 M−1 s−1), whereas
TBA is more selective for HO• (k = 3.8 × 108 M−1 s−1) than SO4

•− (k = 4.0 × 105 M−1 s−1)
and L-histidine was used to quench the 1O2 [6,19]. As displayed in Figure 3c, the TC re-
moval efficiency decreased from 100% (k = 0.165 min−1) to 46.7% (k = 0.028 min−1) with the
increase in spiked methanol from 0 to 100 mM (Table S2). Further increasing the methanol
concentration failed to further inhibit the TC removal, suggesting a limited amount of the
radical species. A similar phenomenon was also observed by spiking L-histidine as the 1O2
scavenger (Figure 3d). These observations inferred the collective contribution from both
radical and nonradical pathways towards TC removal. Based on the quenching analysis,
the specific contribution from SO4

•−, HO• and 1O2 accounts for 16.6%, 36.7% and 46.7%,
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respectively (Figure S5a). In addition, to further confirm the role of 1O2, the TC degrada-
tion experiment was repeated in the deuterated solvent, since the lifetime of 1O2 in D2O
(20–32 µs) is one order of magnitude longer than that in H2O (2 µs) [19]. As shown in
Figure S5b, at a TC concentration of 40 mg L−1, the degradation efficiency in D2O (79.2%,
k = 0.071 min−1) was much higher than in H2O (57.1%, k = 0.037 min−1), again suggesting
that 1O2 was the dominant reactive species in the proposed system.
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Figure 3. Identification of active species: EPR spectra for the presence of (a) DMPO and (b) TEMP,
(c,d) and effect of different capture agents on TC removal. Experimental conditions: MIL-
101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V,
pH = 6.0.

A plausible working mechanism of the proposed photoelectrical filtration system was
proposed as follows: Firstly, under UV irradiation, photogenerated electrons (e−) and photo-
generated holes (h+) were generated at the solid/liquid interface of the MIL-101(Fe)@CNT
nanohybrid filter (Equation (1)) [11]. Thus, Fe3+–MOF reacts with e− to form Fe2+–MOF
(Equation (2)), and the highly aggressive h+ (E0 =2.67 V vs. NHE) reacts with TC molecules
to achieve degradation or reacts with H2O to generate HO• (E0 =2.8 V vs. NHE) [11,19].
The applied external electric field facilitates the effective separation of e− and h+ and de-
creases their recombination rate. Meanwhile, PMS can also generate active species with strong
oxidation under the action of UV light, such as SO4

•− (E0 = 2.5–3.1 V vs. SHE) and HO•

(Equation (3)). The applied electric field can not only promote the cycling of Fe3+/Fe2+, but
also promote the decomposition of PMS to generate reactive radicals (Equation (4)) [26,27].
Subsequently, these in situformed Fe2+ species can activate the cleavage of the PMS O–O bond
to generate SO4

•− (Equation (5)). In addition, SO4
•− can be further transformed into HO• rad-

icals under certain conditions (Equation (6)) [28] and participate in the oxidative degradation
of TC. On the other hand, the nonradical route also plays an essential role in TC degrada-
tion. The generation of 1O2 can either be generated by the reaction of SO5

− with FeMOF
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(Equations (7) and (8)) [22] or by receiving electrons from Fe2+ through dissolved O2 to
generate O2

− and then 1O2 (Equations (9) and (10)).
Moreover, it has been reported that the carbonyl groups (C=O) of CNT may also

facilitate the PMS decomposition to generate 1O2 [16]. The XPS results (Figure S6a and
Table S3) suggest that the C=O content of the nanohybrid filter decreases by 9% after
the catalytic reaction, while the C–O content increases by 11%. This indicates that these
electronrich C=O groups may be involved in the cleavage of the PMS O–O bonds by sacri-
ficing electrons. It has been reported that glutaraldehyde surface modification significantly
increased the surface density of carbonyl groups on carbon nanotubes and promoted per-
oxydisulfate generation of 1O2 [29]. The XPS spectra also suggested a decreased Fe2+/Fe3+

ratio (by 10%) on a used nanohybrid filter after the photoelectrocatalytic reaction, confirm-
ing that the redox conversion of Fe3+/Fe2+ acts as an electron transfer mediator during the
PMS activation process (Figure S6b and Table S4). Finally, the effective TC degradation was
further verified by a TOC mineralization of 51.7% over a 20 min reaction (Equation (11)).

≡Fe-MOF→ e− + h+ (1)

≡Fe3+-MOF + e− →≡Fe2+-MOF (2)

HSO−5
hν→ SO4

•− + HO• (3)

HSO5
− + e− → SO4

2− + HO• (4)

≡Fe2+-MOF + HSO5
− →≡Fe3+-MOF + SO4

•− + OH− (5)

SO4
•− + OH− → SO4

2− + HO• (6)

≡Fe3+-MOF + HSO5
− →≡Fe2+-MOF + SO5

− + H+ (7)

≡Fe2+-MOF + SO5
− →≡Fe3+-MOF + SO4

2− + 0.51O2 (8)

≡Fe2+-MOF + O2 →≡Fe3+-MOF + O2
− (9)

≡Fe3+-MOF + O2
− + e− →≡Fe2+-MOF + 1O2 (10)

HO•/SO4
•−/1O2/h+ + TC→ CO2 + H2O (11)

2.4. Operational Parameters Optimization
2.4.1. Impacts of MIL-101(Fe) Loading and Applied Voltage

As displayed in Figure 4a, as the precursor concentration increased from 1.5 to
3 mM, the TC degradation efficiency and the corresponding k increased from 68.1% to
97.5% and 0.053 min−1 to 0.179 min−1, respectively (Table S5). This suggested that a higher
MIL-101(Fe) loading favors the acceleration of the TC degradation kinetics by providing
abundant reactive sites for the catalytic reaction. However, further increasing the precursor
concentration to 4.5 mM deteriorated the TC removal kinetics, owing to the agglomeration
of the as-formed MIL-101(Fe) particles as well as the inevitable burying of the surface-active
sites on the nanohybrid filter (Figure 1d) [11]. An optimal loading amount of 3 mM was
then used in subsequent investigations.

The applied voltage is critical for the cycling of Fe3+/Fe2+ pairs of the Fe–MOF [30].
The TC degradation efficiency was 58.3% (k = 0.039 min−1), 78.2% (k = 0.066 min−1) and
98.3% (k = 0.159 min−1) at applied voltages of −0.5 V, −1.5 V and −2 V, respectively
(Figure 4b). The above results indicated that a more negative potential is favorable to
boost the TC degradation efficiency [12]. Nevertheless, further decreasing the applied
voltage to −2.5 V only led to a decreased TC removal efficiency of 83.3% (k = 0.082 min−1),
possibly due to the occurrence of other side reactions (e.g., hydrogen generation reaction)
that decrease the current efficiencies [31].
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Figure 4. Impact of operational parameters on the TC degradation kinetics: effects of (a) MIL-101(Fe)
loading, (b) applied voltage, (c) PMS concentration, (d) flow rate and (e) pH on the TC degradation and
(f) concentration of leachable Fe at different pHs. Experimental conditions: MIL-101(Fe)@CNT = 3 mM,
[TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.

2.4.2. Impacts of PMS Concentration and Flow Rate

In the photoelectrochemical filtration system, PMS acts not only as an electrolyte, but
also as a precursor for the reactive species. We, hence, evaluated the effect of PMS dosage
on the degradation of TC. As shown in Figure 4c, the TC removal efficiency was only 11.9%
in the absence of PMS. The TC removal efficiency (67.5% to 97.1%) and k value (0.028 min−1

to 0.181 min−1) were obviously enhanced with increasing PMS concentration from 0.25 to
1.0 mM, which was attributed to more active species being generated. However, further
increasing the PMS concentration to 1.5 mM contributed negatively to the TC degradation
kinetics (83.1%, k = 0.084 min−1). This could be associated with active species derived from
the catalytic reaction being quenched at higher concentrations of PMS [26].

The effects of flow rate on TC degradation efficiency are shown in Figure 4d. The TC
degradation efficiencies were 69.4%, 76.6%, 98.2%, 83.3% and 46.9%, and corresponding k
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values were 0.057 min−1, 0.066 min−1, 0.158 min−1, 0.079 min−1 and 0.031 min−1 at flow
rates of 1 mL min-1, 2 mL min−1, 3 mL min−1, 4 mL min−1 and batch mode, respectively.
Such performance enhancement was attributed to the convection−enhanced mass trans-
port, whereas the batch system relied on diffusion [12]. In addition, the TC degradation
efficiency decreased by 14.9% at a higher flow rate in the circulation mode (4 mL min−1),
mainly because of the reduced residence time and contact between TC molecules and
reactive species at the higher flow rates [13].

2.4.3. Impact of Solution pH

The solution pH poses an effect on the surface charge of the nanohybrid filter as
well as the speciation of PMS. As displayed in Figure 4e, the highest removal efficiency
of TC (98.8%, k = 0.166 min−1) was obtained under a neutral pH of 6.0. Under acidic
pH conditions, an 85.3% TC can still be obtained since the nanohybrid filter (pHzpc = 3.5,
Figure S7) became positively charged, which attracts the negatively charged HSO5

− to-
wards the filter surface to complete the catalytic reactions, while the evident performance
decay under alkaline condition (77.6%, k = 0.069 min−1) could be explained by the con-
version of HSO5

− to the weakly reactive SO5
2− and the electrostatic repulsion effect

(Equation (12)) [19]. In addition, the leachable Fe during the catalytic reaction was deter-
mined as a function of solution pH. As depicted in Figure 4f, the leached iron concentrations
were 0.26 mg L−1, 0.09 mg L−1 and 0.16 mg L−1 at pH values of 3, 6 and 9, respectively.
These results indicated that the nanohybrid filter possesses relatively high pH tolerance.

HSO5
− + OH− → SO5

2− + H2O (12)

2.5. System Stability Evaluation

Several ubiquitous anions (e.g., Cl−, NO3
−, and HCO3

−) may present in natural
waters to negatively impact the system efficacy [32,33]. Thus, the impacts of inorganic
constituents on the degradation of TC were investigated. As expected, the presence of
Cl− and NO3

− posed a negligible influence on the system efficacy with >90% TC degrada-
tion (Figure S8a). However, HCO3

− posed an evident inhibition on the TC degradation
efficiency (72.8%) due to its buffering capability to maintain the reaction solution under
basic [19]. Moreover, the efficacy of the nanohybrid filter towards the degradation of
other refractory organic micropollutants was also evaluated. As displayed in Figure S8b,
under similar operation conditions, the photoelectrochemical filtration system still showed
excellent degradation performance toward methylene blue (99.8%), Congo red (99.7%) and
p-nitrophenol (85.6%).

The efficacy of the nanohybrid filter was further examined by spiking TC into tap
water, lake water and municipal WWTP effluent, which was considered to be much more
complex compared with the ultrapure water used (Figure 5a and Table S6) [12,34].

The results showed that TC degradation efficiencies of 94.3%, 85.9% and 75.6% with
corresponding k values of 0.137 min−1, 0.090 min−1 and 0.058 min−1, respectively, could
be achieved in spiked tap water, lake water and municipal WWTP effluent. Moreover, the
stability of the nanohybrid filter was evaluated in consecutive cycles toward TC degradation.
The TC degradation efficiencies slightly dropped by 6.1%, 8.9%, 12.2% and 14.2% over five
consecutive running cycles, which indicated a decent stability of the system (Figure 5b).
These encouraging results indicate that the proposed technology with promising practical
application prospects may provide a viable solution for water decontamination.
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alcohol (TBA, C4H10O, ≥98.0%) and deuterium oxide (D2O, ≥99.0%) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Acidified multi-walled carbon nanotubes (O–CNT) 
were provided by Times Nano Co., Ltd. (Chengdu, China). All aqueous solutions were 
prepared by using the ultrapure water produced from a Milli-Q Direct 8 purification sys-
tem (Millipore, Billerica, MA, USA). 

3.2. Synthesis of the Nanohybrid Filter 
An MIL-101(Fe)@CNT hybrid filter was synthesized by using a reported solvother-

mal protocol with modifications [18]. Briefly, in a typical process, 24.3 mg (3 mM) 
FeCl3·6H2O and 25 mg CNT were first separately dissolved into 15 mL DMF, followed by 
sonication for 40 min. Afterwards, 7.5 mg BDC was mixed into 15 mL DMF and then 
added dropwise into the above solution. The as-obtained mixture was transferred to a 50 
mL Teflon-lined autoclave and heated at 110 °C for 24 h. The product was loaded onto a 
polytetrafluoroethylene membrane by vacuum filtration and further purified with DMF 
and ethanol, and then dried at 60 °C under vacuum overnight to obtain the MIL-
101(Fe)@CNT nanohybrid filter. 
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Figure 5. System stability evaluation: (a) The degradation efficiency of TC in different water matrixes.
(b) Degradation efficiency of TC in different cycle times. Experimental conditions: MIL-101(Fe)@CNT = 3 mM,
[TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0.

3. Materials and Methods
3.1. Chemicals and Materials

Potassium peroxymonosulfate (PMS, HKSO5·0.5HKSO4·0.5K2SO4,≥98.0%), dimethyl-
formamide (DMF, C3H7NO, ≥99.5%), iron chloride hexahydrate (FeCl3·6H2O, ≥99.5%),
1,4–benzenedicarboxylic acid (BDC, C8H6O4, ≥99.9%), tetracycline hydrochloride (TC,
C22H25ClN2O8, ≥99.5%), Congo red (C32H22N6Na2O6S2, ≥98.0%), methylene blue
(C16H18ClN3S, ≥99.9%), p-nitrophenol (C6H5NO3, ≥98.0%), ethanol (C2H5OH, ≥96.0%),
methanol (CH3OH,≥98.0%), hydrochloric acid (HCl,≥36–38%), sodium hydroxide (NaOH,
≥96.0%), sodium nitrate (NaNO3, ≥99.9%), sodium sulfate (Na2SO4, ≥99.0%), sodium
chloride (NaCl, ≥99.5%) and sodium bicarbonate (NaHCO3, ≥99.5%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 2,2,6,6-tetramethyl-4-piperidinol
(TEMP, C9H20N2, ≥96.0%), 5,5-dimethyl-1-pyrroline-n-oxide (DMPO, C6H11NO, ≥97.0%),
furfuryl alcohol (FFA, C5H6O2, ≥98.0%), L-histidine (C6H9N3O2, ≥99.5%), tert-butyl al-
cohol (TBA, C4H10O, ≥98.0%) and deuterium oxide (D2O, ≥99.0%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Acidified multi-walled carbon nanotubes (O–CNT)
were provided by Times Nano Co., Ltd. (Chengdu, China). All aqueous solutions were
prepared by using the ultrapure water produced from a Milli-Q Direct 8 purification system
(Millipore, Billerica, MA, USA).

3.2. Synthesis of the Nanohybrid Filter

An MIL-101(Fe)@CNT hybrid filter was synthesized by using a reported solvothermal
protocol with modifications [18]. Briefly, in a typical process, 24.3 mg (3 mM) FeCl3·6H2O
and 25 mg CNT were first separately dissolved into 15 mL DMF, followed by sonication for
40 min. Afterwards, 7.5 mg BDC was mixed into 15 mL DMF and then added dropwise
into the above solution. The as-obtained mixture was transferred to a 50 mL Teflon-lined
autoclave and heated at 110 ◦C for 24 h. The product was loaded onto a polytetrafluoroethy-
lene membrane by vacuum filtration and further purified with DMF and ethanol, and then
dried at 60 ◦C under vacuum overnight to obtain the MIL-101(Fe)@CNT nanohybrid filter.

3.3. Characterization

The crystallinity and morphology of the filter samples were characterized, respectively,
on a Rigaku D/max-2550 PC thin-film X-ray diffractometer (XRD, Rigaku, Japan) and a
field emission scanning electron microscope (FESEM, Hitachi S-4800, Hitachi, Tokyo, Japan).
The X-ray photoelectron spectroscopy (XPS) analysis was performed under high vacuum
(1 × 10−9 Torr) using a Thermo Fisher Scientific ESCALAB 250Xi (Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer. The photochemical and electrochemical activity of the
prepared filters were characterized on a CHI660E electrochemical workstation (Shanghai
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Chenhua Co., Ltd., Shanghai, China) in a three-electrode system (i.e., MIL-101(Fe)@CNT
working anode, Pt counter electrode and Ag/AgCl reference electrode). The preparation of
MIL-101(Fe) electrode was referred to in a previous report [11]. Zeta potential was deter-
mined on a JS94H micro electrophoresis instrument (Shanghai Zhongchen, China). Reactive
species were determined by using a Bruker EMX nano Bench-Top electron paramagnetic
resonance (EPR) spectrometer (Bruker, Karlsruhe, Germany).

3.4. TC Degradation Experiments

A commercial filtration casing with photoelectrochemical modifications was employed
for organic degradation experiments (Figure S9) [11,13]. All TC degradation experiments
were performed after the filter adsorption saturation was reached to eliminate the contribu-
tion of physical adsorption. Two operational modes, i.e., recirculated filtration and batch,
were conducted for comparison. For the batch mode, the MIL-101(Fe)@CNT nanohybrid
filter and titanium sheet were used as a cathode and anode, respectively, and suspended in
a beaker containing 50 mL of 20 mg L−1 TC and 1 mM PMS at 2 V. UV LED illumination
was introduced by eight NSPU510CS UV LED lamps (NICHIA, Japan) installed on the top
of the filtration apparatus. For the recirculation mode, the solution was passed through the
filtration system and returned. The PMS concentration (0.25 to 1.5 mM), applied voltage
(0.5 to 2 V), MIL-101(Fe) dose (1.5 to 4.5 mM), flow rate (1 to 4 mL min−1) and solution pH
(3 to 9) were evaluated and optimized.

The stability of the nanohybrid filter was assessed by performing five consecutive cy-
cles under optimal conditions. A new cycle was initiated after washing the exhausted filter
with NaOH solution (5 mM 100 mL) and abundant water solution until the effluent became
neutral. The effluent (1 mL) was sampled at predetermined time intervals and immediately
mixed with 300 µL methanol to quench any remaining radical species. Subsequently, the
TC concentration was quantified by high-performance liquid chromatography (HPLC) [13].
The PMS residual concentration was measured by potassium iodide method [27]. To ex-
amine the impact of common coexisting anions on the TC degradation kinetics, 5 mM of
nitrate, carbonate or chloride were spiked into TC solution before the recirculated filtration.
The practical application potential of the system was verified using the TC-spiked tap water,
lake water and municipal wastewater treatment plant (WWTP) effluent as well as an array
of other refractory organic contaminants. Detailed characteristics of different water matrices
are available in Table S6. The concentration of Congo red, methylene blue and p-nitrophenol
were determined via a UV-2600 Shimadzu ultraviolet-visible spectrophotometry (Japan) at
wavelengths of 497 nm, 665 nm and 317 nm, respectively.

4. Conclusions

In conclusion, we reported and demonstrated a photoelectrochemical filtration system
that enables the effective decontamination of antibiotic tetracycline from water. The key
to this technology was a nanohybrid filter consisting of electrically conductive CNT and
photo-responsive MIL-101(Fe). Various advanced characterizations collectively provided
detailed compositional and morphological information on the filter. Results suggested that
both radical and nonradical pathways contributed to the effective tetracycline degradation.
Moreover, the plug-flow configuration facilitated a convection-enhanced mass transport,
further promoting the organic degradation kinetics. Such excellent system efficacy can be
maintained across a wide range of solution pH as well as complex water matrices. Overall,
the outcomes of this study provide a viable strategy toward water remediation by integrat-
ing the state-of-the-art photoelectrochemistry, membrane separation, nanotechnology, and
advanced oxidation technologies.
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Supplementary Materials: The following are available online at: https://www.mdpi.com/article/10.3
390/catal12040416/s1. Figure S1: (a) XRD pattern and (b) TGA curves of 3 mM MIL-101(Fe)@CNT and
O–CNT; Figure S2: Energy dispersive spectra of the MIL-101(Fe)@CNT filter. Figure S3: (a) Cyclic
voltammetry curves of 3 mM MIL-101(Fe)@CNT with or without UV irradiation. (b) Nyquist dia-
grams of 3 mM MIL-101(Fe)@CNT and MIL-101(Fe). Environmental conditions: [Na2SO4]0 = 50 mM;
Figure S4: Residual concentration of PMS in different systems. Experimental conditions: MIL-101(Fe)
@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0;
Figure S5: Effects of (a) adding TBA and (b) reaction solvent (H2O and D2O) on the TC degradation.
Experimental conditions: MIL-101(Fe)@CNT = 3 mM, [TC]0 = 20 mg L−1, applied voltage =−2 V, illumi-
nation voltage = 3.8 V, pH = 6.0; Figure S6: XPS spectra of MIL-101(Fe)@CNT: (a) O 1s and (b) Fe 2p
before and after reaction; Figure S7: Zeta spectra of 3 mM MIL-101(Fe)@CNT and O–CNT; Figure S8:
(a) Effect of coexisting ions on TC degradation and (b) degradation efficiency of four typical organic
compounds by MIL-101(Fe)@CNT filter in circulation mode. Experimental conditions: [Congo red]0
= [Methylene blue]0 = 20 mg L−1, [p-nitrophenol]0 = 10 mg L−1, MIL-101(Fe)@CNT = 3 mM, [TC]0
= 20 mg L−1, applied voltage = −2 V, illumination voltage = 3.8 V, pH = 6.0; Figure S9: Schematic
illustration of photoelectric reactor device; Table S1: Corresponding k value to TC degradation in
different systems according to the pseudo first order kinetic model; Table S2: Corresponding k value
to TC degradation in different quenchers according to the pseudo first order kinetic model; Table S3:
XPS results of O1s; Table S4: XPS results of Fe 2p; Table S5: Corresponding k value to TC degrada-
tion of different operational parameters according to the pseudo first order kinetic model; Table S6:
Characteristics of different water samples and corresponding k value to TC degradation.
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Water scarcity has become a worldwide problem. Wastewater treatment and reuse has
become an effective way to expand water resources. Among many treatment methods, the
wastewater treatment method using catalysts as media is unique. Obviously, catalysts are
the core of these treatment methods, and their properties directly determine the treatment
effect and cost. In recent years, with the development of science and technology, a variety
of new catalysts has emerged in an endless stream, and the related fields have become
the focus of current scientific research. To this end, we are organizing a Special Issue:
New Insights into Novel Catalysts for Treatment of Pollutants in Wastewater, focusing on
the preparation, modification, and application of novel catalysts for catalytic wastewater
treatment. Below, we will introduce each of the 13 works published in this Special Issue.

To achieve sustainable, low-carbon development, it is imperative to explore water treat-
ment technologies in a carbon-neutral model. Because of the advantages of high efficiency,
low consumption, and a lack of secondary pollution, electrocatalytic oxidation technol-
ogy has attracted increasing attention for tackling the challenges of organic wastewater
treatment. The performance of an electrocatalytic oxidation system depends mainly on the
properties of the electrode materials. Compared with the instability of graphite electrodes,
the high expenditure of noble metal electrodes and boron doped diamond electrodes, and
the hidden dangers of titanium-based metal oxide electrodes, a titanium sub-oxide material
has been characterized as an ideal choice of anode material due to its unique crystal and
electronic structure, including high conductivity, decent catalytic activity, intense physical
and chemical stability, corrosion resistance, low cost, long service life, etc. Guo’s paper [1]
systematically reviews the electrode preparation technology of the Magnéli phase titanium
sub-oxide and its research progress in the advanced electrochemical oxidation treatment of
organic wastewater in recent years, with technical difficulties highlighted. Future research
directions are further proposed in terms of process optimization, material modification,
and application expansion. It is worth noting that Magnéli phase titanium sub-oxides
have played very important roles in organic degradation. There is no doubt that titanium
sub-oxides will become indispensable materials in the future.

Lead dioxide electrodes are also typical electrocatalytic anode materials. In Kang’s
paper [2], active granule (WC/Co3O4)-doping Ti/Sb-SnO2/PbO2 electrodes were suc-
cessfully synthesized by composite electrodeposition. The as-prepared electrodes were
systematically characterized by scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
electrochemical performance, zeta potential, and accelerated lifetime. It was found that
the doping of active granules (WC/Co3O4) can reduce the average grain size and in-
crease the number of active sites on the electrode surface. Moreover, it can improve the
proportion of surface oxygen vacancies and non-stoichiometric PbO2, resulting in out-
standing conductivity, which can improve the electron transfer and catalytic activity of
the electrode. Electrochemical measurements implied that Ti/Sb-SnO2/Co3O4-PbO2 and
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Ti/Sb-SnO2/WC-Co3O4-PbO2 electrodes have superior oxygen evolution reactions (OERs)
relative to those of Ti/Sb-SnO2/PbO2 and Ti/Sb-SnO2/WC-PbO2 electrodes. A Ti/Sb-
SnO2/Co3O4-PbO2 electrode is considered as the optimal modified electrode due to its
long lifetime (684 h) and the remarkable stability of plating solutions. The treatment of
copper wastewater suggests that composite electrodes exhibit low cell voltage and excellent
extraction efficiency. Furthermore, pilot simulation tests verified that a composite electrode
consumes less energy than other electrodes. Therefore, it is inferred that composite elec-
trodes may be promising for the treatment of wastewater containing high concentrations of
copper ions.

The composition of the electrode is also an important issue. Magnetic activated carbon
particles (Fe3O4/active carbon composites) as auxiliary electrodes (AEs) were fixed onto
the surface of Ti/Sb-SnO2 foil by a NdFeB magnet to form a new magnetically assembled
electrode (MAE) in Shao’s paper [3]. Characterizations including cyclic voltammetry, Tafel
analysis, and electrochemical impedance spectroscopy were carried out. The electrochemi-
cal oxidation performances of the new MAE towards different simulated wastewaters (azo
dye acid red G, phenol, and lignosulfonate) were also studied. Series of the electrochem-
ical properties of MAE were found to be varied with the loading amounts of AEs. The
electrochemical area, as well as the number of active sites, increased significantly with the
loading of AEs, and the charge transfer was also facilitated by these AEs. Target pollutants’
removal of all simulated wastewaters were found to be enhanced when loading appropriate
amounts of AEs. The accumulation of intermediate products was also determined by the
loading amount of AEs. This new MAE may provide a more cost-effective and flexible
method of electrochemical oxidation wastewater treatment (EOWT).

Octogen (HMX) is widely used as a high explosive and constituent in plastic explosives,
nuclear devices, and rocket fuel. The direct discharge of wastewater generated during HMX
production threatens the environment. In Qian’s study [4], they used the electrochemical
oxidation (EO) method with a PbO2-based anode to treat HMX wastewater and investigated
its degradation performance, mechanism, and toxicity evolution under different conditions.
The results showed that HMX treated by EO was able to achieve a removal efficiency
of 81.2% within 180 min at a current density of 70 mA/cm2, Na2SO4 concentration of
0.25 mol/L, interelectrode distance of 1.0 cm, and pH of 5.0. The degradation followed
pseudo-first-order kinetics (R2 > 0.93). Degradation pathways of HMX in the EO system
have been proposed, including cathode reduction and indirect oxidation by •OH radicals.
The molecular toxicity level (expressed as the transcriptional effect level index) of HMX
wastewater first increased to 1.81 and then decreased to a non-toxic level during the
degradation process. Protein and oxidative stress were the dominant stress categories,
possibly because of the intermediates that evolved during HMX degradation. This study
provides new insights into the electrochemical degradation mechanisms and molecular-
level toxicity evolution during HMX degradation. It also serves as initial evidence for the
potential of the EO-enabled method as an alternative for explosive wastewater treatment
with high removal performance, low cost, and low environmental impact.

Zhao [5] reported and demonstrated a photoelectrochemical filtration system that was
shown to enable the effective decontamination of micropollutants from water. The key to
this system was a photoelectric-active nanohybrid filter consisting of a carbon nanotube
(CNT) and MIL–101(Fe). Various advanced characterization techniques were employed to
obtain detailed information on the microstructure, morphology, and defect states of the
nanohybrid filter. The results suggest that both radical and nonradical pathways collectively
contributed to the degradation of antibiotic tetracycline, a model refractory micropollutant.
The underlying working mechanism was proposed based on solid experimental evidence.
This study provides new insights into the effective removal of micropollutants from water
by integrating state-of-the-art advanced oxidation and microfiltration techniques.
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Noble metal nanoparticle-loaded catalytic membrane reactors (CMRs) have emerged
as a promising method for water decontamination. In Yan’s study [6], a convenient and
green strategy was proposed to prepare gold nanoparticle (Au NPs)-loaded CMRs. First,
a redox-active substrate membrane (CNT-MoS2), composed of carbon nanotubes (CNTs)
and molybdenum disulfide (MoS2), was prepared by an impregnation method. Water-
diluted Au(III) precursor (HAuCl4) was then spontaneously adsorbed on the CNT-MoS2
membrane through filtration and reduced into Au(0) nanoparticles in situ, which in-
volved a “adsorption–reduction” process between Au(III) and MoS2. The constructed
CNT-MoS2@Au membrane demonstrated excellent catalytic activity and stability; a com-
plete 4-nitrophenol transformation could be obtained within a hydraulic residence time of
<3.0 s. In addition, thanks to the electroactivity of CNT networks, the as-designed CMR
could also be applied to the electrocatalytic reduction of bromate (>90%) at an applied
voltage of −1 V. More importantly, by changing the precursors, one could further obtain
the other noble metal-based CMR (e.g., CNT-MoS2@Pd) with superior (electro)catalytic
activity. This study provided new insights into the rational design of high-performance
CMRs for various environmental applications.

The water pollution caused by industry emissions makes effluent treatment a serious
matter that needs to be settled. Heterogeneous Fenton oxidation has been recognized as an
effective means to degrade pollutants in water. Attapulgite can be used as a catalyst carrier
because of its distinctive spatial crystal structure and surface ion exchange. In Zhou’s
study [7], iron ions were transported on attapulgite particles to generate an iron-supporting
attapulgite particle catalyst. BET, EDS, SEM, and XRD characterized the catalysts. The
particle was used as a heterogeneous catalyst to degrade rhodamine B (RhB) dye in wastew-
ater. The effects of H2O2 concentration, initial pH value, catalyst dosage, and temperature
on the degradation of the dyes were studied. The results showed that the decolorization
efficiency was consistently maintained after consecutive use of a granular catalyst five
times, and the removal rate was more than 98%. The degradation and mineralization effect
of cationic dyes by granular catalyst was better than that of anionic dyes. Hydroxyl radicals
play a dominant role in RhB catalytic degradation. The dynamic change and mechanism
of granular catalysts in the catalytic degradation of RhB were analyzed. In this study,
the application range of attapulgite was widened. The prepared granular catalyst was
inexpensive, stable, and efficient, and could be used to treat refractory organic wastewater.

In Yu’s work [8], the degradation performance of Fe2+/PAA/H2O2 on three typical
pollutants (reactive black 5, ANL, and PVA) in textile wastewater was investigated in com-
parison with Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 showed a high removal of RB5 (99%),
mainly owing to the contribution of peroxyl radicals and/or Fe(IV). Fe2+/H2O2 showed a
relatively high removal of PVA (28%), mainly resulting from ·OH. Fe2+/PAA/H2O2 and
Fe2+/H2O2 showed comparative removals of ANL. Additionally, Fe2+/PAA/H2O2 was
more sensitive to pH than Fe2+/H2O2. The coexisting anions (20–2000 mg/L) showed
inhibition on their removals and followed an order of HCO3

− > SO4
2− > Cl−. Humic

acid (5 and 10 mg C/L) showed notable inhibition on their removal following an order of
reactive black 5 (RB5) > ANL > PVA. In a practical wastewater effluent, PVA removal was
dramatically inhibited by 88%. Test results regarding bioluminescent bacteria suggested
that the toxicity of Fe2+/PAA/H2O2-treated systems was lower than that of Fe2+/H2O2.
RB5 degradation had three possible pathways with the proposed mechanisms of hydrox-
ylation, dehydrogenation, and demethylation. The results may favor the performance
evaluation of Fe2+/PAA/H2O2 in the advanced treatment of textile wastewater.

In recent years, with the large-scale use of antibiotics, the pollution of antibiotics in the
environment has become increasingly serious and has attracted widespread attention. In
Qian’s study [9], a novel CDs/g-C3N4/BiPO4 (CDBPC) composite was successfully synthe-
sized by a hydrothermal method for the removal of the antibiotic tetracycline hydrochloride
(TC) in water. The experimental results showed that the synthesized photocatalyst was
crystalline rods and cotton balls, accompanied by overlapping layered nanosheet struc-
tures, and the specific surface area was as high as 518.50 m2/g. This photocatalyst contains
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g-C3N4 and bismuth phosphate (BiPO4) phases, as well as abundant surface functional
groups such as C=N, C-O, and P-O. When the optimal conditions were pH 4, CDBPC
dosage of 1 g/L, and TC concentration of 10 mg/L, the degradation rate of TC reached
75.50%. Active species capture experiments showed that the main active species in this
photocatalytic system were holes (h+), hydroxyl radicals, and superoxide anion radicals.
The reaction mechanism for the removal of TC by CDBPC was also proposed. The removal
of TC was mainly achieved by the synergy between the adsorption of CDBPC and the
oxidation of both holes and hydroxyl radicals. In this system, TC was adsorbed on the
surface of CDBPC; then, the adsorbed TC was degraded into small molecular products by
an attack with holes and hydroxyl radicals and, finally, mineralized into carbon dioxide
and water. This study indicated that this novel photocatalyst, CDBPC, has significant
potential for antibiotic removal, which provides a new strategy for antibiotic treatment of
wastewater.

In Gan’s study [10], nitrogen-doped biochar (N-PPB) and nitrogen-doped activated
biochar (AN-PPB) were prepared and used for removing bisphenol A (BPA) in water
through activating peroxymonosulfate. It was found from the results that N-PPB exhibited
superior catalytic performance over pristine biochar, since nitrogen was able to bring
about abundant active sites to the biochar structure. The non-radical singlet oxygen
(1O2) was determined to be the dominant active species responsible for BPA degradation.
Having a non-radical pathway in the N-PPB/PMS system, the BPA degradation was
barely influenced by many external environmental factors, including solution pH value,
temperature, and foreign organic and inorganic matters. Furthermore, AN-PPB had richer
porosity than N-PPB, which showed even faster BPA removal efficiency than N-PPB through
adsorptive/catalytic synergy. The finding of this study introduced a novel way of designing
hieratical structured biochar catalysts for effective organic pollutant removal in water.

The purpose of Wang’s work [11] was to optimize the catalytic performance of biochar
(BC), improve the removal effect of BC composites on organic pollutants in wastewater, and
promote the recycling and sustainable utilization of water resources. Firstly, the various
characteristics and preparation principles of new BC are discussed. Secondly, the types
of organic pollutants in wastewater and their removal principles are discussed. Finally,
based on the principle of removing organic pollutants, a BC/zero valent iron (BC/ZVI)
composite is designed, in which BC is mainly used for catalysis. The effect of BC/ZVI
on the removal tetracycline (TC) was comprehensively evaluated. The research results
revealed that the TC removal effect of pure BC is not ideal, and that of ZVI is general.
The BC/ZVI composite prepared by combining the two had a better removal effect on TC,
with a removal amount of about 275 mg/g. Different TC concentrations, ethylene diamine
tetraacetic acid (EDTA), pH environment, tert-butanol, and calcium ions were shown to
affect the TC removal effect of BC composites. The overall effect was the improvement
of the TC removal amount of BC composites. This reveals that BC has a very suitable
catalytic effect on ZVI, and the performance of BC composite material integrating the BC
catalyst and ZVI was effectively improved; it can play a very suitable role in wastewater
treatment. This exploration provides a technical reference for the effective removal of
organic pollutants in wastewater and contributes to the development of water resource
recycling.

In Wang’s study [12], single-spherical nanoscale zero valent iron (nZVI) particles
with large specific surface areas were successfully synthesized by a simple and rapid
chemical reduction method. The XRD spectra and SEM–EDS images showed that the
synthesized nZVI had excellent crystal structure, but oxidation products, such as γ-Fe2O3
and Fe3O4, were formed on the surface of the particles. The effects of different factors on
the removal of Cr(VI) by nZVI were studied, and the optimum experimental conditions
were found. Kinetic and thermodynamic equations at different temperatures showed that
the removal of Cr(VI) by nZVI was a single-layer chemical adsorption, conforming to
pseudo-second-order kinetics. Applying the intraparticle diffusion model, the adsorption
process was composed of three stages, namely rapid diffusion, chemical reduction, and

194



Catalysts 2023, 13, 840

internal saturation. Analysis of the mechanism demonstrated that the removal of Cr(VI)
by nZVI involved adsorption, reduction, precipitation, and coprecipitation. Meanwhile,
Cr(VI) was reduced to Cr(III) by nZVI, while FeCr2O4, CrxFe1-xOOH, and CrxFe1−x(OH)3
were formed as end products. In addition, the study found that ascorbic acid, starch, and
Cu-modified nZVI were able to promote the removal efficiency of Cr(VI) in varying degrees
due to the enhanced mobility of the particles. These results can provide new insights into
the removal mechanisms of Cr(VI) by nZVI.

In Xiong’s study [13], a Co-Mn/CeO2 composite was prepared through a facile sol-
gel method and used as an efficient catalyst for the ozonation of norfloxacin (NOR). The
Co-Mn/CeO2 composite was characterized via XRD, SEM, BET, and XPS analysis. The
catalytic ozonation of NOR by Co-Mn/CeO2 under different conditions was systematically
investigated, including the effect of the initial solution’s pH, Co-Mn/CeO2 composite dose,
O3 dose, and NOR concentration on degradation kinetics. Only about 3.33% of the total
organic carbon (TOC) and 72.17% of NOR could be removed within 150 min by single
ozonation under the conditions of 60 mg/L of NOR and 200 mL/min of O3 at pH = 7 and
room temperature, whereas in the presence of 0.60 g/L of the Co-Mn/CeO2 composite
under the same conditions, 87.24% NOR removal was obtained through the catalytic ozona-
tion process. The results show that catalytic ozonation with the Co-Mn/CeO2 composite
can effectively enhance the degradation and mineralization of NOR compared to a single
ozonation system alone. The catalytic performance of CeO2 was significantly improved by
modification with Mn and Co. Co-Mn/CeO2 represents a promising way to prepare effi-
cient catalysts for the catalytic ozonation of organic polluted water. The removal efficiency
of NOR in five cycles indicates that Co-Mn/CeO2 is stable and recyclable for catalytic
ozonation in water treatment.

In the future, there will be additional new catalysts and new catalytic methods pro-
posed by scholars, and our Special Issue will continue to focus on the latest progress in
this field.
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